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PREFACE
This thesis is presented in the articfermat as approved, supported and defined by the Nugkbt
University guidelines for postgraduate PH&vel stulies. The first chapteincludesan introduction,
motivation and literature overview of the applicable topics investigated in the separate research articles,
followed by the overall aims and hypothesBse SABPA study protocol, methods of data collection and
analyses that wemgerformed igliscussed imletail inChapter 2. Chapter 3, 4 and 5 contain the individual
manuscripts in the form of original research artidabmitted topeerreviewed journals. The supervisor
and cesupervisors were included as-a@othors in each manugat. The first author was responsible for
the initiation and all parts of this thesis, including literature searches, statistical analyses and the
interpretation of resulisas well as writinghe reseaih articles. All ceauthors have givetheir consent
for the research articles to be submitted for publicatimhfaninclusion in this thesis. The final chapter
(Chapter 6) provides ausymary of the main findings andcludes the critical discussions of all the

presented results, conclusions drawn andiegdge recommendations made from the manuscripts.

This thesis consists of pemviewed published or submitted articles. The first article pudrished inthe

Journal of Amino Acidsthe second article was publishedHgpertension Researcind the thid and

final papersubmittedto the Journal of HypertensiorReferences are listed at the end of Chapter 1, 2 and

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

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



SUMMARY
Motivation
The black populatin in South Africa hasa high prevalence ofhypertensionand atherosclerosis
Endothelinl (ET-1), a potent vasoconstrictor peptide, has hemlicated as an important biomarker in
the development of vascular dysfunctiondamardiovascular diseasencluding arteriosclerosis,
atherosclerosis and hypertension. Reskiigl levels arehigher in black Americans than in whites, and
higher in men thAn in womenunder normal physiological conditiandJnder pathophysiological
conditiors, the biosynthesis of ET is stimulated by cardiovascular risk factausis as elevated levels of
oxidised lowdensity lipoprotein cholesterol, hypertension and agingoloRged exposure to
cardiovascular risk factors seems to disrupt the balance between vasodilation and vasoconstriction,
leading to conditions such as increased blood pressucesased inflammationarterial stiffness,
oxidative stresandvascular remoeling. In this regard it is importarib determine tl potential impact of
ET-1 levels on the cardiovascular system over time, especially in the black popofaSonth Africa
This study included markers of cardiovascular function (systotiobresste, pulse pressure antean
arterial pressure), inflammation (interlelnand Greactive protein), oxidativetress ieactive oxygen
species ROY), antroxidant capacity (total glutathion&SH), glutathione reductag&R), glutathione
peroxidase(GPx), and glutathione reductase-glutathione peroxidaseatio (GR-to-GPx ratig), and
vascular remodeling¢carotid intima media thickneg€IMT), carotid crossectional wall are§CSWA),
and arterial compliance) to addrese tascular changes that augmeascular damage. The study sva

motivated by the awarenessliohited data in this regard, especially in South Africans.

Aim

The general aim of this study is to explore thespae associations of ET levels with cardiometabolic
and vascular functiorFurthermoreto determine whether ET levels differ among sex and race and if
there isan assoiation between ETL levels with markers of cardiovascular function, inflammation,

oxidative stress, antixidant capacity, andascular remodelingn black andvhite South Africans.



Methodology

This study was embedded in tl8ympathetic Activity and mbulatory Blood Pressure in Africans
(SABPA) study The study was a prospective cohort study that included 409 black and white
scloolteachers working in the KenthelKuandaEducation District of the Nortiivest Province at baseline
(200809). At follow-up (2011/12) the cohort totalled 359 participaftse total group was stratified by
race andsexand in the third manuscript gn increase om decrease in ET levelafter three years
Cardiovasculameasuremds were performed and ET, interleukin6, Greactiveprotein, RO$ GSH,

GPx andGR levelswere determined. -fests were done toompare means between grouphi-square

and crosstabs were used to compare ptips between baseline values or baseline and falipw
values, respectively. Pearson and partial correlations were performed to investigate the associations
between various variables with adjustments for age, body mass i@deactive proteinfotal erergy
expenditure, amhypertension medication, gamnggutamyl transferase, race and sex in the relevant
manuscripts. Multiple regression analyses were performed to igsestassociations of ET with

cardiovascular and biochemical markers accordingeaspecific focus of each research manuscript.

Results and conclusions of each manuscript

The objetives of the first manuscript (@pter 3 were to compare ET levels among sex and race and to
explorethe association dET-1 with cardiovascular functioand inflammation. The black mendawhite
women hadsignificantly higherET-1 levels when compared to their counterpafter adjusting for €
reactive protein (p<0.001)Furthermore, partial and multivariate regression analyses showed an
independent assiation of ET-1 with interleuking, systolic blood pressure and pulse pressure in black
women only(p<0.01) These associations suggest tB&tl and its link with subclinical arteriosclerosis

are potentially driven by lowgrade inflammation in the bladkmale cohort.

The second manuspt (Chapter 4) investigated the associationEof1 with markers of oxidative stress
and antioxidant capacity in black and white South AfricaNkultiple regression analyses showed that
ET-1 associategbositively withGR activity ( b = 0 .p=032)andtended to associateith GR-to-GPx
ratio( b = 0 .p20DH7)in black men, whilghere wasan inverse associatidretweenET-1 andGSH

( B'6.214;p=0.026)in black womenThere was @ositiveassociatiorwith ROS( b = 0 .p=081D)and
Vi



negativeassociatiorwith GPx activity ( b 6.233; p=0.020)in white men. The results suggelsat ET-1
may contribute t@GGR up-regulation through increas&OS production in black men, while high&SH
levels may act as a countegulatory nechanism to protect against oxidative vascdi&nage attributed
to ET-1 in black women. In white men, the negative association observed bdi¥ekeand GPx and
positive association with ROMay describe the expected physiological relationship betviEeket and

ROS

The third manuscript (@apter 5) investigated the association of change il EEvelsandthe change of
markers implicated invascular remodelingafter three years in a black and white South African
population.Multiple regression analysiafter splitting for raceindicatedthatthe increasén ET-1 levels
associateghositivelywith the changeip u | s e pr e s;9a0.035) whilb abOrdeliredssociation
existbetween the extent of decreasd=T-1 levels andh lesser changa CSWA ( b 6.201;p=0.054)in

the black population only. Antiypertension medication also played an important role in this study. After
excluding patients using antiypertension medication theorderlineinverse association betwedhe
decreasein ET-1 levels ad a changan CSWA disappeared in the black participant, but became
significant in the whitp a r t i ¢ iT@127% p=6.046)The results suggesiatin the black participants
with increased EL levels after three years, the positive association batiEdel levels and pulse
pressure suggest subclinical haemodynamic changes with potential premature onset of cardiovascular
disease, whileantihypertension treatment and statin usage seemslde down adversevascular

remodeling caused kBlevatedET-1 lewelsin the white population only.

General conclusion

Our study is the first to indicate a link between a marker of vascular functicf)(&Tdinflammation,
oxidative stress, antixidant capacity anglascular remodelingn a biethnic South African population.
Our results persistently found th&fT-1 contributed to a higher risk adarly vascular deterioration
(arteriosclerosis) and future comorbidities, potentially driven bydoade inflammation (blackvomen),
ROSproduction (black men), decreased amtidant capacity (black men) and vascular remodefirtge
black population whereasa decrease in EL slow downadversevascular remodeling in thevhite

population.

Vi



Keywords: antioxidant capacityarterial stiffnessbhlacks,carotid intimamedia thickness, crosectional

wall areaendothelinl, inflammation,oxidative stressyascular remodeling
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CHAPTER 1

LITERATURE REVIEW




1.1. Introduction

The cardiovascular health status of the African population is, peith elevated blood pressure
frequently reportedn this populatior;” Vascular endothelial cell function is critical in mainiag
cardiovascular healthThe inner linings of blood vessels aremposed othe vascular endothelium, a
vital autocrine/paracrine orgaresponsible for regulating vascular tone, vascular function and cell
proliferation? Dysfunction of the vecular endothelium causes a reduction in endothelial derived relaxing
factors such as nitric oxide (NT)and prostacyclih’ and increased production of contiag factors

such as endothefii and angiotensin fi!° These changes in vasoconstrictor and vasodilator substances

leads taconditions such as increaseddlgpressure, arterial stiffneaad oxidative stregs s

Endothelial dysfunction promotesthoearly and late mechanisms for the developroéatherosclerosis

and hypertensigrincluding the disruption of the vasomotor tone of the endothéfidhEndothelinl
(ET-1) is the most potent vasoconstrictor of the contracting factors and levelslo6&Im to be higher

in the black than white populatidfi*® The black population ialso at higher risk for the development of
early vascular changes associated with the development of hypertension and atherdséferosis.
Increased ETL production can cause endothelial dysfunctidinflammation®?° oxidative stres§3?

and vascular remodelifg®** therby contributing totheseearly vascular changeend consequently
increasingt he bl ack popul ®tardiovadcslar disease &histchapter provides a brief
literature review to provide the necessary background of the peptide &0 its relationship with

vascular function.

1.2. Endothelins

Endothelins a a family of three distinct 2desidue peptidenamed ET1, ET-2 and EF33*® ET-1 was

identified in 198 by Yanagisawa and colleagfieesnd showed a vasoconstrictimgfect 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 muscleoféhgse arteries. The other two peptides,

ET-2 and ET3, differ from ET1 by 2 and 6 aminacids® ET-2 is expressed in the ovariasd by

intestinal epithelial cells and maintains ovulation and intestinal epithelial cell homedS&EFi& is



found in endothelial cells and shows a potent depressor response by reld&sihginducing
phosphoinositide breakdown and inducing an increase in intracellular calcium ions in endotheffal cells.
Beyond the functions of EZ and ET3, ET-1 is primarily responsible for changes that occur in the

vasculature; therefore the literature study of this thesis éscusET-1 only.

1.2.1. The EF1 system

1.2.1.1. Production of ET

Under normal physiologal conditions, ETL is produced maigl by vascular endothelial ceff$3°°
However, under pathophysiological conditions,-ETan also be produced by vaks smooth muscle
cells (VSMCJ® and inflammatoy cells such as macrophagjeand leukocyte& The production of ET1

is regulated predominantly at the level of swwer ribonucleic acid (mRNA) transcription and
translation to form prepr&T-1 (Figure 17*° The production of ETL-mRNA can also be stimulated by
other substances such as angiotensth*fthrombiri® and transforming growth factor befaPreproET-

1 then undergoes furiike endopeptidase to form the biologically inactive intermediateElig. (Figure
1).*® Endothelinconverting enzyme Ior endothelirconverting enzyme 2, which is a family of
membraneébound zinc metalloproteases, mediate the processing €ETblg into active mature EL
(Figure 1)* In addition to edothelinconverting enzymes, othenzymes such as namdothelin
conveting enzymes metalloproteind$and chymas® can also contribute to the final step of processing
(Figure 1)*® ET-1 isreleased continuously from secretory vesicles by the constitutive secretory pathway
or stored and released via regulated secretory pathways by endothelspendfic storage granules
known as WeibePalade bois in response to external physiological or pathophysiological stimuli to
maintain the endogenous vascular t6t18 ET-1 ha a halflife of approximately oneninute in healthy

humans ad isremoved from the circulation by the lungs, kidneys and endothelin B rec&ptbrs.

1.2.1.2. Endothelin receptors and their functions
The active mature ET can only perform its function after it binds to one of twirahsmembrane
domain G poteincoupled endothelin receptors, endothelin A receptoraRE©r endothelin B receptors

(ETgR) (Figure 1)¥*** The ETAR have a higher affinitjor ET-1 and ET2, whereas EJR has an equal



affinity for all the endothelin peptidés.In humans, EIR is predominantly found on the VSM
mediating vasoconstriction and mitogenesis via phospholipase C rdrateilular calcium ion
mobilisation®°°*%%® Additionally, less than 15% OoETgR are present on the VSMCwhere they
contribute to vasoconstriction in diseased tiSS3@A single layer of EFR found on endthelial cells of
blood vesselss responsible for the release of endothelienived relaxing factors such as NO and
prostacyclin”>>*°ETgR are #so found in the kidney, localisg to nonvascular tissues, where it functions
as a clearing mechanism to remove Effom thecirculation®*** The net effect of ETL is determined by
the condition of the endothelium, the presence of receptor location and the balance betyWeemdET

ETgRS®

Transcription Furinlike proteases
PrepreET-1 mRNA PrepreET-1 Big-ET-1

/

Endothelinrconverting enzymes, Neendothelinconverting
metalloproteinase, Chymase,
Vascular smooth muscle cells chymase

/

ET-1
ETAR ETsR
VSMC; ' VSMCs Endothelial cells
Vasoconstriction Vasoconstriction NO synthesis
Mitogenesis Prostacyclin
Intracellular calcium ion mobilation ET-1 clearance

Thromboxane A2
ROS production
Platelet activation
Cell adhesion
Inflammation
Cell growth
Apoptosis

Figure 1: The production and function of endothelin Abbreviations: endothelii (ET-1); endothelin A/B
receptor (EfgR); messenger ribonucleic acid (mMRNA); nitdgide (NO) reactive oxygen species (ROS); vascular
smooth muscle cells (VSMC). Adapted from Barton and Yanagidawa.



1.2.2. Endothelial function and EF1

During our lifetime, the endothelium is expoks to tearing and scarring, leading to endothelial
dysfunction as the years progré$%. The endothelium maintains homeostasis by actively regulating
vascular tone and bloogressure through vasoconstricting and vastidiy substance¥:'*%%%3
Additionally, the endothelium can suppress inappropriate activation of the coagulation system through the
production of antithrombotic factorand regulate cell proliferation and angiogenesis through secretion of
various growth factors and vasoactive substatfce$?® Vasoactive substances include endothelial
derived vasodilators such as NO, prostacyclin andotheliuraderived hyperpolariag factot**® and

endothelialderived vasoconstrictors such as -ET angiotensin Il and reactive oxygespecies

(ROS)15,16,64

ET-1 plays an important role in the health of the endotheffifnin a healthy endothelium, the
endothelium responds to changes in turbulent blood flow and shear stress by producing a minimal amount
of ET-1.*°* The ET1 binds to an EJR or ETzR coupled witha G-protein activaing theprotein kinase C
(PKC)3°%%%8 This triggers the formation of inositol triphosphatejl&nd diacylglycerol (DAG) (Figure
2).39%%8 |ncreased IPreleass calcium from the sarcoplasmic reticulum, which causes smooth muscle
contraction’® whereas DAG is responsible for recmif PKC to the membrane and activating®itn

order to maintain homeostasis, an intact endotheliumahlaigh bicavailability of NO, inhibiting the
action of ETs through increased signalling of cyclic guanosine monophosphate (cGMRJinfavo
vasodilation (Figure 2).The production of NO is dependent on the rate at which shear stress changes.
Calcium ion (C&) dependent pathways (during initial shear stress) continuously produce low levels of
nitric oxide accompanied by arp-regulationof endothelial nitric oxide synthase (eNOS) expresdios
enzymeinvolved in theconverson of L-arginine to NO'*"® The upregulation of eNOSeads to the
inactivation of apoptosisiducing exogenous oxygen radicals in endothelial cells, protecting the
endothelium fom the damage caused by shear sff€8sThe endothedil cells can also protect
themselves by downegulating EF1 through the upegulation of EER binding sites on endothelial
cells/® Activation of ETsR cause eNOS expressigmesulting in the clearance of circulating & and

an increasegroduction of prostacyclin, whighossesses argiatelet aggregation properti€s.



_Healthy endothelium
, Changes in turbulent flown
Blood ; and shear stress
Endothelial cells /
endothelinconverting i / L-arginine + Q
ET-1. enzymes Big ET-1 =
IPyDAG —> C&" —s “—==—> NO
eNOS
PKC ) G-Protein
! ETeR
N
ET-1 ©
ETAR/ET:R
pkc )| G-Protein cGMP Guanylyl
<— cyclase
Vasocggstriction% ce <— IPYDAG $
e Vasodilation

Figure 2: This figure illustrates the main concepts from the literatelated tothe role EF1 plays in regulating

vascular tone in a healthy endothelium. Abbreviations: calcium ion&")(Qaclic guanosinemonophosphate

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

synthase (eNOS); inositol triphospate sf|Pnitric oxide (NO); oxygen (Q); protein kinase C (PKC); vascular
smooth muscle cell3/&EMC). Solid lines represenstimulation and broken liserepreseninhibition.

