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SUMMARY 

Comparing markers of the nitric oxide cycle and their association with ambulatory 

blood pressure and end organ damage in a bi-ethnic population: The SABPA-study 

 

Aims 

There is a high prevalence of hypertension in the African population and it is known that 

vascular dysfunction (including nitric oxide (NO) bio-availability markers) play an important 

role in the development of cardiovascular diseases. Since very little is known regarding the 

role of markers of NO bio-availability in Africans, the aim of this study was to compare 

markers of NO bio-availability (namely L-arginine, L-citrulline, asymmetric dimethylarginine 

(ADMA) and symmetric dimethylarginine (SDMA)), ambulatory blood pressure (BP) and 

markers of end organ damage between African and Caucasian school teachers. Additionally, 

we also aimed to determine whether these markers of NO bio-availability are associated with 

ambulatory BP and markers of end organ damage in both ethnic groups. 

 

Methods 

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

cross-sectional study, including urbanised African (N=181) and Caucasian (N=209) men and 

women, between the ages of 25 and 65 years. Cardiovascular measurements included 

ambulatory blood pressure, pulse wave velocity (PWV), electrocardiographic Cornell product 

and carotid intima media thickness (cIMT). Anthropometric measurements included height, 

weight and waist circumference. 
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Various bio-markers were analysed, including glucose, L-arginine, ADMA, SDMA, L-

citrulline, reactive oxygen species, albumin-to-creatinine ratio (ACR) and estimated 

creatinine clearance (eCCR). 

 

Characteristics of groups were compared with independent T-tests and Chi-square tests. 

Single and partial analyses were used to investigate associations between NO bio-

availability markers with ambulatory BP measurements and markers of end organ damage.  

Analyses of covariance (ANCOVA) were used for comparison of variables between groups 

to determine significant differences, while adjusting for age, body mass index and anti-

hypertensive medication. Forward stepwise multiple regression analyses were performed to 

determine if independent associations exist between ambulatory BP measurements or 

markers of end organ damage with either- L-arginine, L-citrulline, ADMA or SDMA as the 

main independent variable.  

 

Results and conclusion  

The Africans and Caucasians were of similar ages. However, the Africans had higher blood 

pressure therefore their cardiovascular profile was unfavourable compared to that of the 

Caucasians.  

 

The inhibitors of NO biosynthesis, ADMA and SDMA, were significantly lower in the Africans 

(p=0.046; p<0.001, respectively). However, the NO bio-availability markers, L-arginine and 

L-citrulline, were higher in the African compared to the Caucasian participants (all p values 

<0.05) regarded as significant. 

 

When performing unadjusted analyses, we found significant negative associations between 

eCCR and L-citrulline in all four subgroups: African men (r=-0.27; p=0.013), African women 
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(r=-0.24; p=0.021), Caucasian men (r=-0.21; p=0.044) and Caucasian women (r=-0.28; 

p=0.003). The association of eCCR with L-citrulline was confirmed to be independent of 

confounders in all groups: African men (R2=0.46; β=-0.23; p=0.006), African women 

(R2=0.68; β= -0.12; p=0.046), Caucasian men (R2=0.62; β= -0.24; p<0.001) and Caucasian 

women (R2=0.72; β= -0.13; p=0.029). This implicates that renal function may be 

detrimentally affected by L-citrulline concentrations. 

 

In the Caucasian men and women negative correlations between eCCR and SDMA were 

found before adjustments (r=-0.33; p=0.003 and r=-0.26; p=0.006, respectively). This 

phenomenon was confirmed in the forward stepwise multiple regression analysis in 

Caucasian men (R2=0.75; β= -0.27; p<0.001) and women (R2=0.73; β= -0.21; p<0.001), 

while no associations were found in the Africans. This result is not unexpected, since SDMA 

can only be eliminated by the kidneys and is therefore an important risk marker for the early 

detection of renal dysfunction. 

 

In Caucasian men we found that ADMA correlated with ACR (r=0.36; p=0.001), night-time 

SBP (r=0.34; p=0.002) and night-time DBP (r=0.25; p=0.023) with single linear regression 

analyses. A similar trend was shown in African men with night-time SBP (r= 0.20; p=0.089) 

and night-time DBP (r= 0.21; p=0.078) respectively, but this association was absent in the 

Caucasian and African women. After adjustments for age and body mass index, the 

associations with ADMA, ACR and SBP in the Caucasian men remained. However, a 

negative association between eCCR and ADMA also became evident in the African men (r=-

0.24; p=0.025) and remained significant in the forward stepwise multiple regression analysis 

(R2=0.44; β= -0.18; p=0.034). It is, however, not clear why our results were gender specific, 

but we could speculate that the female sex hormones may play a part in protecting the 

vascular endothelium. 
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Apart from the associations described above, there were no significant independent 

associations between the markers of the NO cycle (such as L-arginine) and PWV, cIMT, 

eCCR, ACR or Cornell product.   

 

In conclusion, although Africans presented a more vulnerable cardiovascular profile, we 

found a consistent negative association between renal function and L-citrulline in all 

participants, which has only been reported previously in patients with chronic renal disease. 

Additionally we found a gender-specific link between renal function and ADMA in African and 

Caucasian men. Our results may indicate that in the general population, markers of NO bio-

availability may be associated with early changes in renal function, accompanying elevated 

blood pressure.  

 

Key words: L-citrulline, L-arginine, ADMA, SDMA, renal function 
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OPSOMMING 

ʼn Vergelyking van merkers van die stikstofoksied siklus, en die assosiasies daarvan 

met ambulatoriese bloeddruk en eindorgaan-skade in twee etniese groepe: Die 

SABPA-studie 

 

Doelstellings 

Daar is ʼn hoë voorkoms van hipertensie in die swart populasie en vaskulêre disfunksie 

(insluitende stikstofoksied (NO) bio-beskikbaarheidsmerkers) speel ʼn belangrike rol in 

kardiovaskulêre siektes en die ontwikkeling van eindorgaan skade. Omdat daar min inligting 

is oor die rol wat NO bio-beskikbaarheidsmerkers in die swart populasie speel, is die 

doelstellings van die studie om die merkers van NO bio-beskikbaarheid (naamlik L-arginien, 

L-sitrulien, asimmetriese dimetiel arginien (ADMA) en simmetriese dimetiel arginien 

(SDMA)), ambulatoriese bloeddruk (BD) en merkers van eindorgaan skade in swart en wit 

onderwysers te vergelyk. Daar is verder ondersoek ingestel om te bepaal of hierdie merkers 

van NO bio-beskikbaarheid verband hou met ambulatoriese BD en merkers van eindorgaan 

skade.  

 

Metodes 

Die SABPA (“Sympathetic activity and Ambulatory Blood pressure in Africans”) studie is ʼn 

dwarsdeursnee studie wat stedelike swart (N=181) en wit (N=209) mans en vrouens, tussen 

die ouderdomme van 25 en 65 jaar ingesluit het. Kardiovaskulêre metings het ambulatoriese 

bloeddruk-metings (ABDM), polsgolf-snelheid (PGS), elektrokardiografiese Cornell-produk 

en karotis intima-media dikte ingesluit. Antropometriese metings het lengte, gewig en middel 

omtrek ingesluit.  
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Verskeie bio-merkers is geanaliseer, insluitende glukose, L-arginien, ADMA, SDMA, L-

sitrulien, reaktiewe suurstof spesies, albumien-kreatinien verhouding (ACR) en berekende 

kreatinien opruiming (eCCR).  

 

Eienskappe van die groepe is vergelyk deur van onafhanklike T-toetse en Chi-kwadraat-

toetse gebruik te maak. Enkel en parsiële korrelasies is gebruik om die verbande tussen 

ambulatoriese BD en eindorgaan skade met merkers van NO bio-beskikbaarheid te 

ondersoek. Kovariansie-analises (ANKOVA) is gebruik om die merkers tussen groepe te 

vergelyk, terwyl daar korreksies gemaak is vir ouderdom, liggaamsmassa-indeks en anti-

hipertensiewe medikasie. Voorwaartse meervoudige regressie-analises is gedoen om te 

bepaal of daar onafhanklike assosiasies bestaan tussen ABDM of merkers van eindorgaan 

skade met L-arginien, L-sitrulien, ADMA of SDMA as die hoof onafhanklike veranderlike. 

 

Resultate en gevolgtrekking 

Die swart en wit proefgroepe is van dieselfde ouderdoms-groepe, maar die swart populasie 

het hoër bloeddruk getoon, dus was hulle kardiovaskulêre profiel ongunstig teenoor die wit 

proefgroep.    

 

Inhibeerders van NO bio-beskikbaarheid, ADMA en SDMA, was betekenisvol laer in die 

swart populasie (p=0.046; p<0.001, onderskeidelik), terwyl die merkers van NO bio-

beskikbaarheid, L-arginien en L-sitrulien, hoër is in die swart populasie (alle waardes <0.05) 

as in die wit proefgroep.  