During pathological conditions such as hypertension and inflammatiod, &ppears taontributein the
development of endothelial dysfunctitt{® Endothelial dysfunction ibrought on by conditions such as
abnormal regulation of RO8® hyperlipidaemi&®* and environmental irritants such as tobacco
smoke®®” The endothelium wil up-regulate adhesion moleculend permit the entry of lipids,
monogtes and leukocytes into the arterial wall (Figuré®8§2° Active inflammatory cells result in the
release of nuclear factor kappa beta #NB°F® tumor necrosis factor alph@NF-U §° interleukin6
(IL-6)>%89*andC-reactive protein (CRP§?%*(Figure 3). IL-6 is the principle stimulus of the acute phase
reaction during infkmmation, in turn releasing CRIBading to an increase in the production of Edand
the downregulation of NO production by inhibiting eNOS (Figure®).C&* independent pathways
(during prolonged shear stress) produce large amounts of NO through théicactfdhe induceable
form of NOS (NOS), which can provoke free radical superoxide aniog’J@rmationandbinding to the

excess NG?” This yields a harmful and highly reactive specigsamely peroxynitrite (ONOQO)
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(discussed later) (Figure 37 Additionally, CRP can also cause an increased production ef ET
through the expression of adhesion molecules, monocyte chemoattractantamdithe production of

other cytokines such as thrombin and aregiein Il (Figure 3§+ Stimulation of human VSMC by ET

results in the increased accumulation oBIIMRNA.® The activation of these cytokine genes requires the
induction of the NFk bmeaning that ETL release is regulated by the6lthroughthe N(k b mec hani s
(Figure 3)°"*® Oxygen free radicals and vasoactive peptides like angiotensin |l may also activate the NF

k b s y°tas well as the additional expression of cytokines through the generatiosi.'8f This
suggestghat ET-1 production can occur in respongeROS (discussed later) (Figure'¥)ET-1 also
caussthe productioof TNFF-U when it aR boriERR in tim activhtiag tyEoSine kinas®

This causegphosphorylation of intercellular proteingesulting in transcription and translation of the
TNFFU gene (“Fregiaus studied joundthat TNF p | ay s a n-inflammpatorytroleint  pr o
inducing endothe&l dysfunction by reducing N@ependent relaxation through the activation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxjdaselting in increased production 0§ O

(Figure 3)10410

Additionally, during inflammationthe endothelium also becormenore permeable to lipid particles and
immune cells and native lodensity lipoprotein cholesterol (LDLChecome oxidisd, damaging
surrounding endothelial cells that send out more chemotactic agents to attract more mact&phages.
activation of the oxidied LDLC receptor, the lectitike oxidised receptofl, generates ROS and activates
the NF-k bresulting in the dowegulation of NO and the upregulation of ET(Figure 3):°’ These
macrophages become saturated and die off, forming foanft@iFhe foam cells begin to accumulate
at the site of injury, forming a fatty strefikPlatelets that areaaght inthe fattystreakbegin to release
plateletderived growth factor, which in turn casste growth of VSMC® Macrophages are joined by
VSMC from thetunica mediawhere they multiply, depositing collageand elastic fibers to form a
fibrous cap over the core of dead foam c&li€alcium is also drawn into thegmjue, creating calcium

crystals andhardening the endothelium.

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

stress and vascular damad&!° The inability of the endothelium to protect the underlyW§MC is
7



known as endothelial dysfunctidtf. Endothelial dysfunction precedes the development of local

atherosclerosis and predisposes the vasculattine tevelopment of structural vascular chariges.

Inflamed endothelium
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Hypertension
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\ Endothelial cells
v
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Figure 3: This figure illustrates the main concepts frone literature and represerttge interrelated function of
endothelinl with the inflammatory system during inflammation. Abbreviationsre&rtive protein (CRP);
endothelial nitric oxide synthase (eNOS); endoth#&li(ET-1); endothelin A/B receptors (&ER); interleukin6

(IL-6); inducible nitric oxide synthase (iNOS), ledensitylipoprotein cholesterol (LDLG)nicotinamide adenine
dinucleotide phosphate (NADPH); nikb)¢ expde OX)ND& ; am
protein kinase C (PKC); reactive oxygen speqROS); tumor necrosis factor ( JUNE vascul ar smoo
cells (VSMC). Solid line represenstimulation and broken ligerepresennhibition.



1.2.4. Oxidative stress and E91
Molecular oxygen is a central molecule in cellular respiraiimportant for all living aerobic specié¥.
Certain devatives of oxygen areighly toxic to cells and oxygeoontaining free radicals are responsible

for toxic effects in aerobic organistig:**® Approximately 5% of inhaled oxygen is converted to ROS

112 r3,114

such asO,”, hydrogen peroxide ((®,) and hydroxyl radicals (OH“ Angiotensin | and
inflammatory markers such as-8.and CRP®'>!° gre three of the many substances responsible for
activating the formation of ©, H,O,, NO and ONOQ An imbalance between oxidants and -@anxidants

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

signalling’>*’

NO is a gas that can easily diffuse between cells and ti§§uess synhesised from targinine by a
family of enzymes termed NO$'*The NOS enzyme contaithree isoforms known as neuronal NOS,
iINOS and eNOS!® eNOS are regulated by calcitralmaulin-dependent enzymes that continuously
produce low levels of NO to maintain vascular homeostasis, whereas iINOS are regulated by inflammatory
cytokines and produce large numbers of NO to reverse endothelial d&raté.Co-factors such as
tetrahydrobiopterin (Bg), haem, flavin adenine dinucleotide, flavin mononucleotide, calmodulin and
NADPH are important for the production of N&.If there is a dietary deficiency of these-fetors it

will lead to the formation of other produgctsr example water, D, and Q~."#*%**80n the other hand,

if NO reacts with the excess in,Qit can form a harmful and higher reactive nitrogen species, ONOO
through a process known as eNOS uncougfing:*?*Additionally, ONOO can also form during low
availability of eNOS cdactors or during the oxidation of BHencouraging NOS to become an ONOO
generator rather than an NO gater'® eNOS plays an extremely important role in cardiovascular
health, since its main function is to regulate blood flow, regulate blood premsdrenhibit platelet

activation!®12°126

O, is one of the most important reactive oxygen species in the vascifaithie. main source of
increased @ in the endothelial cells of the vascular wall is believed to be through xanthine oxidase,

uncoupled eNOS, NADPH oxidase complexes and-epél fromthe mitochondrial respatory chain



(Figure 5)%*'?" Xanthine oxidase catalyse the catadl of hypoxanthine to form xantténand can in

turn catabolie xanthine to form uric acitf? NADPH oxidase is considered one of the most important
enzyme systems in vascular function because of its responsiveness to other agonists such as angiotensin
11.** NADPH oxidase produssO,” by oxidisng BH, in conditions such as hypertensiShET-1 mainly

producs O, by stimulating NADPH or xanthine oxidase in the endotheliiifigure 4)***** The exact
mechanism for oxidative stress inddceicrease in ETIL is not clear. ldwever a few studies have
provided suggestions. Kahler et®lsuggest that oxygetterived radicals interfere with intracellular
calcium metabolismin turn stimulating preproET gene expression. Secondly, Loomis efhand An

et al’®

posit that NADPH oxidase mediaeangiotensin Il which elicits its actions throughthe
generation of ROS and EI. ET-1 expression ighereforeachieved through an amgensirRROS
mediated mechanisnOther studies propostnat ROSmediated ETL expression isachieved byO,”
activating the preproET promoter and subsequently increasing mRNA concentration in endothelial cells
(Figure 4)3-8813333135 ET_1 expression can also be achieved by oxidative stress activatikgbMich

may stimulate preproET gene expressioffFigure 4)'21%%

or oxidative stress stimulating the
generation otransforming growth factor beia glomerular cells, whicltould markedly enhance ET

expression in VSMC and endothelial céffs.

In the vasculature, EI promots O,  production through an ER-NADPH oxidasemediated
pathway'**'** An increase in LDLC and oxidisl LDLC can affect the trafficking of eNOS to the
caveolae, causing the uncoupling of eN@ich resuls in increasedO,” production and NADPH
oxidase induction (Figure 4YAn increase in ET1 levels promote oxidised LDL uptake into endothelial
cells, acceleratig the development of atherosclerdSisET-1 is believed to downegulate eNOS
expression through the dissociation ofgRTactivating eNOS phosphorylation, similar to its effect on
ROS generatio?®**® ROS andET-1 are generated by inflammatory cells, which accumulate in
inflammatory conditions such as endothelial damayélthough ET;R on endothelial cells causthe
release of vasodilators and inh#itell apoptosis, thenin layer of these recepwisbroken down, which
leads to an increadeavailability of ETAR on smooth muscle cells. This in turn causeslonged
vasoconstriction, promatecell growth and mediasecell mitogenesis in diseases associated with

endothelial dysfunction (Figure 43°
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Figure 4: This figure illustrateshe main concepts from the literature and represents the relefdlys in oxidative
stress. Abbreviations: Angiotensin Il receptor type 1 (AT je@ctive protein (CRP); endothelial nitric oxide
synthase (eNOS); endothelin(ET-1); endothelin A/B reqators (ETygR); induced nitric oxide synthase (iNOS);
hydrogen peroxide (D,); interleukin6 (IL-6); low-density lipoprotein cholester (LDLC); nicotinamide adenine
dinucl eotide phosphate (NADPH); nk by ;i oxelen@®; drateinl NO) ;
kinase C (PKC); superoxide dismutase (SOD); vascular smooth muscle cells (VSMC). Sslidpimsent

stimulation and broken lisgepresentnhibition.

1.2.5. Antioxidant capacity and ET-1

In healthy endothelium, the first line akefence against ROS production includes-aomymatic and
enzymatic antioxidantd! ROS overproduction haseen implicated in numerous diseases as a result of
increased presence of risk factors such as hypertension, increased LDLC, smoking, sedenthly lifesty
diabetes, obesity, hypercholesterolemia, inflammation, genetic predisposition and
hyperglycaemid>*****2'*3Non-enzymatic antioxidants include bilirubin, uric acid, vitamC, vitamin

A, -cabbotenecoenzyme Ql@nd glutathione (GSHand enzymatic antbxidants includesuperoxide
dismutase (SOD), catalase and the glutathione system (glutathione reductase (GRpr@ytatioixidase
(GPx))**! Due to the scope of the stydye only focuson 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 fwat® H,O, and molecular oxygen
(Figure 5)***1**Three forms of SOD are present in humans, cytosolic or caperSOD (CuZn

SOD), mitochondrial mayanese SOD (MiSOD) and extracellular form of SOD (E®DD)M* The

human arterial wall contains large amounts of secreted soluble@Tand low concentrations of Mn

SOD and Cuzf8OD! In healthy endothelium, the major source of solubleSEID are from the
VSMC, but in atherosclerotic and hypertensive vessels this enzyme is produced by both the VSMCs and
macrophage$!’ This latter statement is supported by a study that found very high sol@Gs&0OP

activity, but not CuZnSOD activity effective in reducing vasculaf levels and mean arterial presstife.
Additionally, angiotensin Il and hypertension modulate -§0D expressiofi’**° The direct link
between ETL and SOD in human arteries is artain. Fbwever in cultured human coronary artery
smooth muscle cells, SOD significantly reduced Efiecause of ET primarily being secreted b,".*°

It may be possible thaET-1 levels can be modulatadrough the regulation of other factors such as
angiotensin |I, vascular cell adhesion moleelil®&lADPH oxidase and © metabolismby EG-SOD*°

132 put further investigation is warranted.

1.2.5.2. Catalase and the glutathione system

Catalase an@GPx are important scavengers ofG4, leading to the formation of wat&Y-'*° Catalase
catalyses thdormation of molecular oxygen and water from tweOH molecules (Figure 5%° It is
suggested that catalase does not play such an important role as SOR meEdbolismsince the main
source of ETL expression is throug®,”.*°* GPx is a seleniumontaining peroxidase thahares the
substrate KD, with catalase and uses GSH as a substrate to be converteglutatihione disulfide
(GSSG) and formwater and molecular oxygen (Figure'$)*>>**GSH is synthesised ia twostep
enzymatic process. Firsthglutamate and cysteine form gamma glutamylcysteine by the activity of
gamma glutamylcysteine synthasend secondlyGSH is formed by the activity of GSH synthase by
using glycine as a ssbrate!®™ GSH is freely distributed inhe cytosol and compartmentaiis to the
mitochondria, endoplasmic reticulum and the nuclei matrixGSSG can be reduce form GSH

through the action of GRising NADPH as an electron donor (Figuré8)>**The GSHto-GSSG or GR

to-GPx ratio is often used as a measure of cellular oxidative $tfess.
12



Xanthine oxidase
NADPH oxidase
Mitochondrial
SOD
0O, leakage S 20, + 2H' S H,0,+ O,
NADPH GSH
GR > GPx Catalase
NADP GSS
H,O

Figure 5. The antioxidant system. Abbreviations: glutathione peroxidase (GPXx); glutathione reductase (GR);
reduced glutathione (GSH); oxidid glutathione (GSSG); hydrogen ion "JH hydrogen peroxide (3D.);
nicotinamide adenine dinucleotide (NADPnicotinamide adenine dinucleotide phosphate (NADRMYgen (Q);
superoxide anion (©); superoxide dismutase (SOD); water(H. Adapted from Young and Woodsitfé.

A decrease in GPactivity is associated with conditions such as an hyperhomocysteifféro@ptid
atherosclerotic plaqt® and coronary artery diseaSe A previous study demonstrated that-ETnay

lead to oxidative stress in the heart tissue and pulmonary arterial endothelial cells in rats by thducing
GSHto-GSSG ratio, stimulating lipid peroxidation and increasing TNFconcentr ati on vi
glucose oxidas¥? Scalera et a®* found that ET1 increassthe intracellular GSH levels and redatee

efflux of GSH out of tle cell, which leadlito the synthesis of more GSH, decreasinglEand increasing
prostacyclin. In women with preeclampsia there was an increase in oxidative stress and a decrease in the
productionof GSH in response to ET increaseé®” ET-1 also increases the uptake of cysteine into the
cell, leading to a decreage GSH efflux'® Cysteine is an important determinant of GSH synthesis and
decreased cysteine levelmd leads to inflammation in blood vessels, resulting in atherogeliésis.

Low concentrations of cysine were found toncrease homocysteine oxidatidramatically,which leads

to the formation of superode andH,0,.****” Sethi et al®® found that homogsteine stimulates ET
synthesis through a R@fpendent pathway. Homocysteine also impairs the production of vasodilators
by decreasing the synthesis of prostacyclin and reducing N@vaitability.*® This could suggest that
ET-1 increases blood pressure in hypertensives by means of a decreasexidanti activity and an
increase in oxidative stress through a cysteatated mechanisniRrevious studies on the South African
population found associations between the antioxidant system and cardiovascular VatiabRkck

South Africans have a lower GPx and a higher GR activity compared to their white countétparts.
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Higher GPx activity was independently associated with lower carotid pulse wave velocity in the white
group of the South African populatioff.Additionally, a lower GPx activity in black women associated
with higher blood pressuf@ and a greater carotid intima media thickness (CIMT) associated with lower
total GSH in hypertensive black m&i.The association with ET and antioxidant capacity in this

population is unclear and warrants further stigation.

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

The early identification of cardiovascular disease risk fa@ontsendothelial dysfunction isiportant to
combatthe increased mortality rate as a resultafdiovasular disease in South Africans. Risk factors
can be divided into two types: modifiable risk factors and-meulifiable risk factors’>*"*Modifiable

risk factors includegobacco smoking, a diet high in saturated fat and salt, physical inactivity, abuse of
alcohol, obesity, high plasma cholesterol levels, high blood pressure, lowddrgity lipoprotein
cholesterol (HDLC) levels, high LDLC levels and high triglycerides leVéNon-modifiable risk actors
includes age, sex and racéPrevious studies indicatihat ET1 is involved in the activity of ost
cardiovascular risk factot$”>'’® and therefore the following sectiatiscusesthe association of ET

with various cardiovascular risk factors.

1.2.6.1. Smoking and ET

Cigarette smoking in South Afridaas decreased tremendouslym 31% to 18.2% since 1994 because
the country usesexcise tax increase as a tobacco control meaSusmwever, the prevalence of tobacco
smoking amongnen are still four times higher than in won&h'®*and black South African adults are
more likely to use tobacco products than whités* Additionally, approximately 1% of deaths occur
due to seconttand smoking? Smoking &fects endothelial function, oxidative stress, inflammation and

vasomotor funtion,®

eventually leading to atherosclerosis. Previous clinical amichal studies have
demonstrated that cigarette smoking causeduced NO biavailability®*'>**#% The reduced
expression of eNOS and increased generation of oxidative giresgh NADPH oxidase and xanthine

oxidase leads to smokirrglated endothelial dysfunctiGh!’>'®¥®* Haak et af®®*®’ reportthat ET1

concentrations increase remarkalyshortterm smokers and ichronic smokers with hyperlipidemia. It
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is speculated that increased conceittrat of plasma EAL maybe because of reduced binding of-EDr
enhancd release by either phy$igical or pathological stimufi?® However the exact physiological role
of ET in smoking is still unclealt can be hypothesésl that cigarette smoking contributes to elevated
levels of ET1 as well as enhanced vasoconstriction and an increase in the levels 8P RO8creased
levels of RGs increase the activity of NE bfollowing the induction of cytokines, chemokines and
adhesion moleculd§>***'* decrease the pietive activity of plasma HDLE?'® and enhance the

oxidation of LDLC%®

1.2.6.2. Diet and E1L

The South African populationas a fast growing epidemic of obesity, especially in woltéff Possible

causes include owvewtrition and food high in cholesterol, saturated fat, trans fats an®saitAn

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 atherdStlerosis.