 

Betekenisvolle negatiewe korrelasies is tussen eCCR en L-sitrulien in al vier groepe gevind: 

Swart mans (r=-0.27; p=0.013), swart vrouens (r=-0.24; p=0.021), wit mans (r=-0.21; 
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p=0.044) en wit vrouens (r=-0.28; p=0.003). Hierdie assosiasies is onafhanklik van ander 

koveranderlikes in al die groepe: Swart mans (R2=0.46; β=-0.23; p=0.006), swart vrouens 

(R2=0.68; β= -0.12; p=0.046), wit mans (R2=0.62; β= -0.24; p<0.001) en wit vrouens 

(R2=0.72; β= -0.13; p=0.029). Dit kan daarop dui dat nierfunksie negatief beïnvloed word 

deur L-sitrulien konsentrasies. 

 

In die wit mans en vrouens is ʼn korrelasie gevind tussen eCCR en SDMA voor korreksies 

aangebring is (r=-0.33; p=0.003 en r=-0.26; p=0.006, onderskeidelik). Hierdie verskynsel is 

bevestig in die voorwaartse meervoudige regressie-analises in die wit mans (R2=0.75; β= -

0.27; p<0.001) en vrouens (R2=0.73; β= -0.21; p<0.001), terwyl geen assosiasies in die 

swart populasie gevind is nie. Hierdie resultaat is nie teen ons verwagtinge nie, want SDMA 

kan net deur die niere uitgeskei word en is ook daarom ʼn belangrike risiko faktor vir vroeë 

waarneming van nierskade. 

 

In die wit mans het ADMA gekorreleer met ACR (r=0.36; p=0.001), nag sistoliese BD 

(r=0.34; p=0.002) en nag diastoliese BD (r=0.25; p=0.023). ʼn Soortgelyke verskynsel is 

aangetoon in die swart mans met nag sistoliese BD (r=0.20; p=0.089) en nag diastoliese BD 

(r=0.21; p=0.078), onderskeidelik, maar hierdie assosiasie is nie teenwoordig in die wit en 

swart vrouens nie. Nadat korreksies vir ouderdom en liggaamsmassa-indeks aangebring is, 

het ‘n negatiewe assosiasie tussen eCCR en ADMA na vore gekom in die swart mans (r=-

0.24; p=0.025) wat betekenisvol gebly het in die voorwaartse meervoudige regressie-analise 

(R2=0.44; β= -0.18; p=0.034). Dit is onduidelik hoekom die resultate geslag-spesifiek is, 

maar ons spekuleer dat die vroulike geslagshormone moontlik ʼn beskermde effek op die 

vaskulêre endoteel het.  
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Afgesien van die assosiasies wat beskryf is hier bo, was daar geen betekenisvolle 

onafhanklike assosiasies tussen die merkers van die NO-siklus (soos L-arginien) en PGS, 

karotis intima-media dikte, eCCR, ACR of Cornell-produk nie. 

 

Samevattend: alhoewel die swart populasie ʼn kwesbaarder kardiovaskulêre profiel getoon 

het, het ons deurgaans ʼn onafhanklike negatiewe assosiasie gevind tussen nierfunksie en 

L-sitrulien in al die deelnemers. Dit is vantevore nog net in pasiënte met kroniese nierskade 

gevind. Ons het ook ʼn nadelige geslag-spesifieke verwantskap gevind tussen nierfunksie en 

ADMA in die swart en wit mans. Ons resultate dui daarop dat in die algemene populasie 

merkers van NO bio-beskikbaarheid assosieer met vroeë veranderinge in nierfunksie, wat 

gepaard gaan met verhoogde BD.  

 

Sleutelwoorde: L-sitrulien, L-arginien, ADMA, SDMA, nierfunksie 
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PREFACE 

This dissertation is presented in the article format. This is a format approved and 

recommended by the North-West University, consisting amongst others of a manuscript, 

which is ready for submission to a peer-reviewed journal.  

This dissertation contains four chapters with a reference list after each chapter. Chapter 1 

contains the motivation and background of the study. Chapter 2 provides a literature 

overview on the topic, as well as aims, objectives and hypotheses to clarify the purpose of 

the study. Chapter 3 provides the author’s instructions for the Journal: Hypertension 

Research. It also contains the manuscript to be submitted to Hypertension Research. 

Chapter 4 includes the main findings of this study as well as recommendations for future 

research. References throughout the dissertation were indicated according to the style of 

Hypertension Research. 
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Introduction 
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MOTIVATION AND PROBLEM STATEMENT  

Cardiovascular disease (CVD) results in morbidity and mortality worldwide (1, 2) and 

hypertension is the most important cardiovascular risk factor contributing to CVD (3). In 

1929, Dennison et al. found increased blood pressure in Europeans but not in Africans (4). 

Greater mental stress in the Europeans was blamed for their higher blood pressure (4). 

However, 75 years later, changes have taken place in Africa and several studies show that 

today chronic diseases have become more prevalent in low-income countries, such as sub-

Saharan Africa (5). The increased prevalence of CVD seems to be a result of urbanisation 

and globalisation (5). The rural black community is also developing more chronic disease 

risk factors compared to urban South Africans (5). A total of 6 million of the 41 million South 

Africans were hypertensive based on statistics from 1998 (6).  

 

In South Africa, hypertension is more prevalent in Africans than Caucasians and the 

diagnosis and management of hypertension in Africans is poor (7). Africans are therefore at 

higher risk for the development of CVD (8). 

 

Disruption of normal endothelial function may lead to the development of CVD (9, 10). The 

endothelium plays an important role in maintaining vascular tone and structure (9). Nitric 

oxide (NO) is released from the endothelium to promote vasodilatation (11). NO also 

regulates thrombosis, platelet function, leukocyte migration (9, 12) and prevents endothelial 

dysfunction (13). In contrast, in vascular diseases when blood flow is too low, less NO is 

released, which leads to vasoconstriction (14).  

 

The bio-availability of NO is determined by its rate of biosynthesis and degradation. 

Regarding synthesis, NO is synthesised from L-arginine through nitric oxide synthase (NOS) 

(8, 15, 16), and yields L-citrulline as a by-product (17, 18). Eighty five percent of the 

intestinal L-citrulline is taken up by the kidneys and is used to produce L-arginine (19-22). 
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This conversion increases when cells are stimulated to produce NO (23). Thus the L-

arginine and L-citrulline homeostasis is important for L-arginine production (22).  

 

NO biosynthesis is reduced by increased reactive oxygen species (ROS) (8). ROS, which 

are produced by the macrophage cells and the mitochondria in the eukaryotic cells (24, 25) 

lead to endothelial dysfunction and increased asymmetric dimethylarginine (ADMA) (26, 27). 

ADMA is an inhibitor of NO biosynthesis (12, 28-30) and directly inhibits eNOS (8, 18, 31-

33), while symmetric dimethylarginine (SDMA) inhibits or competes with L-arginine for 

cellular uptake (12, 34). Both ADMA and SDMA therefore reduce NO bio-availability and are 

associated with endothelial dysfunction, and are recognised as risk markers for vascular 

disease (28, 29, 35, 36).  

 

Endothelial dysfunction is also a key phenomenon in chronic renal failure and increased 

ADMA levels were found in patients with chronic renal failure (37). In contrast, although 

ADMA is partially excreted by the kidneys, no associations between markers of renal 

function and ADMA were found in a study done by Melikian et al. (8) SDMA can also 

increase in patients with impaired kidney function (38,39), since SDMA can only be 

eliminated by the kidneys (40).  

 

As mentioned previously, ethnicity is an important risk factor, which contributes to the 

development of CVD (8). Additionally, it has been demonstrated that African men with higher 

blood pressure than Caucasians, have lower L-arginine levels (10). It therefore seems as if 

Caucasians can regulate NO better than Africans, although increasing ADMA levels and 

therefore NO bio-synthesis inhibition are also associated with cardiovascular disease in 

Caucasians (9). Furthermore, higher ADMA levels were found in Africans compared to 

Europeans, with no evidence of increased oxidative stress or inflammation in early stages of 

vascular dysfunction in the Africans (8).  
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Age and gender are also important risk factors for the development of CVD (18, 37, 41, 42). 

Modifiable risk factors such as obesity, smoking and alcohol intake also tend to influence the 

association of CVD with L-arginine, ADMA and SDMA in Africans negatively (10).  