Increased circulating ET levels and oxidised LDLC have befund in patients with hyperlipidemia,
hypercholesterolemia, and atherosclerd$is? Lipoproteins such as chylomicrons which transport
exogenous or dietarycholesterol,and very lowdensity lipoproteins which transport endogenous
triglycerides and cholesterol, are important to control the lipid metab8li<ET-1 augmentshe uptake
of oxidised LDLC, whereas oxidisl LDLC in turn stimulates the production of ET°*?* An over
synthesis of LDLCmay lead to increased levels of LDLC in the blpadich in turn may lead to
cholesterol being laid down as deposits in the arterial3Wdtlwas suggested that increasedElevels
in these patients are due to oxilis. DLG-mediated secretion of ET in VSMCs and macrophag&$!’®
Oxidised LDLC can also upegulate EER expression in bothvSMCs and monocytederived
macrophages and ER expression in coronary artery VSMEHDLC is responsible for removing the
cholesterol deposits in the artery wall to maintain homeostds$idiDLC levels are low, LDLC remains
in the arterial wall and become oxidid, leading to a series ofteps that eventually cause
atherosclerosi€? Additionally, HDLC can also trigger a variety ofitracellular signalling pathways in
many cell types, unrelated to cholesterol homeost¥<i$ Low concentrations of HDLC were found to

stimulate the production of ET through PKC activatiof?*?°>On the other hand, cholesterol can also
15



directly diminish the contractile effect of ET by influencing stor®perated channef§€ Pro
inflammatory stimuli such as a dikigh in saturated fat, obesignd hypercholesterolemia can also

-126,207
U,

activate the endothelium bgicreasing level of cytokines such as 6 and TNF which increase

ET-1 levels in the plasn@’

Treatment with ET blockers and statins wasarfd toimprove the damaging effects on the endothelium
caused by ETL in hypercholesterolemia and atherosclerosis patsgtsficantly. Studies investigating
the role of ET1 receptors in hypercholesterolenfisund that an EJR blockade leads to a reduction of
macrophage infiltration, redusdatty streaks, increasesabte NO metabolites and normaiss NO
mediated endotheliwdependent relaxation>?*®?**Hypercholesterolemia patients are known for having

210

a decrease in NO biavailability,= and ETF1 interferes with NO synthesis. ETL contributs to a
decrease in NO biavailability by increased expression of eNOS protein and eNOS enzyme activity,
stimulating free radical forming emmes and promoting the interaction of caveolin and e&&7&°

On the other hand, statin therapy improtiee effect of ET blockers on N@ediated vasodilation in
hypercholesterolemi®** Statins decrease the expression of pr&pfel mRNA in endothelial celland

the vasoconstrictor response to-ETattenuating the negative affeof ET-1 on endothelial functioh?'*

13 Black South Africans are known for having a favourable serum lipid profile of low cholesterol and
high HDLC when compad to their white counterpartglthough urban black South Africansre
begiming to adapt to a more Westernised diet. This increagebditly mass index and total serum
cholesterol of men and women, making this population susceptible to an increased risk for cardiovascular

diseasé*?'" It is clear that ETL levels increase in patients with high cholesterol levels, leaving the

South African population at risk for the developmenatbierosclerosis and other lipidlated diseases.

1.2.6.3. Hypertension and EIl

South Africa has one of theighest rates of hypertension worldwide. Currently, the main causes of
hypertension in South Africans are lifestyle factors such as obesity and a diet high?f Isak.
estimated that between 65% and 78% of cases of hypertension could be attilmitesit§"***°and the

prevalence of obesity is exceptionally high in urban black women oSabhran Africd** Previous
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studies found that obesity, salt sensitivity andIEGontribute to the development of hypertension in the

black American populatioff:?**%°

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 systéRAAS), sympathetic nervous system, oxidative stress and inflammation
which all lead to hypertensidfi®® Leptin is an important adipocytterived hormone that regulat®od

intake, body weight and increada energy expenditure by activating the sympathetic nervous syStem.
Increadng leptin production can alsdffact blood pressure by renal sympatbetictivation and NO
synthesi€?® Chronic admirstration of leptindecrease natriuresis, increaseurinary excretion of NO
metabolites and increasdhe level of systemic and intrarenal oxidative stress, leading to NO
deficiency?® Increasing ETL levels also decrease NO kiwvailability in obese patient§?** This
increase in ETL levels of obese individuals may be a result ofeptin, which hasthe ability to up
regulate ETL production in human endothelial c€ité2** Leptin can also stimulate the generation of
ROS and through an EFFET,R-ROS pathway, exert its action through the inflammatory sy&t&t.

These findings suggeshat leptinrinduced ET1 can contribute to increased hypertension in obese

individuals?3>%3

Although leptin can release EI through a RO$lependent pathway, ET can also exert its effects
throughnon-endothelial pathways similar to those found in adipose tissue such as the'RAARe

RAAS is a hormonal cascade that plays a critical role to control arterial pressure and extracellular volume
in high-salt diets”*” During low blood pressure, renin igsponsible for converting angiotensinogen to
angiotensin | and angiotensin | émgiotensin Il via angiotensitonverting enzymé&® Angiotensin I

then bihds to angiotensin Il type 1 receptors on the vascular endothelial and VSMC, impairing NO
synthesis, leading to vasoconstricttShThe binding of angiotems Il to angiotensin Il type 1 receptors

also releasealdosterone, responsible for sodium retention, which together with vasoconstrictios cause
an increase in blood pressdr@After the RAAS have increased blood pressure, renin is decreased
through a negative feedback systefriNon-renin pathwaysor alternative pathways, do notafe use of

renin or angiotensisonverting enzymes to control blood pressttén these nosenin pathways, tonin
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and cathepsin D release angiotensin | and tissue plasminogen activator and produaesemtjidieectly

from angiotensinogef’? Chymase, endopeptidase and carboxypeptidase produce angiotesin Il from
angiotensinl via an angiotensigonvering enzymeindependent pathwdy® Angiotensinconverting
enzyme @grades bradykinin directly and the binding of angiotensin Il to angiotensin |l tygmeefitors
decreaseNO synthesis, and vasoconstriction, releasing aldosterone and increasing blood pfessure.
response to an increase in bloodgsure through the direct or alternative pathways of RAAS, angiotensin
[l can activate free radical production avakcular cell adehesion molecdlexpressionwhich leads to

chronic inflammation and eventually endothelial dysfunctidn.

Low plasma renin activity imuch higher in blacks than whit&8 This is possibly due to blacks retaining
more sodium and blood pressuegulationbeing more salsensitive thain whites?° It can also bas a
resultof the roleET-1 hasin the renovasculaturé.A diet high in saltincreases renal ET production

and eNOS expressidft. ET-1 exerts a vasoconstrictor function on bdtte afferent and efferent
arterioles and cause decrease in renal blood flow and glomerular filtration rate, reducing sodium
excretion™® The black population was found to have increased circulating EVels, which can exert

the latter effecmore profoundly than in the white populatiBrET-1 exerts effects on the RAASy
inhibiting renin production and stimulating aldosterone production from the adrenocortical zona
glomerulos&**?** The binding of ET1 to ETAR or ETzR increass aldosterone directly from the zona
glomerulosa cells, increasing plasma volume and inhibiting juxtaglomerular cells from releasing
renin?**#** A study assessing the effect of-Bdur salt restriction on plasnT-1 levels in salsensitive
patients, found that ET levels are elevated together with catecholamines even with blunted renin
activity in this groug®® It was also suggested that the distributibE®D receptors could explain the racial
differences found in the relatioto the effect exerted by ET'***° However, studies on receptor

distribution in the arterioles of the kidneys are unclear.

1.2.6.4. Aging and ET
Aging causes structural and functional modification in the vasculature such as infiltration of VSMCs,
atherosclerotiplaque, arteriathickening, arterial stiffnesand reduced NO biavailability?*’ Changes

due to ging is an unavoidabl fate. Hbwever, due to cardiovascular risk factors the effects of aging
18



through the inflammatory process sedmappear earlier. Changes often seen in older patients such as an
increase in arterial stiffness, increase in the thickredslarge arteries and endothelial dysfunction are
more extensive in patients with hypertension or atherosclerosis at a young¥mageious studies have
demonstrated that smoking, overproduction of ROS, inhibition of DNA repair, increased RAAS activity,
endothelial cell senescence, decreased cell proliferation, increased sodium intake, increasad cal
content and decreased NO aigailability speed up the arterial aging procé88! Experimentaf**and
human studie€®**showed an increased expression of EWith aging possibly due to an increase in the
deterioration of endothelial functidf?*® The mechanism through which HTcauses edy vascular
aging is unclear. blwever, it is hypothesised that conditions associated with agirgp as increased
levels of angiotensin f***?reduced bieavailability of NO and increased levels of oxyegerived free
radicals,***"***%*3ncrease ETL levels with agé> A few studies demonstrated that the klgopulation

of South Africa isat risk for developing early vascular diseasesmally associated with aging:>*°

There is currentlyio other study investigating the association between aging addévEls in the South
African population, and since this group is subjectedatdy vascular damage ETmaybe an important

risk factor for this group.

1.2.6.5. Race and selifferences of E-L levels and receptors

As in African Americans, blacks in South Africa have a higher prevalence of €\Resting ET1
levelswasfound to be higher in black Africans and black Americans than in whft€ampiaet al?*®

have demonstrated that young, healthy black African subjects have reduemeédidded vasodilation of

forearm resistance vessels compared to theirendttinterparts. This reduced Naediatedvasodilation

indicates the presence of impaired vascular smooth muscle relaxation, which may lead to increased
vascular tone and hypertensioh Plasma ET1 levels were alséound to be increased in hypertensive
blacks compared to whité®¥. The smoottmuscle cells of saphenous veins obtained from black Africans
appeared to contain both receptor subtypes, whereas the VSMCs of saphenous veins obtained from white
Africans possessia higher density of the ETsubtypes receptdf.These differences in ET levels may

be due to the different distribution of ET receptor subtypes, @80 ETE) in black and white African§.
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Sex also appears to have an effect onEIEvels.Adult white males have higher circulating levels ofET

1 than female§??****°The saphenous veins from black men contain fewebigding sites tharhbse of

white men, and black women haweide as fewET receptors than white woméH.Evidence indicate

that the lower levelsf ET-1 observed in women, md&e due to the modulatory action of female gonadal
hormone<® This statement is supported by previous studies that found healthy postmenopausal women
have higler ET-1 and lower NO levels thaypunger womenand thathe ET-1 levels decreased and NO

levels increased remarkably after hormone replacement théfagy.

1.2.7. ET-1, blood pressure and vascular remodeling

1.2.7.1. Blood pressure

Experimental studies indicated an enhanced production df iEsome hypertensive modéfs?**Blood
pressure is an important determinant of vascujafushction®®”?°® Aging leads to a steady increase in
systolic blood pressure, with a decline in diastolic blood pressure after the age of 5%'y&arae
increase in systolic blood pressure and desgdn diastolic blood pressueads to an increase in pulse
pressure due to an increase in the systhiistolic blood pressure different® As seen previously in this
chapter, blood presseichanges play an important role in the homeostasis of the endothelium. Although
systolic blood pressurdfects have been investigatediength, previous studies found pulse pressure is a
stronger independent predictor to endotheliddted changes anits closely associated with left
ventricular hypertrophy and carotid atherosclerd$&? ET-1 also plays an important role in blood
pressure and have a positive inotoopffect on the heaff;’”® decreasing cardiac output, in turn
decreasing heart rate and stroke voldfiéligh concentrations of ET, 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 oatplit. South Africa, a largeumberof studieshavefound

an increased risk for hypertensim black South African&;?*?*2>?"hroposing that 24% of btks that

have high blood pressure will develop hypertenétbithis association of ET 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 arteai stiffness

The CIMT shows the thickness of thenica intimaandtunica medieof the blood vesselsnd is used for
evaluating the regression and/or progression of atherosclerotic cardiovascular “dié€a%ke 2013

ESH/ ESC hypertension guidelines confirmed a CI M
damagée® 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 &§iritf.Although CIMT measures the extent of
atherosclerosi§,"*” Lakatta et af®* concluded that CIMT and endothelial dysfunction is not a result of
atherosclerotic risk factorbut rather ageelated 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 througf SMC hypertrophyan increase in calben contenand a decrease in elastin
density This leadsto arterial stiffness due to decreased arterial compliZidaing in artefes is also
accompanied by a decrease in the production of vasoactive substances such as NO, independent of

hemodynamic factor?

The decrease in arterial compliance and increase in vasoconstriction can result in an increase in systolic
blood pressure and pulse pressurereasing te risk for the development of hypertension and
atherosclerosis in aging individugf§:?®® These diseases are also associated with morphological and
functional alterations of arteries similar to those found during &§inBrevious 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 lumémeter’’® Studies also found an association between CIMT and
chronic heart disease such as stroke and myocardial infaf€ti8H***Thesestudies indicatethat with

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

myocardial infarction increased by 43937%%%%°Cardiovascular risk factors such as &fesex?*:%%

smoking?! high cholesterof?® high systolic blood pressuf&, increased ETL levels®®>** increased

TNF-U a c tinereased NADPFbxidase activity’”® and increased homocysteine le¥®lslso had
an effect on CIMT. Hypercholesteroleni¢;*** hypertensivé? diabetic?*® and smokin§* patients have

a 512% increase in CIMT compared to patients without these condiffoBudies investigatinthe link

between ETL and CIMTsuggstthatthe association of ET with increasing CIMTmay be due taan
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increase iNNADPH oxidaseactivity and O,” increasing ETL expressiof’®* ET-1 was bund to also
contribute to collagen synthesis and elastin degradation, leading to an increase iff{SMfing®*>"

and regular erobic exercis® werefound to decrease the progression of CIMT in turn decreasing the
risk for atherosclerosis and hypertension. Schutte &tirlestigated arterial stiffness in black and white
South Africans and found that the change in arterial stiffness ieetaged in whites and presstnedated

in blacks, increasing theirsk for the development of atherosclerosis in this population. It is possible that
ET-1 can be the culprit sponsible for ageand pressureelated changes in this population, but further

research is needed to test this hypothesis.

1.2.7.3. Crossectioral wall area (CSWA) and arterial stiffness

CSWA is the area encompassed by artery circumference minus the lum&f @remges in th€SWA

occur in response to alterations in blood flow, blood pressuratietosclerosis’® These changes are
termed remodelind’* Remodeling can be characterised as inward or outward changes in vessel lumen
diameter and incresad change (hypertrophic), decreased change (atrophic) or no change (eutrophic) in
the vessel wall thickned8:*® Increasedblood flow and atherosclerosisause the vascular wall to
undergo eutrophic outward remodeling, whereas hypertrophic inward remodeling is associated with an
increase in blood pressuf¥ Outwardremodeling occurs mainly due to inhibiting production of NO with
eNOS inhibitor$® whereas inward remodeling occurs due to the activation of autocrine mechanisms that
stimulate VSMC growth and paracrine mechanisms that increase the production of angiontensin Il in
resistance arteriechangng the vessel wall matrX. ET-1, a peptide that aetin an autocrine and
paracrine fashion, can contribute to outward remodeling through its NADPH oxidase function by
increasng oxidative stress andward remodeling in response to the C&Rjiotensin Hinduced ROS
production This resultsin the VSMC migration and proliferaticin®®’ Additionally, atherosclerotic
arteries, which are associated with an abundant VSMC migration into the,intiere found to have
increased EJR mRNA, contributing to outward remodeliﬁ(ﬁ.ln South AfricansCSWA is associated

with leptin levels$® Leptin can contribute to vascular medeling by increasing the releasé
vasoconstrictive siugbances, increasing the production of ROS and secirieflaghmatorycytokines all

of which contribute to obesitselated hypertension and atherosclerdSiAdditionally, CSWA also

correlated negatively with GSH levels in the same populaffdbther studies found that leptin incresise
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ET-1 production by endothelial cells, and-ETin turn increaseROS productin, decreasing GSH levels.
This associattn between ETL, leptin and ROScould provide a possible leptmediated, ROS
mediatedET-1 effect on vascular remodeling in the general South Africanulption. Fowever further

investigation is needed.
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1.3. Aims

General aim

The general aim of this study is to explore the link betweel EVels andardiometabolic function and

arterial stiffness

The detailed aims awes follows:

Chapter 37 The association of ET1 with markers of arterial stiffness in black South African

women: The SABPA study

Chapter 3 aims to:

1
1

determine whether ET levels difer among sex and race in black and white South Africans.

investigate the association of HTwith cardiovasculafunction (systolic blood pressure, pulse
pressure and mean arterial pressure) and inflammation (inted@uwdidl Greactive proteinjn a

bi-ethnic South African population.

Chapter 471 The association of ET1 with markers of oxidative stress in a biethnic South African

cohort: The SABPA study

Chapter 4 aims to:

)l

investigate associations of HT with markers of oxidative stress (serum peresjdand anti

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

Chapter 57 Three-year change in endothelinl and markers of vascular remodeling in a bethnic

South African cohort: The SABPA study

Chapter 5 aims to:

1

investigate the association of change in-ETevels 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 tahe literature and thepecific study population, tHellowing hypotheses are tested in this

research:

Chapter 3 - The association of ET1 with markers of arterial stiffness in black South African

women: The SABPA study

bl ET-1 levels ardénigher in lack men and women in comparison to their white counterparts.

1 ET-1 associatewith cardiovascular deterioration (systolic blood pressure, pulse pressure and mean
arterial pressure) and inflammatory markers (interlegékigind CGreactive protein) in black men

andwomen.

Chapter 41 The association of ET1 with markers of oxidative stress in a biethnic South African
cohort: The SABPA study
1 ET-1 associates positively with markers of oxidative stress and negatively with markers- of anti

oxidant capacity (GPx, GRatalase, GSH).

Chapter 57 Three-year change in endothelinl and markers of vascular remodeling in a biethnic
South African cohort: The SABPA study
1 An increase in ET1 levels associates positively with markers of vascular remodeling (CIMT,
CSWA, and asrial compliance after three years
1 The black population hamore 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 formaippsoved by the NortkiVest

University. The thesis consssof three manuscripts acceptedsobmitted for publication in international

peerreviewed journals.

T

Chapter 1 provides an introduction, literature overview, aims, objectivethahypotheses related

to the topic of the thesis.

Chapter 2iscusgsthe study protocol along with the materials and methods used to obtain the data
from the SABPA study.

Chapter 3 (the first manuscript) determines whetherlHévels differ amongex and race and
investigats the association of ET with cardiovascular function and inflammation in eethinic

South African population.

Chapter 4 (the second manuscript) investigates the associationslinvET markers of oxidative
stress and antixidant capacity (GPx, GR, SOD, catalase, GSH) in black and white South
Africans.

Chapter 5 (the third manuscript) investigates the associafiahangein ET-1 levels (after 3
years) and markers of vascaulamodeling such as CIMT, CSWand arterial ompliance 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 teddglibed by the

journal. The Vancouver referencing style referestgée isused in all unpublished chapters.
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2.1. Study design

The SympatheticActivity and AmbulatoryBlood Pressure irAfricans (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) 8uth-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 tbiméc egroups is different, and

this may play a role in nutrient intake, alcohol intake and smoking habits. Ostuglbis embedded in

the SABPA study and detailed layout of the experimental protocol and data collection procedures was
previously describefll] The methodology appropriate to this sthdy will be discussed. All participants

were between 20 and 65 years of age. The baseline and f@ia¥ata collection was conducted in two
phases to minimize seasonal effects. Phase | commenced in 2008 and Phase Il in 2011 for baseline data.
For follow-up data collection, Phase | commenced i®2@nd Phase Il 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 baselingeanddowup was
sustained via a mobile cellular messaging system and feedback workshops to explain results and make

referrals.

The Ethics Committee of the Nortest Univergty, Potchefstroom Campus, approved the study (project

no: NWU-0003607-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 patsicipan

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 2088).participants were codedith their
personal information and dateeated cofidentially and also only linkedo a numeric value that is not
traceable by any outsider. Data was stored from all devices on external hard disks aROIVlscs,
recorded into Excel spreadsheets and password protected for security of the data.

For thepurpose 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 @i of endothelil (ET-1) (n=10) by residual
statistics as well as participants with missing Edata (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 ouslief ET-1 (n=10) by residual statistics as well as
participants with missing ET data (n=8).

- In article 3, 48 participants did not participate in the foligpvstudy and were excluded from the study
together with outliers of E-L by residual statisticdhéseline: n=8; followup: n=0) and participants
with missing ET1 data for both baseline and follayp (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 prcedures

An ambulatory blood pressure monitoring (ABPM) device (Meditech CE120® Cardiodens, Budapest,
Hungary) was fitted to the nestominant arm of each participant with an appropriately sized cuff between
07h00 and 08h00 from Mondays to Thursdays. The MBfevice 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 Potchefstroornampus of the NorthVest 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 art/@ettiensive drugs. Each participant also
received human immunodeficiency virus qmaunselling. At 20h30 the participants received a
standardized dinner and abstained from consuming alcohol and caffeine and refrained from smoking for
the remainder of theight. 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 measwests

Qualified anthropometrists measured the body height, body weight as well as the waist circumference of
each participant according to standard proced@ieBody 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 clothifagst circumference was measured

with a nonstretchable metal flexible measuring tape (Holtain Ltd., Dyfed, B¢dy mass index was
calculated as weight in kilograms divided by height in meters squared and rounded to 1 decirf@l point.
At baseline total energy expenditure was calculated using the Actical® activity monitor (Mini Mitter Co.,
Inc, Bend, OR; Montreal, Quebec, Gala) 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, Netttex)f4-6]. The participant was requested to lie in
the Fowlerds position with their arm at heart |
left hand, and a brachial cuff is connected to the upper armmin@te calibration is performed t

provide an individual subjedevel adjustment of the finger arterial pressure with the brachial arterial
pressure[5]. The highest precision in cardiovascular measerd 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
pressurepulse pressure, stroke volume and arterial complificés part of the nonlinear thredement

model which includes aortic characteristic impedance, arterial compliance and systemic vascular
resistance, the Windkessel compliance or Buffer Compliahtteearterial system was computed from an
agedependent, aortic presswaea reitionship and represents the lumped compliance of the entire
arterial system.[7]. To minimize inter and intra individual variability of measurements, all
measurements wer performed in a temperature controlled room and drdjned staff members

performed the measurements.
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The Complior SP Acquisition System (Artebtedical, Pantin, France) was used to measure pulse wave
velocity from the carotid to dorsaligdis pulse ites [8]. The carotidemoral pulse wave velocitsre
determined notinvasively 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 te(gietim

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 gaglthdard for measuring arterial stiffnegafortunately the femoral
measurement was a sensitive measure to perform in a population study outside of a clinical setting,
therefore it was unavailablét the time of the study, more advanced mechanical msteadh as the

SphygmoCor and the Doppler Ultrasound was not yet avaiddiader research unit

The Cardiotens (CE120, Meditech, Hungary) is an ABPM device that is-avasive, fully automated
technique in which blood pressure is recorded over am@steperiod of time, usually 24 hoJrH)].

ABPM are superior to other clinical measurements such as office blood pressure measurements, since
ABPM predicts blood pressurelated complications more accurately, whereas office blood pressure
measurements are subjected to mechanical defects, physicor and white coat effec{d0]. The
Cardiotens (CE120, Meditech, Hungary) was used to recofftb@d ambulatory systolic and diastolic

blood pressure, which were used to derive 24h pulse pressure. Participants with a systolic blood pressure
O 135 mmHg and/ or di asHgaveré aonsiddred loypertgmsiid]sTheu2dhour O 8 5
blood pressure data were downloaded onto a database using the CardioVisions 1.9.0 Personal Edition

software.

Carotid intimamedia thickness (CIMT) aresad as a surgate marker for atherosclerodis2, 13.
Ultrasound measurements of CIMT can be used to reclassify padteimi®rmediate risk, discriminate
between patients with and without prevalent of cardiovascular disease and predictathagse
cardiovascular eventfl4]. 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 meiaguthe intima-media thicknes$14, 13. In this study,

CIMT was measured using a SonoSite Micromaxx ultrasound system (SonoSite, Bothell, WA, USA) and
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a 613 MHz linear array transducer from at least two optimal angles of the left and right common carotid
artery. Subsequently, the carotid crgsstional wall area was calculated with the formula: eross
sectional wall area = ~(d7i2 (+/I@apremtionsdveré made fara me
both carotid intimamedia thickness and carotid cresectional wall area by a single reagéth a sem

automated program, the Artery Measurement Systems (AMS) 1l v1.139 (Gothenburg, Sweden).

2.2.4. Biochemical analyses

A registered nurse collected fasting blood samples with a sterile winged infusion set from the
parti ci pant s ébraaches. Sérumasantplesanere prepared according to standard procedures
and frozen at80°C until analysed. Procedures followed for quantitative analyses were the same for both

baseline and followap unless stated otherwise.

ET-1 was determined by an EI Quantikine enzyme linked immunosorbent assay (ELISA) (R&D
Systems, Minneapolis, MN, USA). Serum interleuBinwas determined with a high sensitivity
interleukin6 Quantikine ELISA (R&D Systems, Mineapolis, MN, USA). Serum cotinine was determined
with a hanogenous immunoassay on a Roche Modular system (Roche, Basil, Switzerland). Gamma
glutamyl transferase was used as an indication of alcohol abuse and cotinine for $fr@kirdy.At
baseline fasting fiids (triglycerides, total and higthensity lipoprotein cholesterol), glycated hemoglobin
Alc, Creactive protein, gamma glutamyl transferase and creatinine were determined using two
sequential multiple analysers in serum samples (Konelab 20i, Thermdif@gi&fantaa, Finland and
Unicel DXC 800, Beckman and Coulter, Germany) and at felipwthe variables were determined using

the Integra 400 pk (Roche, Basel, Switzerland)lthough HbA1c% is regarded a less sensitive variable

in nondiabetic subjectshan glucose, the majority of our total population was prediabetic or diabetic
(53.7%) hence the use of HbAlc%ow density lipoprotein cholesterol was calculated with the
Friedewald formula: low density lipoprotein cholesterol = Total cholesietabh density lipoprotein
cholesteroli (triglycerides/2.2), provided that no value of triglycerides inserted is hitjizer 4000
mmol/L [18]. Urinary albumin and creatinine levels were determined (Konelab 20i, Thermo Scjentific
Vantaa, Finland; Unicel DXC 800, Beckman and Coulter, Germany) and the albwgatmine 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/tLyY * (age (years)§*® * 1.212 [if black] * 0.742 [if

female] [20]. Estimated creatinine clearance wascakdted by using the Cockcre®ault formula as

follows: Creatinine clearance (ml//min) = (t40ge) x wei ght (kg) x constan
where the constant for femea are 1.23 and 1.04 for mal@4]. Serum estradiol and testosterone levels

were determined using an electrochemiluminescence immunoassay (ECLIA) (Elecsys 2010, Roche, Basil,
Switzerland). Human immunodeficiency virus status wmasasured, 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 perowidegjetermined in serum samp|2g].

Total glutathione levels were determined with the BIOXYTECH GSH/G8$% 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, Ml,
USA), whereas serum catalase activity was determined withisel®st Fluorometric kit from Cell
Biolabs (San Diego, CA, USA) with appropriate apparatus (Synergnhrdd Microplate Reader;
BioTek, Winooski, VT, USA). Antioxidant enzyme ratios were calculated to assess antioxidant defenses

and included the Gio-GPxratio and the GRkp-SOD.

2.2.5. Statistical analyses

G*Power version 3.1.9.2 software (University of Kiel, Kiel, Germany) was used to compute teedchi
power in post hoc analysj&3]. 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/decreasedl & levels with cardiometabolic oxidative stressand arterial stiffnesselated
markers were tested by means of multiple regression analyses. Variables witGaussran distribution
were logarithmically transformed and the central tendency and speradepresented by the geometric
mean and the"5and 9% percentile intervalsT-testswere used to compare means and-€hiare tests to
compare proportions between the race/sex groups and groups with increased/decrddsve|Edfter 3

years. Undjusted and adjusted correlation betweenlEand variables associated with cardiometabolic
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oxidative stressand arterial stiffneseelated variables were performed. Multivariable linear regression

models for each group were performed with- E&s the rain dependent variable.

62



2.3. References

1.

10.

Malan L, Hamer M, Frasur8mith N, Steyn HS, Malan NT. Cohort Profile: Sympathetic activity
and Ambulatory Blood Pressure in Africans (SABPA) prospective cohaty sint J Epidemiol.
2015;4418141822.

Marfell-Jones MJ, Stewart A, de Ridder J. International standards for anthropometric assessment
ISAK. Potchefstroom, South Africa, 2006.

American College of Sports Medicine (ACSM), Guidelines for Exercise Testing and Prescription,
7th alition, Lippincott Williams & Wilkins, Philadelphia, Pa, USA, 2006.

Imholz BPM, Wieling W, van Montfrans GA, Wesseling KH. Fifteen years experience with
finger arterial pressure monitoring. Cardiovasc Res. 138805616.

Guelen |, Westerhof BBRjan der Sar GL, van Montfrans GA, Kiemeneij F, Wesseling KH, et al.
Validation of brachial artery pressure reconstruction from finger arterial pressure. J Hypertens.
2008;26: 1321-1327.

Schutte AE, Huisman HW, Van Rooyen JM, Malan NT, Schutte R. tadidaf the Finometer
device for measurement of blood pressure in black women. J Hum Hypertensl00484.

Wesseling KH, Jansen JR, Settels JJ, Schreuder JJ. Computation of aortic flow from pressure in
humans using a nonlinear, threlement mdel.J Appl Physiol. 1993; 725662573.

Nichols WW. Clinical measurement of arterial stiffness obtained from noninvasive pressure
wavefams. Am J Hypertens. 2005; :B&-10S.

Calabia J, Torguet P, Garcia M, Garcia |, Martin N, Guasch B, et al. Ddglttesound in the
measurment of pulse wave velocity: agreement with the Complior method. Cardiovasc
Ultrasound. 2011; 9:13.

Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves J, Hill MN, et al. Recommendations for
blood pressure measurement in humamsl experimental animals part 1: blood pressure
measurement in humans: a statement for professionals from the Subcommittee of Professional
and Public Education of the American Heart Association Council on High Blood Pressure

Research. Hypertension. 20055:442-161.

63



11

12,

13

14.

15.

16.

17.

18.

19.

20.

O6Brien E, Par at.i G, Stergiou G, As mar R,
Hypertension position paper on ambulatory blood pressureitonog. J Hypertens. 2013;
31:17311768.

Grobbee DE, Bots ML. Carotid artery intidh@edia thickness as an indicator of generalized
atheroscleosis. J Intern Med. 1994; 23&7-573.

Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of clinical cardiovascular
events with carotid intimaedia thickness a systematic review andarashlysis. Circulation.
2007; 115459467.

Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, et al. Use of carotid
ultrasound to identify subclinical vascular disease and evaluate cardiovascular disease risk: a
consensus statement frometimerican Society of Echocardiography Carotid Intivedia
Thickness Task Force endorsed by the Society for Vascular Medicine. J Am Soc Echocardiogr.
2008;21:93111.

Kasliwal RR, Bansal M, Desai D, Sharma M. Carotid intimadia thickness: Currentieence,
practices, and Indian experience. Indian J Endocrinol Metab. 28113.

Bernadt M, Taylor C, Mumford J, Smith B, Murray R. Comparison of questionnaire and
laboratory tests in the detection of excessive drinking and dlsphoThe Lancet. 198
319325328.

Gorber SC, Schofieltiurwitz S, Hardt J, Levasseur G, Tremblay M. The accuracy of self
reported smoking: a systematic review of the relationship betweenepelted and cotinine
assessed smoking status. Nicetifob Res. 2009; 112-24.

Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration ofdéngity
lipoprotein cholesterol in plasma, without use of the preparative ultracentri€lje Chem,
1972; 18499502,

Keane WF, Eknoyan G. Proteinuria, albuminurigsk, assessment, detection, elimination
(PARADE): a position paper of the National Kidney Foundation. Amdidney Dis 1999;
33:10041110.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, Feldman HlI, et al. A new equation to

estimate glomeruldiltration rate. Ann Intern Med. 200950:604612.
64



21

22.

23.

Cockcroft DW, Gault MH. Prediction of creatinine clearance from sectgatinine. Nephron.
1976; 1631-41.

Hayashi I, Morishita Y, Imai K, Nakamura M, Nakachi K, Hayashi T. Higloughput
spectrghotometric assay of reactive oxygen species in serum. Mutat Res6300E5%61.

Faul F, Erdfelder E, Buchner A, Lang@®. Statistical power analyses using G* Power 3.1: Tests

for correlation and regression analyses. BéResMethods. 200941:11491160.

65



CHAPTER 3

The association of endothelifl with markers of arterial stiffness in

black South African women: The SABPA study
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Abstract
BackgroundLimited data exist regardingndothelinl (ET-1), a vasoactive contributor in vascular tone,
in a population subjected to early vascular deterioration. We compardd|&ls and eXpred its

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

Methodology.This crosssectional suistudy included 19%lack (men:n = 99; womenn = 95) and 197

white (men:n = 99; women:n = 98) South Africans. Serum ET levels were measured as well as
markers of arterial stiffness (blood pressure, pulse wave velocity and arterial compliandeleJels

were higher in black men and white women compared to their counterparts after adjustimgdotive
protein. In bothsingle and partial (adjusting for body mass index and gamma glutamyl transferase)
regression analyseBT-1 correlated with age, interleuk high density lipoprotein cholesterol, systolic
blood pressure, pulse pressure and pulse wave velocity in blagienv In multivariate regression
analyses the independent association oflEAith systolic blood pressure (Ad¢ = 0.13;b = 0.28,p <

0.01) and pulse pressure (A& = 0.11;b = 0.27,p < 0.01) was confirmed in black women only. &T

additionally associated with interleukéin black womeng< 0.01).
Conclusion.Our result suggests that HTand its link with subclinical arteriosclerosis are potentially
driven by lowgrade inflammatioras depicted by the association with interleekim the black female

cohort.

Keywords endothelinl, arterial stiffness, black, white, Sotalfrican, 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 elucidat¢ti3]. 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 artef®$]. Apart from natural or biological ageing, it

is also known that hypertension, atrelerosis, type 2 diabetes mellitus, chronic renal disease, excessive
salt use, and changes ireurdormonal regulation influence the onset and augmentation of arterial

stiffness[6].

ET-1 is an important vasoactivéolnarker due to its pivotal role in vascular tone and dysfung@@j.
Endothelial dysfunction is a precursor for vascular disease usually elicited by the release of a variety of
paracrine factors such as endothdlithat interact with platelets, inflammatory cells and the vessel wall
[9]. Experimental studies demonstrated that highetl Hdvels associated with aging may contribute to
vascular endothelial dysfuncti¢h0-13]. ET-1 was also positively associated with large artery stiffness in
patients with coronary artery dised44,15] The upegulation of EF1 activates inflammatory cells and

leads to nitric oxide synthase inhibition associatét arterial stiffnes$7,9,1618].

Ergul et al[19-21] reported thathe black population have higher HETevels 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 legtween ET1 and arterial

stiffness (or arteriosclerosis), especially in-Sdharan Africa, and therefore we aimed to compard ET

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

determinants in a bé&k and white South African cohort.

2. Materials and Methods
2.1. Study Population andrétocol. Crosssectional data from the Sympathetic Activity and Ambulatory
Blood Pressure in Africans (SABPA) study was used including 194 black meA9; womenn = 95)

and 197 white (menn = 99; women:n = 98) South Africans. Detailed information regarding the
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procedures of the SABPA study has been published previf@]yPatients who were pregnant, were

| actating, and were using alpha and beta bl ocke
had a vaccination or donated btb3 months prior to participation were excluded from the prospective
cohort study. However, in the current analysis we excluded outliers-@f(BF 10) by residual statistics

with participants with missing ET data ( = 6). A standard health survey wased for the collection of
demographic information and atypertension medication usage. The Health Research Ethics
Committee of the NorthwWest University, Potchefstroom Campus, granted ethical approval for this
substudy (NWW0003607-A6). The study primcol conforms to the ethical guidelines of the Declaration

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

2.2. Anthropometric MasurementsBody composition of each participant was obtained in triplicate
according to standardrgredureqg23]. The body height was measured to the nearest 1.0 cncténvi
Plastics 1465, Leicester,K) and body mass tohé nearest 0.1 kg (Precision Health Scale, A&D
Company, Tokyo, Japan). Waist circieamence was measured with a stvatchable metal flexible

measuring tape (Holtain Ltd., Dyfed, UK) and body mass index rounded to 1 decimdRgpint

2.3. Cardiovasciar MeasurementsThe cardiovascular measurements were taken in a semirecumbent
position for each participant. Faminute continuous measurements of cardiovascular variables were
recorded using the validated Finometer (Finapres Medical Systems, Amstéleldmerlands), based on

the vascular unloading technique of Pefadm 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 compliand@5]. The Complior SP Acquisition System (Artebtedical, Pantin, France) was

used to measure pulse wave velocignirthe carotid to dorsalis pedis.

2.4. Biochemical Aalyses.A fasting blood sample was collected from each participant and serum
prepared according to standard procedures. Serum samples were fr@08€Q amntil analysed. ET was
determined by an ETI Quantikine enzyme linked immunosorbent assay (ELISA) (R&D Systems,
Minneapolis, MN, USA). Intraand interassay variability for ET were 2.7% and 17.15%, respectively.

Serum interleukir6 was determined with a high sensitivity interleuBirQuantikine ELBA (R&D
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Systems, Mineapolis, MN, USA). Intrand interassay variation of interleulénwere 4.2% and 6.4%,
respectively. Serum cotinine was determined with a homogenous immunoassay on a Roche Modular
system (Roche, Basil, Switzerland). Fasting lip{t$glycerides, total and higldensity lipoprotein
cholesterol), glycated hemoglobin Alc,r€active protein and gamma glutamyl transferase were
determined using two sequential multiple analysers in serum samples (Konelab 20i, Thermo Scientific,
Vantaa, Finlad, and Unicel DXC 800, Beckman and Coulter, Germany).-latnd 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 cholesteiiolhigh density lipoprotein cholesteradl
(triglycerides/2.2), provided that no value of triglycerides inseisetigher than 4000 mmol/[28].

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

Unicel DXC 800, Beckman and Coulter, Germany) and the albumin:creatinine ratio was cal@#ated
Estradiol levels were determined using an electrochemiluminescence immunoassay (ECLIA) (Elecsys
2010, Roche, Basil, Switzerland). Intrand interassay variability were less than 10% for both

albumin:creatinine ratio and estradiol.

2.5. Statistical Aalyses.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 analysig30]. At U error probabil ity of-tailed i@pét, ef f
method, the achieved power-fjlerror probability) was estimated @8.21%.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 betweeh &Td cardiovascular components by means of
multiple regressiont-testswere used to compare means and-&juare tests to compare proportions
between the groups. Bivariate and partial correlations were used to determine the correlatit@nothET
cardiovascular and biochemical variables. Forward stepwise multiple regrassilyses were performed

to determine independent associations betweerl EAhd cardiovascular measures. We applied a
sensitivity analysis for estradiol and ahgipertension 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 Alc, high density lipoprotein cholesterol, albumin:creatinine
ratio, and interleukit6. Each model included a main independeaasure 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, wheread &as 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 entlothelin
against systolic blood pressure, pulse pressure, pulge welocity 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 HETwith systolic blood pressure, theopulation was stratified

according to raceH(391) = 6.78p < 0.001) and seX{391) = 2.39p < 0.05).

There was no significant difference in HTlevels between the black and white groups before adjusting

for C-reactive protein. We additionally adjest for Greactive protein to investigate the effect of
inflammation on ET1 levels. After adjusting for @eactive protein, the ET levels were significantly

higher in black men than white men, and higher in white women than black womer<(@l001).Black

men and women had higher systolic blood pressure, diastolic blood pressure, mean arterial pressure and
pulse wave velocity in comparison with their white counterpartspall 0.05). Greactive protein,
interleukin6 and glycated hemoglobin Alc wdrigher in the black compared to the white groupsg(all

< 0.05). White participants had higher low density lipoprotein cholesterol and total cholesterol levels in
comparison with black individualp & 0.001). Gamma glutamyl transferase levels were highbklack

men and womerp(< 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 caatieins were evident between HTand cardiovascular or

biochemical variables in men. A positive correlation was observed betwednagd systolic blood
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pressurer(= 0.27;p = 0.008), pulse pressure£ 0.25;p = 0.014) and pulse wave velocity£ 0.23;p

= 0.026) in black women only (Figure 1). In white women a positive correlation was observed between
ET-1 and stoke volumea E 0.23;p = 0.026). A positive correlation was observed betweefrl Bhd age

(r = 0.26;p = 0.009), interleukirb (r = 0.27; p = 0.007), high density lipoprotein cholesteno&(0.23;p

= 0.026), and a borderline positive correlation with mean arterial pressar@.20;p = 0.053) in black

women.

After adjustments for body mass index and gamma glutamyl transferase ZJ,ahke positive correlation
remained between ET and interleukirb (r = 0.22;p = 0.031), high density lipoprotein cholesterok(
0.25;p = 0.017), systolic blood pressune= 0.26;p =0.013), pulse pressure£ 0.23;p = 0.025), pulse
wave velocity(r = 0.20;p = 0.050) and a borderline positive correlation with mean arterial pressare (
0.19;p = 0.063) in the black women. An inverse correlation betweeil Bid arterial compliance € 1
0.24; p = 0.018) also emerged in black women. The cormbtatietween ETL and stroke volume

persisted in white womem € 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 betweefh Bfid stroke volume in white women
disappeared (AdF¥ = 0.025:b = 0.12;p = 0.55). In lack women (Table 3), an independent association

of ET-1 with systolic blood pressure (Ad = 0.178;b = 0.269;p = 0.005), pulse pressure (Ad¥ =

0.159:b = 0.233;p = 0.017) and mean arterial pressure (Afj= 0.149;b = 0.211;p = 0.031) was
corfirmed, but no association with pulse wave velocity (Af.= 0.149;b = 0.197;p = 0.197) and

arterial stiffness (AdjR? = 0.142;b =10.018;p = 0.880) was confirmed. ET also associated with high
density lipoprotein cholesterol (all modegds< 0.05) and interleuki® (all modelsp < 0.01) in all four

models and with age in model 4 (Agj= 0.142;6 = 0.199;p = 0.047).

3.1. Sensitivity Aalysis. After performing the same multiple regression analyses and additionally
correcting for estrogen drhypertension medication, no change was observed in the previous association

of ET-1 with systolic blood pressure (Adf = 0.178;b = 0.269;p = 0.005), pulse pressure (Ad¥ =
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0.159;b = 0.233;p = 0.017), pulse wave velocity (AdR? = 0.149;b = 0.197;p = 0.197), and arterial

compliance (AdjR?= 0.142;b=70.018;p = 0.880) in black women.
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FIGURE I Endothelinl with systolic blood pressure, pulpeessure, pulse wave velocity and arterial

compliance in black women only
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TABLE 1: Population characteristics stratified by race and sex
. Men (n= 198) Women (= 193)

Variable ] )

Black (h = 99) White (n = 99) p value Black (h = 95) White (n = 98) p value
Age (years) 43.1+8.08 450+11.1 0.18 45.6 +7.95 44.7 +10.7 0.52
Body mass index (kg/fh 27.6 £5.80 29.1+5.23 0.061 329+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, (%) 35 (17.7) 14 (7.1) <0.001 33 (16.9) 12 (6.2) 0.019
Biochemical variables

Endothelinrl (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 16.1) 1.82 (0.99 8.20) 0.003 7.09 (0.78 35.7) 2.22 (0.99 14.3) <0.001
Interleukin6 (pg/mL) 1.95 (0.33 3.57) 0.87 (0.27 2.90) 0.032 1.24 (0.41 3.06) 0.95 (0.29 3.63) 0.016
Glycated hemoglobin Alc (%) 6.16 (5.20 9.60) 5.65 (5.10' 6.60) 0.032 5.79 (5.1G' 6.60) 5.36 (4.99 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+1.09 394+1.11 <0.001
Total cholesterol (mmol/L) 472 +1.17 559+1.21 <0.001 446 +1.21 554 +1.31 <0.001
Triglycerides (mmol/L) 1.46 (0.57 4.96) 1.30 (0.54 3.16) 0.16 1.11 (0.42 2.13) 0.81 (0.40' 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 (5.001 275.0) 77.3 (1.00' 623.0) 0.50 48.4 (3.87 271.1) 91.7 (6.00' 307.0) 0.21
Gamma glutamyl transferase(U/L) 63.0 (23.6' 382.9) 27.5(11.0/ 101.9) <0.001 35.6 (16.71 116.6) 14.2 (6.00 41.0) <0.001

Values are arithmetic mean + standard deviation, geometric mean (5th and 95th confidence interval), or number of paAibgsissof covariance was performed by adjusting fere@ctive

proteinonly.



TABLE 2: Partial correlations of endothellnwith cardiometabolic variables adjusted for body mass index and gamma glutamyl transferase.

Black (n = 99)

Men (n= 198)

Endothelirl (pg/mL)

White (n = 99)

Women (= 193)

Black (h = 95)

White (h = 98)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Pulse pressure (mmHg)

Heart rate (beats per minute)
Mean arterial pressure (mmHg)
Stroke volume (mL)

Arterial compliance (mL/mmHg)
Pulse wave velocity (m/s)

r=0.097;p =0.35
r=0.028;p =0.79
r=0.11;p=0.28
r=170.050;p = 0.64
r=0.061;p =0.56
r=0.12;p=0.26
r=0.012;p=0.91
r=0.13;p=0.21

Cardiovascular variables

r=0.078;p=0.45
r=0.15;p=0.16
r=10.022;p =0.83
r=10.002;p=0.99
r=0.105;p =0.31
r=10.103;p =0.31
r=10.064;p =0.53
r=0.15p=0.14

r=0.26;p =0.013
r=0.11;p=0.27
r=10.23;p =0.025
r=0.16;p=0.13
r=0.19;p = 0.063
r=170.001;p =0.99
r=10.24;,p =0.018
r=0.20;p = 0.050

r=0.12;p=0.23
r=10.047;p =0.65
r=0.18;p =0.080
r=70.11;p =0.29
r=0.048;p = 0.64
r=0.24;p =0.021

r=0.11;p=0.29

r=0.11;p=0.29

Interleukin6 (pg/mL)

Glycated hemoglobin Alc (%)

Total cholesterol (mmol/L)

High densitylipoprotein cholesterol (mmol/L)
Triglycerides (mmol/L)

Albumin:creatinine ratio (mg/mmol/L)

r=170.031;p=0.76
r=10.047;p =0.65
r=0.064;p = 0.53
r=0.050;p = 0.63
r=0.077;p = 0.46
r=0.058;p = 0.57

Biochemical variables

r=70.15;p=0.14
r=0.004;p =0.97
r=0.050;p =0.62
r=0.16;p=0.12
r=0.081;p=0.43
r=10.065;p =0.53

r=0.22;p=0.031
r=0.12;p=0.27
r=0.044;p =0.67
r=0.25;p=0.017
r=10.020;p =0.85
r=0.042;p = 0.68

r=70.14;p=0.16
r=0.007;p =0.95
r=10.070;p =0.50
r=0.060;p = 0.56
r=10.023;p =0.82
r=0.087;p=0.40
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TABLE 3: Forward stepwise regression analyses of endothieliith measures of arterial stiffness in

black women.

Endothelinl (pg/mL) g = 95)

, Adj. RR=0.178
Model 1: systolic blood pressure
Stdb (95% CI) p value
Systolic blood pressure (mmHg) 0.269(0.083i 0.455) 0.005
Interleukin6 (pg/mL) 0.290 (0.104 0.476) 0.003
High density lipoprotein cholesterol (mmol/L) 0.203 (0.047 0.419) 0.016
Adj. R =0.159
Model 2: pulse pressure
Stdb (95% CI) p value
Pulse pressure (mmHg) 0.233 (0.045 0.421) 0.017
Interleukin6 (pg/mL) 0.278 (0.090 0.466) 0.005
High density lipoprotein cholesterol (mmol/L) 0.231 (0.043 0.419) 0.018
) Adj. R =0.149
Model 3: pulse wave velocity
Stdb (95% CI) p value
Interleukin6 (pg/mL) 0.296 (0.108 0.484) 0.003
High density lipoprotein cholesterol (mmol/L) 0.239 (0.051 0.427) 0.015
Mean arterial pressure 0.211 (0.023 0.399) 0.031
. . Adj. RR=0.142
Model 4: arterial compliance
Stdb (95% CI) p value
Interleukin6 (pg/mL) 0.258 (0.064 0.450) 0.010
Age (Years) 0.199 (0.005 0.393) 0.047
High density lipoprotein cholesterol (mmol/L) 0.209 (0.017 0.401) 0.036

Covariates considered fantry into the models included age, waist circumference, gamma glutamyl transferase, glycated
hemoglobin Alc, high density lipoprotein, albumin:creatinine ratio, total cholesterol, inter@@id in model 3 additionally
mean arterial pressure.
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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 libktween ET1 and

arterial stiffness within a béthnic South African population. Our results indicated an independent
association of E-L with systolic blood pressure and pulse pressure in black women only. We also found
an independent association betwé&fnl and interleukirb, suggesting that the link between-ETand
subclinical vascular dysfunction may be mediated byipitammation. Our study further contributes to

the lack of information regarding ET and cardiovascular function in black populatidrem sub

Saharan Africa, especially in black women prone to arterial stiffness and hypertensive heart disease.

Levels of ET1 were not different between race groups in our study population, however after considering
C-reactive protein as confounding \alble through univariate analysis of covariance, there was a
significant difference in ETL levels between race group¥hite women had higher levels of HTthan

black women in our population. This is in contradiction with other studies that found tl&t bla
individuals have higher ET levels than whitef20,31-33]. The link observed between ETandpulse
pressure and systolic blood pressuarblack women with lower ETL levels compared to the other groups

may suggest that even at this low-EToncentrations cardiovascular changes are present and potentially
driven by an inflammatory condition as depicted by higteéctive protein levels and higher prevalence

of overweight and oflsity. Black men have higher ET levels in our study than white men. This
coincides with other studid20,31-33]. Since the black population is also subjected to the development

of early vascular deterioration, especidtypulse pressure and systolic blood pressurdglack women,

our result may support this trend in black urbanized wof8gnThe lack of association between-ET

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 preein levels and marked overweight.

Our study also found a positive association between systolic blood pressure -Ant\EIS, only in
black women. Some studies found no difference inlH&vels between normotensive and hypertensive

participants, whewes other studies suggested a possiiole between elevated ET and increasing
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systolic blood pressul@4-36]. The activation of receptdround ETF1 is associated with growth and pro
inflammatory effects and the remodeling of resistance arteries vieasen oxidative stress and
consequent vascular endothelial dysfunctiph,34] ET, receptor activation causes vasoconstriction,
enhancement of nenstimulated adrenal catecholamine release, and positive inotropy which in turn may
increase blood pressui20,35,37]while ETg receptor prduces vasodilation, increasssdium excretion,

and inhibis growth and inflammatiorp38]. The black population have both £&nd EE receptors on
vascular smooth muscle cells, but the tatamber of EF receptors is lower than that in the white
population. Although our study did not assess ET receptors, the decrease oécEptor ratio on
vascular smooth muscle cells previously indicated in black popula{i®d® could be favoring
vasoconstrictiofpromoting receptors, providing a possible explanation for the association-bfwah
increased systolic blood press(iz@,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 \ditini gt
suggest that black men of this populatiore already subjected to subclinical organ damage at
macrovascular and cardiac level. It is possible thatlECbuld correlate with markers of myocardial

damage instead; unfortunately we lack the data to investigate this hypothesis.

Prolonged elevated ko pressure was found to lead to increasedlEdnd interleukir6 levels
[16,17,39] We found higher levels of interleukéh and Creactive protein in the black population
compared to the white population and only in black womenlEd&lated positively with interleukif.
Previous studiehiave shown that the black population have higher levels of inflammatory markers,
especially Greactive 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 inettblack 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 is released) subsequently contributing to endothelial dysfunction, often
associated with markers of inflammation. HThas previously been found to stimulate the release of
interleukin6 and has been implicated in the development of atherosclerosis and vascular dydfZinction

ET-1 and interleukirb have also been suggfed to be involved in the pnflammatory effect of €
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reactive proteir[7]. Damage or infection to the endothelium causeslE® bind to EE receptors on

smooth muscle cells and control the macrophages and its release of inflammatory cytokines such as tumor
necrosis factenlpha, interleukirb, and interleukinl [7,17,42,43] The aim of our study was not to
invedigate the role of inflammation and ETin this population group; however we did find a link
between interleukit® and EF1. The absence of-2active protein associated with #Tin the population

may be because there is a discrepancy in the adjustfoebtsdy composition.

We also observed a positive association betweeil Emd 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 leatb elevated high density lipoprotein cholesterol led$,44] It is
noteworthy to mention that the black women in thiglgtpopulation 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 cartyeitlitaer

for excretion into the bile, reducing the risk to atherosclefdsis The positive association of ETwith

high density lipoprotia cholesterol may counterregulate jmlammation until arterial stiffness manifests

in this group. Although vascular inflammation can be kdity antinflammatory counteegulatory
mechanisms that maintain the integrity and homeostasis of the vasallarchronic exposure to
cardiovascular risk factors such as high blood pressure, tobacco overuse, obesity, physical inactivity and
raised blood lycose may render these coundgulatory mechanisms defenselgB8]. Further studies

could shed light on the precise mechanism by whicHLEBRd inflammation are involved in tivcrease

of pulse pressure and systolic blood presame: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 crosssectional study and we cannot pinpoint any cause or effect. Pulse wave velocity was measured in
our group; unfortunately femoral pelsvave 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 mecharptays Hbe strength

of the study can be measured on the basis that it was -@es@jined study under controlled conditions

(two ethnic and homogenous saonomic groups).
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In conclusion, ETL independently associated with systolic blood pressure, prdssure and interleukin
6 in black women. Our result suggests that-lE@nd its link with subclinical arteriosclerosis are

potentially driven by lowgrade inflammation as depicted by interleugim the black female cohort.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY TABLE 1:Single correlations of endothelinwith cardiovascular and metabolic markers in black and white men and women.

Endothelinl (pg/mL)

Men (n = 198) Women (n = 193)

Black (n = 99)

White (n = 99)

Black (n = 95)

White (n = 98)

Age (years)
Body mass index (kg/fh
Waist circumference (mm)

Systolic blood pressure (mmHQ)
Diastolic blood pressure (mmHg)
Pulse pressure (mmHg)

Mean arterial pressure (mmHg)
Stroke volume (mL)

Arterial compliance (mL/mmHg)
Pulse wave velocity (m/s)

C-Reactive Protein (mg/L)
Interleukin6 (pg/mL)
Glycated hemoglobin Alc (%)

High density lipoprotein cholesterol (mmol/L)
Low density lipoprotein cholesterol (mmol/L)

Total cholesterol (mmol/L)
Triglycerides (mmol/L)

Albumin-to-creatinine ratio (mg/mmol/L)

Cotinine (ng/mL)
Gamma glutamyl transferase (U/L)

r=0.041;p =0.69
r=0.030;p=0.77
r = 0.055;p =0.59

r=10.104;p =0.30
r=0.065;p =0.52
r=0.096;p =0.34

Cardiovascular variables

r=0.12;p=0.24
r=0.048;p = 0.65
r=0.14;p=0.19
r=0.087;p=0.40
r=0.13;p=0.22
r=10.008;p =0.94
r=0.15;p=0.15

r=0.015;p=0.88
r=10.017;p=0.87
r=70.024;p =0.81
r=0.040;p =0.69
r=0.025;p=0.81
r=0.100;p = 0.32
r=0.155;p=0.12
r=0.040;p =0.70
r=10.17;p=0.32
r=0.18;p =0.075

r=0.049;p = 0.63
r=0.153;p =0.13
r=10.069;p = 0.50
r=0.089;p=0.38
r=10.093;p =0.36
r=10.011;p=0.91
r=0.118;p = 0.25

Biochemical analyses

r=0.178;p =0.078
r=10.139;p=0.17
r=0.020;p = 0.84
r=0.137;p=0.18
r=10.040;p =0.69
r=0.004;p =0.97
r=10.010;p =0.92
r=10.069;p = 0.50
r=0.044;p =0.87
r=10.170;p = 0.092

r=0.26;p =0.009
r=0.17;p =0.093
r=0.14;p=0.17

r=0.27;p =0.008
r=0.12;p =0.27
r=0.25;p=0.014
r=0.20;p = 0.053
r=0.11;p=0.30
r=10.078;p =0.45
r=0.23;p =0.026

r=0.090;p=0.38
r=0.27;p =0.007
r=0.16;p =0.13
r=0.23;p =0.026
r=0.011;p=0.91
r=0.082;p=0.43
r=0.030;p=0.77
r = 0.046;p = 0.66
r=0.28;p=0.24
r=0.15;p=0.15

r=10.006;p =0.96
r=0.056;p =0.58
r=0.051;p =0.62

r=0.14;p=0.18
r=-0.024;p =0.82
r=0.19;p =0.063
r=0.065;p = 0.52
r=0.23;p=0.026
r=0.13;p=0.22

r=0.11;p =0.27

r=10.016;p = 0.87
r=170.118;p = 0.25
r=0.010;p =0.92
r=0.041;p =0.69
r=10.090;p =0.38
r=10.059;p =0.56
r=0.002;p=0.98
r=0.093;p=0.36
r=0.65p=041
r=10.018;p =0.86
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CHAPTER 4

The association of endothelifl with markers of oxidative stress in a

bi-ethnic South African cohort: The SABPA study
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The association of endothelin-1 with markers of
oxidative stress in a biethnic South African cohort:
the SABPA study

Christine Susara du Plooy!, Catharina Martha Cornelia Mels', Hugo Willem Huisman'? and Ruan Kruger'

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 biethnic 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. R2 =0.10; § = 0.232;
P=0.020) and negatively with antihypertension medication (P=0.02) and tended to comelate with glutathione reductase-to-
glutathione peroxidase ratio (adj. R%=0.10; §=0.19; P=0.057) in black men. In white men, endothelin-1 comrelated positively
with ROS (adj. R2=0.09; §=0.26; P=0.01) and negatively with glutathione peroxidase activity (adj. R%= 0.05; f =-0.23;
P=0.02). In black women, endothelin-1 cormrelated negatively with total glutathione (adj. R?=0.22; §=-0.214; 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.

Hypertension Research advance online publication, 29 September 2016; doi:10.1038/hr.2016.128

Keywords: antioxidant capacity; endothelin-1; ethnicity; oxidative stress; reactive oxygen species
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ABSTRACT

Both endothelifl and oxidative stress have important roles in the development of cardiovascular diseases
such as hypertension and atherosclerosis. Limited information ikldgaon the interaction between
oxidative stress, the glutathione system and endothelm humans. We aimed to investigatee
associatiorof endothelirl with markers of oxidative stress and thei@ntlant capacity in a kethnic

South African cohort This crosssectional study included 195 black and 198 white Séditicans.

Serum endothelii levels and oxidative stresslated markers such as reactive oxygen species (measured
as serum peroxides), glutathione peroxidase, glutathiedectase, supexide dismutasend catalase

were measured. In single, partial and multiple regression analyses endbtbetielated positively with
glutathione reductase activity (adf = 0.10;b = 0.232;P = 0.020) and negatively with antihypertension
medication P = 0.02) and tended to correlate with glutathione redudtaghitathione peroxidase ratio

(adj. R?= 0.10;b = 0.19;P = 0.057) in black men. In white men, endothdlicorrelated positisly with

reactive oxygen specidadj. R’ = 0.09;b = 0.26;P = 0.01) and negatively with glutathione peroxidase
activity (adj. R* = 0.05;b = 10.23; P = 0.02). In black women, endothelincorrelated negatively with

total glutathione (adjR? = 0.22;b = 10.214;P = 0.026). Endothelil may contribute to glutathione
reductase upregulation through increased reactive oxygen species production mediated via ehdwothelin
black men. In white men, we observed a negative association between glutathione peroxidase and
endothelinl, describing the expected physiological relationship between endethelid reactive
oxygen species. Higher total glutathione levels may act as a coagtgdatory mechanism to protect

against oxidative vascular damage attributed by endothefi black women.

Keywords: antioxidant capacity; endotheliby ethnicity; oxidative stress; reactive oxygen species
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INTRODUCTION

Endothelinl has an important physiological role in tmeaintenance of vascular toheUnder
pathophysiological conditions, plasma endothélis elevated and causeshanced vasoconstriction and
endothelial dysfunctiofi® Endothelial dysfunction is described as a precursor in the development of

cardiovascular diseases related to hypertension, atherosclerosis and arterioStlerosis.

In addition to the role of endothelihin the regulation of vascular tone, reactive oxygen species (ROS)

are also important modulators in this regatd.response to increased production of ROS, antioxidant
enzymes such as superoxide dismutase, catalase and the glutathione system (glutathione peroxidase (GPX]
and glutathione reductaséGR)) are activated to maintain the ldoiece between oxidants and
antioxidants'>** However, when the production of ROS exceeds the availability of antioxidant defence
mechanisms, it may have detrimental effects sushemdothelial injury’'! Oxidative stress may,
therefore, also have an important role in the development and progression of cardiovascular disease such

as atherosclerosig?

The regulation of vascular tone via ROS&hieved through different mechanisms. The first involves the
inactivation of the vsodilator, nitric oxide, byinding with superoxidé! ROS also regulates vascular
tone by increasing intracellular Eauptake in vascular smooth muscle gellereby inducing smooth
muscle contraction and proliferatiGhEinally, exgerimental results indicated ROS can lead to increased
production of endotheli,">** which may result in vasoconstriction by binding to \Efeceptors?®

Increased endothelih may in turn leadatincreased production of superoxide radi¢ats?’

Previous results from the sympathetic dtiand 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 pressufe? It was also found that increased carotid intimedia thickness were associated

with higher GR levels in black men and decreased total glutathione levels in hypertensive blatk men.
Additionally, increased endothelihwere also found to be independerafsociated with blood pressure

and inflammatory markers in this populatidrThese findings suggest that endothdlirand oxidative

stressrelated markers may contribute to the develapinoé hypertension and subclinical atherosclerosis
91



in the subSaharan population. Although the link between endotfielemd oxidative stress were
demonstrated in experimental studigs\(itro andin vivo), limited information is available on humans
espeially in a South African context. We therefore aimed to investigate the association of endbthelin

with markes of oxidative stress and amtidant capacity in a cohort of black and white individuals.

METHODS

Study population and protocol

The SABPA stdy was a crossectional study that included 202 black and 208 white teachers from the
Dr. Kenneth Kuanda Education District of the Nevtfest Province of South Africa. Detailed information
regarding the procedure of the SABPA study were published préuiduSxclusion criteria for the
SABPA studywer e pregnant or | act ata mdplofkersmmnticipanis withi v i d
an ear temperature O37AC and those who had a
participation. In the substudwe included 195 black (men:= 99; womenn = 96) and 198 white (men:

n = 99; womenn = 99) South Africans. Excluded from the substudy were outliers of endefhélir

10) by residual statistics (3 x s.d.) as well as participants with missing enddthddita ( = 6). A
standard health surveyas used for the collection of demographic information andhamiertension
medication usage. The Health Research Ethics Committee of the\NesgthUniversity, Potchefstroom
campus, granted approval for this substudy. The study protocol conformed toithéguidelines of the

Declaration of Helsinki for the investigation on human subjects.

Anthropometric and physical activity measurements

Waist circumference was measured with a-satchable metal flexible measuring tape (Holtain, Dyfed,
UK) and bog mass index was determin&dThe total energy expenditure was obtained in keal24h

by the Actical omnidirectional acceleromet®fifi Mitter, Bend, OR, USA and Montreal, @ Canada)

taking the resting metabolic rate into account.

Biochemical analyses
A fasting blood sample was collected from each participant and serum anda pheese prepared

according to standard procedures. Serum and plasma samples were fregéfCatintil analyzed.
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Endothelinl was determined with a Quantikine enzylinked immunosorbent assay (R&D Systems,
Minneapolis, MN, USA). Intra and interassay vatbgity for endothelinl were 2.7% and 17.2%,
respectively.Serum interleuk-6 was determined with a higtensitivity Quantikineenzymelinked
immunosorbent assaR&D Systems). Intraand interassay variation of interleuldnwere 4.2% and

6.4%, respectiely. Serum cotinine was determined with a homogenous immunoassay on a Roche
Modular system (Roche, Basil, Switzerlandjasting lipids (total and higtensity lipoprotein
cholesterol) glycated hemoglobin Ala n dglutamyl transferase were determined gsiwo sequential
multiple analyzers in serum samples (Konelab 20i (Thermo Scientific, Vantaa, Finland) and Unicel DXC
800 (Beckman and Coulter, Germany)). Iatead interassay variability were 1€%. Lowdensity
lipoprotein cholesterol was calculateitmthe Friedewald formula: loslensity lipoprotein cholesterol =

total cholesterol high density lipoprotein cholesterol (triglycerides/2.2) provided that no values of
triglycerides inserted is higher than 4000 mmoF*l 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
electrochemiluminescenégmmunaassay (Elecsys 2010; Roche, BaSiwitzerland). Intraand interassay

variability was €0%.

One of the measurable ROS, namely total peroxides, was determined in serum ¥aifipiaks.
glutathione (GSH) levels wee determined with the BIOXYTECHGSH/GSSG412 supplied by
OxisResearch, (Foster CitgA, 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 BiSlab<{ego,

CA, USA) with appropriate apparatus (Synergyhybrid Microplate Reader; BioTek, Winooski, VT,
USA). The intraand interassay vatdity of these analyses werd€%. Antioxidant enzyme ratios were
calculated to assess antioxidant defensesrarhaded the glutathione reductaseglutathione peroxidase

ratio (GRto-GPx ratio) and the glutathione peroxiddseuperoxide dismutase ratio (GExSOD

ratio).
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Cardiovascular measurements

The cardiovascular measurements were taken in arseomlent 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
Pefidazand wee processed with the Beatscope 1.1 softwieapres Medical Systems, Amsterdam, The
Nethderlands)to obtain systolic blood pressure and diastolic blood preésufee Complior SP
Acquisition System (ArteciMedical, Pantin, France) was used to meapuise wave velocity from the

carotid to dorsaligedis pulse sites.

Statistical analysis

G*Power version 3.1.9.2 software (UniversitiyKiel, Kiel, Germany) was used to compute the achieved
power inpost hocanalysis’’ At a probability of 0.05, effect size of 0.5 and da#ed input method, the
achieved power {Bb 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,@omonk, NY, USA; 2016).

Main effects of race and sex were tested based on the association between eridaihdlioxidative
stressrelated markers by means of multiple regressierests were used to compare means Xigsts

to compare proportionbetween the groups. Single and partial correlations were used to determine
correlations of endothekf with cardiovascular biochemical and oxidative stresselated variables.
Forward stepwise multiple regression analyses were performed to detergperndent associations
between endothelifi- and oxidative stres®lated 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) an@GSHin black wanen (Model 5). Covariates considered for entry in the models included
age, body mass index, total energy expenditure, interléukinglubamyl transferase, higthensity
lipoprotein cholesterol and ahgipertension medication. We applied a sensitivity ysislfor glycated
hemoglobin Alc, humammmunodeficiency virus infection status, estradiol, oral contracepawes

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) = 2.38;< 0.05) and sex (F(391) = 2.2R;< 0.05) on the association of

endothelinl with GR, we stratified the populati@ecordingly.

There were no differences in endothélifevels between the black and white groups. ROS was higher in
black compared with that in white me £ 0.008), but similar in womerlcSH GR, catalase, and GR

to-GPx ratio were higher in black mencawomen compared with that in their white counterpartP(@ll

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. GExSOD ratio were higher in black méman

white men P < 0.003), with no differences when comparing women. Interle@kiglycated hemoglobin

A1l c eglitdmykiransferase were higher in black men compared with womeén@all0 . 032) t han
white counterparts. Total cholesterol and {density lipoprotein cholesterol were higher in white men

and women (alP < 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
goups (alPO 0. 042) . The preval ence of human i mmunodeé
groups and both black men and wenmwere more likely to use amyipertension medication than their

white counterparts.

In both single Supplementary Table Bnhd partial regression analyses after adjusting for age, body mass
index, total energy expenditurand anthypertension medication (Table 2), endothdlircorrelated
positively with GRPO 0 . 0 2 }to-GPR chtio 8 R0.05) in black men only. In white mgea positive
correlation existed between endotheliland ROSR O 0. 03) and an inverse
endothelinl and GPx R O 0. 03) . I n black women, a borderli

endothelinl andGSH (P = 0.06). No correlation existl in white women.

In forward stegvise multiple regression analysige 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 endotire1 with GR (Model 1: adjRF= 0.10;b = 0.23;P = 0.02) was confirmed.
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Additionally, in black men a borderline association between endothelimdGR-to-GPx ratio(Model 2:

adj. R = 0.05 b = 0.19; P = 0.057) was observed. A negative association of endotheliith
antihypertension medication (Model 1: aldf.= 0.10;b = 10.24; P = 0.015; Model 2: adj®? = 0.05;b =
10.24; P = 0.016) was also confirmed in black men. An independent positive agsodtween
endothelinl and ROS (Model 3: adj.’R 0.09;b = 0.26;P = 0.010) and a negative association between
endothelinl and interleukirs (Model 3: adj R = 0.09;b = 10.24;P = 0.016) were confirmed in white
men. Additionally, a negative assodiat between endothelih and GPx (Model 4: adi® = 0.045;b = i
0.23; P = 0.02), in white men, was confirmed. In Model 5, an independent negative association between
endthelinl and GSHadj. R? = 0.22;b =10.21; P = 0.026), as well as a positive assticin between
endothelinl and age (adR? = 0.22;b = 0.23 P = 0.016), body mass index (a8 = 0.22;b= 0.34;P =
0.001) and highdensity lipoprotein cholesterol (adf = 0.22;b = 0.23;P = 0.019) was found in black

women. No significant correlians existed in white women.

Sensitivity analyses

After performing the same multiple regression analyses and additionally correcting for human
immunodeficiency virus infection, glycated hemoglobin Alc, estradiol, hormonal contraceptive usage and
testosterone, no change in the relationships between eliglethand oxidative streselated 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 entiothelin
with GR (Modell: adj.R? = 0.141:b = 0.303;P = 0.014), GRio-GPx ratio (Model 2: adjR? = 0.150:b =
0.317;P = 0.010) and interleuki6 (Model 1: adjR? = 0.141;b = 0.288;P = 0.019; Model 2: adj®’ =

0.150;b = 0.300;P = 0.015) was observed in black men.

96



Table 1Population characteristics stratified by sex and race.

Men f = 198) Womenif = 195)

Black f=99) White o= 99) P-value Black f = 96) White 6= 99) P-value
Age (Years) 43.1+8.08 450+11.1 0.18 45.6 +7.95 44.7 +10.7 0.51
Body mass index (kg %) 27.6 £5.81 29.1+5.23 0.061 329+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 (kcaér 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(.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
Endothelinl (pg mi%) 2.26 £0.81 2,16 £1.02 0.41 2.02+0.96 219+1.22 0.27
Interleukin6 (pg mt*) 1.07 (0.931.23) 0.87 (0.760.99) 0.032 1.24 (1.061.46) 0.95 (0.821.10) 0.016
Glycated hemoglobin Alc (%) 6.25+1.23 5.67 £+0.48 <0.001 5.85+1.00 5.37 £ 0.30 <0.001
Gamma glutamyl transferase (41 63.0 (54.772.4) 27.5(24.231.3) <0.001 35.6 (31.440.4) 14.2 (12.516.2) <0.001
Cotinine (ng mf) 62.9 (43.491.2) 77.3(31.1192.3) 0.60 48.5 (26.887.4) 91.7 (36.1233.4) 0.21
Total cholesterol (mmol?) 4.72+1.17 559+1.21 <0.001 446+1.21 554+1.31 <0.001
High density lipoprotein cholesterol (mmd)! 1.04 +0.34 1.00 +0.27 0.36 1.20+0.31 1.41+0.43 <0.001
Low density lipoprotein cholesterol (mmaf)l 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{u 81.9 (78.185.9) 75.2 (72.278.4) 0.008 104.1 (98.6109.8) 98.3 (93.4103.5) 0.13
Total Glutathione (&gM) 929.5+194.1 859.7+ 180.4 0.009 868.8 £ 127.6 782.6 £ 163.0 <0.001
Glutathione peroxidase (U Ml 34.6+14.0 349+7.83 0.85 31.9+14.0 37.4+7.90 <0.001
Glutathione reductase (U /)l 7.71 (6.828.71) 2.19 (1.7%2.75) <0.001 6.43 (5.627.34) 2.81 (2.343.40) <0.001
Superoxide dismutase (U M 3.92 (3.164.86) 4.23 (3.924.57) 0.50 4.69 (3.835.74) 4.09 (3.674.55) 0.23
Catalase (U rif) 4.29 (3.924.57) 4.25 (4.234.28) 0.009 4.29 (4.284.30) 4.23 (4.204.25) <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
GPxto-SOD ratio 17.2+27.1 8.87+4.6 0.003 10.9+125 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 bloodpressure (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™ 9.18 +2.29 8.62+1.34 0.039 8.19+1.39 7.47+1.20 <0.001

Abbreviations:GPxto-SOD ratio, glutathione groxidaseto-superoxidedismutase ratioGR-to-GPx ratio,glutathione eductasdo-glutathione peroxide ratio; #,, hydrogen

peroxide Values are arithmetic mean plus/mirsud.,geometric mean (5th and 95th confidence interfal)) = 1mgl™ H,0,.



Table 2 Partial correlations of endotheln-1 with oxidative stress related and inflammatory markers.

Endothelinl (pgml™)

Men f= 198) Womenii= 195)
Black f=99) White = 99) Black f= 96) White 6= 99)

Biochemical variables
Interleukin6 (pg mi?) r=0.043;P=0.68 r=10.19;P=0.07 r=0.12;P=0.27 r=10.10;,P=0.32
Glycated hemoglobin Alc (%) r=10.080;P=0.44 r=10.035;P=0.74 r=0.020;P=0.85 r=10.071;P=0.50
Gamma glutamyl transferase ()1 r=0.19;P=0.07 r=170.13;P=0.21 r=0.22;P=0.04 r=10.046;P=0.66
Total cholesterol (mmdlIY) r=0.10;P=0.31 r=0.081;P=0.43 r=10.070;P=0.51 r=10.10;P=0.34
High density lipoprotein cholesterol (mmdj! 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 (mma)! r=0.025;P=0.81 r=0.061;P=0.56 r=10.15;P=0.17 r=10.14;P=0.19
Oxidative stress and arntixidant variables
Reactive oxygen speciesju r=10.17;P=0.10 r=0.23;P=0.03 r=0.18;P=0.08 r=0.039;P=0.71
Total Glutathione (&gM) r=0.023;P=0.83 r=10.007;P=0.95 r=10.20;P=0.06 r=0.063;P=0.55
Glutathione peroxidase (U )l r=10.020;P=0.85 r=10.22;P=0.03 r=10.009;P=0.93 r=10.13;P=0.22
Glutathione reductase (U r=0.23;P=0.02 r=170.13;P=0.23 r=0.024;P=0.82 r=10.14;P=0.16
Superoxide dismutase (U ™) r=10.18;P=0.10 r=10.16;P=0.13 r=0.073;P=0.50 r=0.060;P=0.56

Catalase
GR-to-GPx ratio
GPxto-SOD ratio

Cardiovascular variables
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Pulse wave velocity (m’$

r=10.10;P=0.34
r=0.20;P=0.047
r=0.19;P=0.07

r=0.10;P=0.35
r=0.022;P=0.84
r=0.15;P=0.16

r=10.024;P=0.82
r=10.13;P=0.23
r=0.055;P=0.60

r=0.013;P=0.90
r=0.11;P=0.29
r=0.13;P=0.20

r=10.035;P=0.74
r=0.001;P=0.99
r=10.090;P=0.39

r=0.13;P=0.21
r=0.11;P=0.32
r=0.11;P=0.31

r=10.004;P=0.97
r=10.10;P=0.33
r=170.13;P=0.23

r=0.083;P=0.43
r=10.100;P=0.34
r=0.12;P=0.27

Abbreviations: GPx0-SOD ratio, glutathione peroxidasesuperoxide ésmutase ratio; GRo-GPx ratio, glutathione reductaseglutathione proxide ratio H,O,, hydrogen
peroxide Adjustments applied for age, body mass indetaltenergy expenditure and dntpertension medication.
1 U=1mgl™ H,0,.
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Table 3 Forward stepwise multiple regression analyses of endothelinwith measures of oxidative

stress related markers

Endothelinl (pg mt*)

Black men = 99) Adj. R?=0.10

Model 1: Stdb (95%Cl) P-value
Glutathione reductase (U 0.232(0.0390.424) 0.020
Antihypertension medication 70.243 (0.435 toi 0.051) 0.015
Model 2: Adj. R=0.051
GR-to-GPx ratio 0.191 0.0030.389 0.057
Anti-hypertensiommedication 710.247 (0.443 tai 0.051) 0.016

White men (= 99)

Model 3 Adj. R=0.085
Reactive oxygen speciesju 0.257 (0.0650.449) 0.010
Interleukin6 (pg mt%) 70.240 (0.432 toi 0.048) 0.016
Model 4 Adj. R>=0.045
Glutathione peroxidase (U il 10.233 {0.427 tai 0.039) 0.020

Black women 1§ = 96)

Model 5 Adj. R=0.22

Total glutathione (& 70.214(0.400 toi0.028) 0.026

Age (years) 0.232 (0.0460.418) 0.016

Body mass index (kg %) 0.342 (0.1560.528) 0.001

High densityliporprotein cholesterol (mmot') 0.226 (0.0400.412) 0.019

Abbreviations ClI, confidence interval, GRo-GPx ratiq glutathione reductage-glutathione peroxidase ratio;

H,0O,, hydrogen peroxidelS,nat si gni fi cant ; St d -céefficiests.andar di zed regr

Main independent variables included glutathione reductaseto&®x ratio, reactive oxygen species, glutathione
peroxidase, and total glutédime respectivelyfor Models 15. Covariates considered for entry: age, body mass
index, total energy>@enditure, interleuki® , -glubamyl transferase, high density lipoprotein lelsterol, systolic
blood pressure, and antihypertensioedication.

1 U=1mg ' H,0,.
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DISCUSSION

To our knowledge, we are the first to describe a link of endothelifth markes of oxidative stress and
antioxidantcapacity in a black and white cohort. Our results indicated an independent positive association
of endothelirl with GR and GRo-GPx ratio in black men. A previous study in our cohort, linked higher
GR levels with increasecarotid intimamedia thicknes®’ Increased endothelih levels may leadotan
increase in ROS praodtion; however, increased ROS production can also lead to increased endbthelin
level, which in turn leads to an increase in -axidant enzyme activity, such as GRTherefore our

results suggests that endothelirmay havean indirect role in the upgulation 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 ardiovascular diseases such as atherosclerosis and hypertension, and GR activity and GR
to-GPx ratio similarly gives an indication of glutathione regenerdfiéhUnder normal physiological
conditions, an increase inRzactivity 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.However, under pathophysiological conditions, such as hypertension,
when there is an increase in hyden peroxide production, more GSH is consumed by, @Rich may

lead to an even furthempregulation of GR in attempt to maintain the redox baldhte this black male

cohort, the positive association between endotfelimd GRactivity may therefore be becausetbé
upregulation of GR as a result of irased ROS productiona endothelinl-mediated stimulation of the
NAD(P)H oxidase enzymé Additionally, the increase in vascular ROS production may also impair
endotheliuradependent N@nediated relaxation by inactivating endogenous *N®A previous study

has suggested that increaseddative $ress may counteract NO hbiailability by increasing NO
inactivation in black meff: This might be due to endothelinalso haing the ability to counteract NO
bioavailability*® which suggests an interconnected role between endothelinl oxidative stss.Even

though antiypertension medication can protect the vasculature against increased endattegtiiated
vasoconstriction, we still observed an association between endethafid GR and GRo-GPx ratio,

when taking anthypertension medication age into accountlthough 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 enauggdr taldod
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pressure and still show a similar physiological association between enddtllthantioxidant capacity

to maintain homeostasis. Even after removing the participants using antihypertension medication, the
results remained robust in the blaclalen 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 balaneeebetascular

injury and repair, increasing the risk for atherosclerotic disease in black men of this population.

In white men, endothelih associated positively with ROS and negatively with GPx. GR& enzyme
hasa critical role in the reduction of ligh peroxides and hydrogen peroxitf€>In this white male cohaort

the positive association between endoth&liand ROS as well as the negative association between
endothelinl and GPx activity may be as a result of nuclear fasBymediated endothelith synthesis. In
turn, endothelirl then bind to Ef receptors on nuclear facteB, it may lead to the activation of
angiotensin Il stimulation of NADPH oxidase leading to ROS produtdas well as the induction of

an inflammatory response in human vascular smooth muastiewithout the release of interleuk@r®

The negative association between endothklimnd interleukir6 is contradictory to previous
findings3*****This could be because of a chance finding or that come confounding variable, which we
are unaware of, might comtute to this findingsAlthough similar GPx activity were observed in the
white and black men of this study, white men had lower ROS lesgdgiesting that the black men may
be at a disadvantage as they have to scavenge more ROS with similar GPx, aghiigty may
exaggerate the effect of endothelitin the black men. Therefore, the opposite associations of eideth

1 with ROS and GPx activity may indicate the physiological relationship between these factors.

In black women, we found a negative asation of endothelirl with GSH GSHlevels is determined by

the synthesis of GSH in the ce# the efflux of GSH out of the celf. The most important determinant of
GSH synthesis is the availability of cysteffiavhile elevated cysteine levels inside endothelial cells may
lead to injury, increasing inflammation in blood vessels and in turn leads to atherogefesistevious

study demonstrated that endothelinncreases the uptake of cysteine into cells, but reduce the efflux of
GSH out of the celt favoring the accumulation of cysteine in the cells. Furthermore it was demonstrated

that black premenopausal women also had higher plasma total homocysteine veldite women,
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possibly due to lifestyle factors, amd homocysteine levels can also be converted to cystitineay

further increase their risk for coronary artery disease such as atheroséfef@sisious studies
demonstrated that age and body mass index are assouidtecenhanced endothelihrmediated
vasoconstriction thatontributes to endothelial vasodilator dysfunction and may have a role in the
increased prevalence of hypertension often seen in black men and #éfr@n.the other hand, black
women also have eVated higkdensity lipoprotein cholesterol levelthat provides a protective
mechanism against oxidative stress, reducing the risk to cardiovascular diseases such as athetbsclerosis.
This antatheroprotective role might decrease the additional release of enddttzaioh vasoconstriction

in the smoth muscle cells in comparison withe black men in our cohort. Flaggal *® found that men

had higherévels of plasma glutathione compared witbmen and that the use of estrogemtaining

oral contraceptives was associated with lower plasma glutathione levels. However, aft@rsbes ddr
estradiol and hormonal contraceptive usage, our results remained the same. Despite the negative role of
endothelinl on GSH synthesishis may suggest that the combined protective nature of GSHighd

density lipoprotein cholesterol are stillfficient to counter regulate prdlammation, protecting the

black women against vascular damageschematic 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 crosssectional study and we cannot pinpoint any cause or effect. Although the results were consistent
after multiple adjustments, we cannotkexie residual confoundingdt. is known that renirangiotensin
system inhibitors, c a-blockers and aldosteaogeoantagssiisn ,alsodowerr e t i
blood pressuré*>® however, the amount of participants who use different types ofcatésti 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 medicatiousage were used as a covariate in sensitivity analysis.study lacked

dietary data to quantify amiracid (such as cysteine) and antioxidant intake. The strength of this study

can be measured on the basis of its design and implementation undellezbotyoditions (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 endethedind oxidative stresselated

markers within this populain.

In conclusion, our study suggests that in black men, endothetiay contribute to GR upregulation
through increased ROS production meelih via endothelitl, whereas the expected physiological
tendency between endothelinand ROS wasebserved in Wwite men. In black women, higher total GSH
levels may act as a courn&gulatory mechanism to protect against oxidative vascular damage attributed

by endothelinl.
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SUPPLEMENTARY INFORMATION

Supplementary Table 1 Single regression correlations of endothelihwith oxidative stress, antioxidant and inflammatory variables

Endothelinl (pg mt*)

Men (1=198) Womenif = 195)
Black (1= 99) White 6= 99) Black (1= 96) White 6 = 99)
Age (years) r=0.064;P=0.53 r=10.13;P=0.19 r=0.31;P=0.002 r=0.052;P=0.61
Body mass index (kg1 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)

Total energy expenditure (kcal peay)
Biochemical variables

Interleukin6 (pg mi*)

Glycated hemoglobin Alc (%)

Gamma glutamyl transferase (Y |

Total cholesterol (mmdlIY)

High densitylipoprotein cholesterol (mmot')
Low densiy lipoprotein cholesterol (mmot')
Oxidative stress and antixidantvariables
Reactive oxygen speciesju

Tot al Glutathione (&M)
Glutathione peroxidase (U Ml
Glutathione reductase (™)

Superoxide dismutase (™)

Catalase (U )

GR-to-GPx ratio

GPxto-SOD ratio

Cardiovascular variables

Systolic blood pressure (mm Hg)

Diastolic blood pressure (mm Hg)

Pulse wave velocity (r87)

r=0.17;P=0.10
r=0.067;P=0.51

r=0.10;P=0.31
r=10.061;P=0.55

r=0.22;P=0.03
r=0.099;P=0.33

r=0.05;P=0.57
r=0.030;P=0.77

r=170.10;P=0.33
r=10.034;P=0.74
r=10.065;P=0.52
r=0.24;P=0.02
r=10.18;P=0.08
r=10.11;P=0.26
r=0.20;P=0.04
r=0.18;P=0.07

r=0.13;P=0.23
r=0.062,P=0.55
r=0.18;P=0.09

r=0.054;P=0.60
r=0.090;P=0.37

r=10.20;P=0.05
r=10.030;P=0.77
r=10.14;P=0.16
r=0.043;P=0.67
r=0.16;P=0.11
r=0.025;P=0.81

r=0.22;P=0.03
r=0.003;P=0.98
r=10.23;P=0.02
r=10.15;P=0.14
r=10.15;P=0.15
r=10.012;P=0.91
r=10.14;P=0.16
r=0.034;P=0.74

r=10.006;P=0.95
r=0.12;P=0.25
r=0.079;P=0.44

r=0.29;P=0.005
r=0.19;P=0.07

r=0.21;P=0.04
r=0.18;P=0.08
r=0.26;P=0.01
r=0.049;P=0.64
r=0.22;P=0.04
r=10.039;P=0.71

r=0.25;P=0.02
r=10.19;P=0.07
r=10.058;P=0.58

r=0.10;P=0.32
r=10.015;P=0.88
r=10.085;P=0.42

r=0.11;P=0.31
r=10.027;P=0.80

r=0.27;P=0.007
r=0.16;P=0.13
r=0.27;P=0.009

r=0.085;P=0.40
r=0.12;P=0.23

r=10.085;P=0.40
r=10.038;P=0.71
r=10.11;P=0.91
r=10.049;P=0.63
r=0.053;P=0.60
r=10.088;P=0.39

r=0.062;P=0.54
r=0.052;P=0.61
r=10.106;P=0.30
r=10.11;P=0.26
r=0.018;P=0.86
r=0.003;P=0.98
r=10.084;P=0.41
r=10.069;P=0.50

r=0.13;P=0.19
r=10.050;P=0.63
r=0.12;P=0.23

Abbreviations:GPxto-SOD ratiq glutathione peroxidas®-superoxide ésmutase ratio; GRo-GPx ratio, glutathione reductaseglutathione proxide ratio H,O,, hydrogen

peroxide ®1 U = 1mgl™ H,0,.
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Supplementary Figure 1The interrelated role between HT oxidative stress and attkidant capacity during physiological and pathological conditiddaring normal physiological conditions,
endothelinl secretion is low and the availability of nitricide is efficientin maintaining vascular tone. Endothelirincrease reactive oxygen species and vice versa, however, in some instances,
such as stress, endothelinreceptors can mediate the formation of superoxidg) (@at decrease the biological adijvof nitric oxide, forming ONOG shifting the balance toward
vasoconstriction. In healthy vasculature, the increasesine@els lead to the upregulation of glutathione reductase activity in an attempt to maintain the redox balance. Inciaths®ed glut
reduction activity can also activate endothdlimediated NADPH oxidase to lower peroxidase levels though the activity of glutathione peroxidase to break down hydrideiH€x) into

water and oxygen. During pathophysiological conditions, sudtypertension, increased endothelimnd increased reactive oxygen species levels leads to an increaserd BO, production,

and in turn result in an wpegulation of glutathione reductase activity. Prolonged oxidative stress could lead to inorig@seaikide inactivation in these patients, thus resulting in excess
peroxidase, causing endothelial damage, and eventually lead to diseases such as arteriosclerosis. However, in bladksptemoenepait is possible that the association betweendsghity
lipoprotein cholesterol and endothelin might have a protective countergulatory mechanism against oxidative stress, that was confirmed by an upregulation of both erdatfietitutathione

levels in this study. Although the black men andmea in our population study did use amypertensive medication, their blood pressure remained elevated, suggesting a possible vascular
phenotype difference between black and white patients in their ability to maintain homéo¥tdsgis®: 18 29 32, 34, 4853
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CHAPTER 5

Three-year change in endothelinl and markers of vascular

remodeling in a biethnic South African cohort: The SABPAstudy
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ABSTRACT

Background South Africans are at high risk for developing cardiovascular disease. Enddthslin
known for its vasoconstrictive properties and its ability to contribute to vascular structural changes. In this
study we investigated the association of change in balietl levelsandchange in markers implicated

in vascular remodeling after three years.

Methods: Serum endothelil levels and markers of vascular remodeling such as carotid intima media
thickness, carotid crossectional wall area (CSWA) and artert@mpliance were measured. Participants
were divided into two groups according to an increase (n=185) and a decrease (n=152) in plasma

endothelinl levels after three years.

Results: In partial regression analysis, the extent of endottelincrease coelated positively with a

change in pulse pressure and inversely with the change in arterial compliance in the group with increased
endothelinl levels after three years, whereas the extent of a decrease in endottwelielated inversely

with a change I€CSWA in the group with decreased endothdlilevels. In multiple regression analysis,

after splitting for race, the increase in endothélilevels associated positively with the change in pulse
pressure (Adj. R 0. 09 2 ; b=0.278; p ss@ciatdr8 éxist. between lihe rexdeatrof i n e
decrease in endothellh and a lesser change in CSWA (Adf=F0 . 0 7i6.201; p=9.054) in black

participants only. The latter result disappeared after removing those usihgertiension medication.
Conclusions: In black participants with increased endothdlidevels after three years, the positive
association between endothelinand pulse pressure suggest subclinical haemodynamic changes with

potential premature onset of cardiovascular disease.

Keywords: artaial stiffness, crossectional wall area, pulse pressure, endotHelwvascular remodeling
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INTRODUCTION

Vascular homeostasis is partially maintained by the endothelium through a variety of vasoconstrictive and
vasodilator substances such as endotHel[RT-1), nitric oxide and prostacyclin, acting locally in the
blood vessel wall to protect the large arteries from adverse remofie@jgAlthough 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

arteriosclerosi§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 $8)j8i6$ ET-1 secretion
occurs abluminally towards the smooth muscles in the vascular wall, and plasindetdls are the

result of a spill over into the bloodstredi. It has also been shown that-ETevels are modulated via
oxidative stresg8]. Studies indicated that pathophysiological conditions such as hypertension and
atherosclerosis are associated with increased plasmih IBVels[5,9-11]; whereas others found that
plasma ETL1 levels are similar in normotensive and hypertensive individli#sl5]. 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 gig§sure
Experimental [6,18] and human[19,20] studies found that ETI also participate in hypertrophic
remodeling in hypertensive human and rat models indicated by a change in carotidmetiaa

thickness (CIMT)19] and carotid crossectional wall area (CSWA#$,18,20]

In previous studies the association with early predictorsaofiovascular diseases suggests thatlET
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 changelite#dls over time

with markers of vascular remodeling exist. Therefore, we investigated the association of chandge in ET
levels with the change of markers implicated in vascular remodeling including CIMT, CSWA and arterial

compliance after three years in agithnic South Afrian 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 prg2ijusly
Exclusion criteria for baseline data collection of the SABPA study were pregnant or lactating women,
individuals using alpha and beta blocker par ti ci pants with an ear temg
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 follgevdata collection had an 87.8%csess rate and
included 359 participants. In this study, we excluded participants who did not participate in theufollow
phase (n=48), those with missing data of main variables (n=14) and outlierslofe&ls by residual
statistics (baseline: n=10;lfow-up: n=0).The interactions between change in-ETevels, 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 irl BEdvels 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{B37)=127.24; p<0.001) was also tested, therefore the participants were
stratified accordinglyrhe included participants were stratified according to an increase (n=185) or a
decrease (n=152) in plasma HTlevels after three years. A standard health suwas used for the
collection of demographic information, afypertension medication and statin usage. All participants
provided written informed consent. The Health Research Ethics Committee of theANestiUniversity,
Potchefstroom campus, grantedpeagval 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 (Inviadior8éder, 1P 1465,
London, UK; Precision Health Scale, A&D Company, Tokyo, Japan) while participants were in minimal

clothing. Body mass index was calculated for each partic[gaht
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Biochemical analyses

Fasting blood samples were collected from each participant and serum and plasma were prepared
according to standard procedures. Procedialémved for quantitative analyses were the same for both
baseline and followp. Serum and plasma samples were frozen8at C until analysed. ETL was
determined with a Quantikine enzyme linked immunosorbent assay (ELISA) (R&D Systems,
Minneapolis, MN,USA). Intra assay variability for ET was 2.7% and inter assay variability for-ET

was less than 18% for both baseline and follgmndata.

Fasting lipids (total and higtiensity lipoprotein cholesterol), glycated haemoglobin Alaegdttive

protein, @mma 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 follawp the Integra 400 plus (Roche, 88 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, hamely total peroxidestevasred in serum samples

[23]. The EDTA plasma levels of glutathione reductasd glutathione peroxidase was determined with
assay kits (Cayman Chemical Company, Ann Arbor, MI, USA) using the Synghyptitl Microplate

Reader BioTekWinooski, VT, USAX.he intra and inter assay variability were less than 10% for baseline
and followup data for these analyses. Glutathione redudtagkitathione peroxidase ratio (&B-GPx

ratio) was calculated to assess antioxidant defenses. The modification of diet in renal disease (MDRD)
formula was used to calculate estimated glomerular filmatade (eGFR) from serum creatinine levels,

age, sex, and ethnicity: eGFR = 175 * (standardized serum creatinine (rgfft)jage (years)f-2***

1.212 [if black] * 0.742 [if female]24]. Estimated creatinine clearance was calculated by using the
CockcroftGault formula as follows: creatinine clearance (ml/min) = (4d48) x weight(kg) x

constant/ serum creatinine (egemol /L), whd26le t he co
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Cardiovascular measurements

The Cardiotens (CE120, Meditech, Hungary) was used to recoltbi@4ambulatory systolic and
diastolic blood pressure, which were used to derivédd@4 pulse pressure. Participants with a systolic

bl ood pressure O 135 mmHgO adhdl/ mmHg i west® | ¢ cn il b
[26]. The 24hour blood pressure data were downloadetd @ndatabase 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 Sdico8itaxx

ultrasound system (SonoSite, Bothell, WA, USA) andE8@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 f offiu( &/ IRePBtaidns were made/fo2 both C1 |
CIMT and carotid CSWA with a semaiutomated program, the Artery Measurement Systems (AMS) I

v1.139 (Chalmers University of Technology, Gothenburg, Sweden).

Statistical analysis

Statistical analyses werenke using IBM SPS$ Statistics version 23 (IBM Corp., Armonk, NY, USA,

2016). Main effects of race and sex were tested for interactions on the association betwkendET
vascular remodeling related markers by means of multiple regression an@gse$(337)=6.68,
p=0.313; race: F(337)=0.76, p=0.32Barticipants with increased Elllevels at follow up were grouped
toget helr iamscriickalse after t hree year so, -liehelsframs pa
baseline to follow up were grpue d t o0 g e tlh edre case aifsEeT aft er t hree yea
3.1.9.2 software was used to compute the achieved power in post hoc d2adlysid a probability of

0.05, medium effect size of 0.5 and ttailed input method, the achieved poweifl er r or pr oba
was estimated at 99.99% in both groups. Dependédests were used to compare means for continuous
variables and crodsibulationto compare proportions of dichotomous variables between the groups.
Partial correlations were used to determine correlations of change-inviath vascular remodeling

related variables. Multivariate regression analyses were performed with increasetease@ 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 specieso@IRx ratio, hypertension status,
eGFR, creatinine clearance, statin usage, and-laygertension usage, respectively by using multiple
regression analyses. Due to an association between race ahdnEfodels, an additional multiple

regression analysis was performed to determine the radai¢h the associations occurred.

RESULTS

Basic descriptive characteristics of this study population are listed in Table 1. In both groups (ET
increase and ET 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 cholesterdénsigih
lipoprotein cholesterol and ledensity lipoprotein cholesterol, decreased over time (all p<0.05). In the
group with an increase in ET levels, there was also decrease in glutathione peroxidase activity
(p=0.022), while in the group with a decrease inlElEvels, there was a decrease in gamma glutamyl

transferase levels and arterial compliance (all p<0.05).

In partial regression analysis with adjustmentsdge, body mass index, race and sex (Table 2), the
extent of an increase in Elcorrelated positively with a change in pulse pressure (r=0.168; p=0.041) and
negatively with a change in arterial compliance’ ¢201; p=0.015) in the increased ETevel grap.

The extent of a decrease in HTcorrelated negatively with a change in CSWAI 04.71; p=0.022) in

the decreased ET levels group.

In multiple regression analysis, we performed a separate model for each grelipn@&ase and ET

decrease aftethree years). Firstly, we investigated the association of increasddviith a change in

pulse pressure and a change in arterial compliance and established that the extent of an increlase in ET
levels associated positively with a change in pulse pregsfre= 0 . 17 1 ; p=0.033) and

change i n art e0.17@ p=0.048)rimgHe inareased-ETgfobip<Supplementary Table 1).
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Due to the significant association observed wi
compl i @.:230,ep=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-Egroup. The extent of andrease in EAL associated positively

with a change in pulse pressure (b=0.278; p=0.0
participants the extent of increased-E&ssociated inversely with GB-GPx r at i o 1q287a bl e ¢
p=0.007; Tab e  50.322b p=0.004) only. There was no association between increasédaBd

change in arterial compliance in white or black participants (black: Agj.0R. 0 7i0.155; p=9.270;

white: Adj. R= 0 . 1 2i0.189; p=5.092). Secondly, we investigated #ssociation of the decrease in

ET-1 with a change in CSWA and found that the extent of decrease-inads$ociated positively with a
change i n CSWA (b=0.183; demrd9i.tOM7) j pap rcohtaeni gne cihr
p=0.049) and0.178j ptth024) ia theedectelsed Egroup (Supplementary Table 1). Since

there was an association with race, we divided the decreasgdElp into black and white participants
(Supplementary Table 2) and found that the extent of a decreaselim&siciated inversely with GRo-

GPx ratio (Adj. B= 0 . 0 7i6.234; p=6.022) in the black group only.

Sensitivity analyses

In sensitivity analysis, our results remained unchanged after sensitivity analyses were performed for
hypertension status, statin usaged antihypertension medicatiordé&ta not shown However, when
excluding participants on artiypertension medication (blacks: n=43 (43.4%); whites: n=16 (18.6%)), an
inverse association existed between a decrease-ih &l CSWA (Adj. B= 0 . 0 5/@.127; 5=6.046)

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 decreasd ianHTCSWA

(Adj. R>= 0 . 0 4i9.104; p=0.030) in the wid group only. Additionally, sensitivity for change in
eGFR and change in creatinine clearance was also tested to investigate the association betweatm ET
markers of renal function, but the results remained unchardgd (ot showneven after excludg

participants using antiypertension medication and statins.
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Table 1: Population characteristics of baseline and three years-gti@ivatified by an increase and decrease in endothédivels

Age (years)
Race, black, n (%)
white, n (%)

Sex, men, n (%)

women, n (%)
Body mass index (kg/f
Hypertension status, n (%)
Anti-hypertension drug usage, n (%)
Statins usage, n (%)

Endothelinl (pg/mL)

Reactive oxygen species (Unjts

C-reactive protein (mg/L)

Gamma glutamyl transferase (U/L)
Glutathione reductase (U/mL)
Glutathioneperoxidase (U/mL)

GR-to-GPx ratio

Cotinine (ng/mL)

Total cholesterofmmol/L)

High-density lipoprotein cholesterol (mmol/L)
Low-density lipoprotein cholesterol (mmol/L)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Pulsepressure (mmHg)

Arterial compliance (mL/mmHg)
Carotid intima media thickness (mm)
Crosssectional wall area (mfh

ET-1 decrease after tregyears (n=185)

ET-1 increase after three years (n=152)

Baseline Follow-up p-value Baseline Follow-up p-value
45.0 + 0.66 48.0 + 0.66 i 46.2 +0.69 49.2 +0.69 i
99 (53.5) 99 (53.5) i 67(44.1) 67(44.1) i
86 (46.5) 86 (46.5) i 85 (55.9) 85 (55.9) i
105 (56.8) 105 (56.8) i 69 (45.4) 69 (45.4) i
80 (43.2) 80 (43.2) T 83 (54.6) 83 (54.6) T
28.7 £0.47 29.6 +0.49 <0.001 28.9+0.45 29.8 £0.47 <0.001
117 (63.2) 111 (60.0) 0.274 92 (60.5) 88 (57.9) 0.656
54 (29.2) 55 (29.7) 0.862 30 (19.7) 37 (24.3) 0.238
7 (3.8) 17 (9.2) 0.012 4(2.6) 17 (11.2) <0.001
Biochemical variables
2.49 +0.06 1.66 +0.04 <0.001 1.61 +0.06 2.52 £0.07 <0.001
91.7+235 84.1+£247 <0.001 91.7+275 759222 <0.001
6.00 £0.67 4.62 +0.62 0.071 4.82 +0.50 4.19+0.71 0.396
53.4 +5.66 46.3 +4.97 0.028 41.2+4.48 41.6 +4.87 0.934
6.53 +0.52 6.37 +0.77 0.853 5.40 £ 0.27 6.24 £ 0.98 0.427
34.1£0.89 35.3+£0.92 0.389 36.2 £0.87 33.0+£0.85 0.022
0.25+0.03 0.19 £ 0.02 0.073 0.17+0.01 0.19 £ 0.03 0.479
29.9+6.21 32.2+7.00 0.577 19.0 £4.29 18.1+4.40 0.754
5.16 £ 0.10 4.40 £0.08 <0.001 5.12+0.11 4.49 +0.08 <0.001
1.17 +0.03 0.98 £0.02 <0.001 1.17 +0.03 1.09 +0.03 <0.001
3.35+1.17 2.80 +0.89 <0.001 3.37+£1.10 2.87 £0.89 <0.001
Cardiovascular variables
129.8 +1.10 130.6 +1.25 0.301 1275+ 1.18 1275+ 1.19 0.988
81.7+£0.75 80.9 £0.82 0.171 79.3+0.81 78.2+0.78 0.063
48.1 £ 0.56 49.7 £ 0.65 0.001 48.2 £ 0.65 49.3 +0.68 0.030
1.98 £ 0.04 1.93+0.04 0.042 1.94 £0.04 1.95+0.04 0.871
0.67 £ 0.01 0.69 +0.01 0.004 0.67 £ 0.01 0.70 £0.01 <0.001
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 devia#dsbreviations: ET1 1 endothelinl; GRto-GPx ratioi Glutathionereductaseo-glutathione peroxidase ratio. *1 Unit=1mg/L,®}.



Table 2: Partial correlations of the change in endotHelavels and change in main independent variables after three years

ET-1 change (pg/mL)

ET-1 decrease after three years ET-1 increase after three years
(n=185) (n=152)
Ambulatory systolic blood pressure (mmHg) r=1 0.029; p=0.702 r=0.153; p=0.063
Ambulatory diastolic blood pressure (mmHg) r=1 0.055; 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=10.006; p=0.941 r=10.201; p=0.015
Carotid intima media thickness (mm) r=i 0.108; p=0.153 r=1 0.062; p=0.463
Crosssectional wall area (mt r=1710.171; p=0.022 r=0.006; p=0.945

Adjustments applied for age, body mass index, race and sex. Abbreviatieh$: éfidothelinl.
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Table 3:Forward stepwise attiple regression analysts change in endothelith levels and change in markers of vascular remodeling (pulse pressure) with an
increase in endothelih after three years

ET-1 increase after three years
ET-1 change (pg/mL)

Black participants (n = 65) White participants (n = 83)
Adjusted R 0.092 0.072
Beta (95% CI) p-value Beta (95% CI) p-value
Pulse pressure chanffamHg) 0.278 (0.020 to 0.536) 0.036 0.151 {0.066 to 0.368) 0.170
GR-to-GPx ratio 710.140 (1.549 to 0.425) 0.259 10.297 (0.908 t0i 0.147) 0.007

Adjusted for race, sex, followp data for age, body mass indexréactive protein, glutathione reductase to glutathione peroxidase ratio and change in high
density lipoprotein cholesterol after three yeakbbreviations: ET-17 endothelinl; GRto-GPxratioi Glutathione reductage-glutathione peroxidase ratio.
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