 

To summarise: until now data regarding chronic diseases and associated risk factors in 

black populations of South Africa is rare, especially regarding knowledge on the role of NO 

and its bio-availability in the development of hypertension (5, 7). NO bio-availability markers, 

such as L-arginine, L-citrulline, ADMA and SDMA play an important role in cardiovascular 

disease and the development of end organ damage. It is therefore necessary to obtain a 

better understanding of the underlying mechanisms and functioning of NO markers to 

increase our understanding of the development of CVD, especially in black South Africans. 
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1. Introduction 

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality (1). Endothelial 

dysfunction is one of the main underlying mechanisms of CVD development (1). Various risk 

factors such as ethnicity, gender, increasing age, westernised lifestyle and metabolic factors 

increase the risk for the development of CVD (2). In addition, hypertension is one of the most 

prevalent and most poorly controlled risk factors in patients with CVD (3). Endothelial 

dysfunction leads to hypertension and stroke (4-7) and is associated with end organ damage 

and renal failure (8). Since endothelial dysfunction is more prevalent in Africans than in 

Caucasians (4-7), Africans are at higher risk for the development of CVD (9).  

 

In CVD when blood flow is diminished, reduced nitric oxide (NO) bio-availability results in 

endothelial dysfunction (9,10) and reduces the capacity for blood vessels to dilate 

appropriately (11). This favours vasoconstriction and results in increased blood pressure 

(11).  

 

The endothelium plays an important role in maintaining vascular tone and structure (12). 

There are several vasodilators important in endothelial function (13). However, the main 

focus of this dissertation is on the precursor of NO, L-arginine and the associated key 

urea/NO cycle intermediate L-citrulline. NO is a vasodilator and is found in the cerebral, 

pulmonary, renal and coronary vasculature (10).  Endothelium derived relaxing factor 

(EDRF) was identified as NO and mediates relaxing actions of acetylcholine (14).  
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2. The L-citrulline/nitric oxide cycle and the urea cycle 

 

 

 

       

 

 

 

 

 

Figure 1: L-arginine and its role in nitric oxide production and the urea cycle. 

[Adapted from Mori et al. 1998 (15)] NO, nitric oxide; NOS, nitric oxide synthase; AR, 

arginase.1=Synthesis of NO from L-arginine. 2=The Urea cycle. 3=Formation of L-arginine.  

 

As indicated in Figure 1, NO is synthesised in the endothelial cells (16) from L-arginine 

(9,17), mostly in the kidneys (18-21) in a reaction that requires oxygen (9,14,17), reduced 

nicotinamideadenine dinucleotide phosphate (NADP), and essential cofactors, including 

tetrahydrobiopterin (BH4) (9,22) by the enzyme endothelial nitric oxide synthase (eNOS) 

(16,23,24), yielding L-citrulline as a by-product (20,23). Eighty five percent of the intestinal 

citrulline, (which is also an amino acid product of glutamine metabolism) produced in the 

intestines and liver (1), is taken up by the kidneys, which express argininosuccinate lyase 

(ASL) activity for L-arginine production (1,18,19,25,26). L-arginine production increases 

when cells are stimulated to produce NO (27). Thus the L-arginine/L-citrulline homeostasis is 

important for L-arginine production (1).  
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There are two pathways by which L-citrulline can be formed, with each process involving a 

cycle (15). Firstly, L-arginine can be converted to NO and L-citrulline through nitric oxide 

synthase (NOS) (15). NO synthesis in the endothelial cells regulates blood vessel dilatation 

and is an important marker in endothelial function (12). Enzymes such as argininosuccinate 

synthase (ASS) and ASL, synthesize L-arginine from L-citrulline in the kidneys, as seen in 

Figure 1 number 3 (28). Secondly, the urea cycle begins where L-arginine produces 

ornithine and urea through arginase (AR) in the liver (29). Ornithine is converted to L-

citrulline, which in turn is transformed into L-arginine again (29). Although the main purpose 

of the urea cycle is still to eliminate excess nitrogen from the system (30), it is also a 

pathway for L-arginine recycling (15).  

 

2.1. The L-arginine – L-Citrulline cycle 

 

 

 

  

 

 

 

 

 

Figure 2: L-arginine – L-citrulline cycle.  

[Adapted from Mori et al. 1998 (15) and Valance et al. 2001 (31).] NO, nitric oxide; NOS, nitric 

oxide synthase; GC, guanylate cyclase; GTP, guanosine triphosphate; cGMP, cyclic 

guanosine-3’, 5-monophosphate. 1=Synthesis of NO. 2=Actions for vasodilatation.  

 

2 

1 

NOS 
L-arginine L-citrulline 

NO 

GC 

GTP 

cGMP 



15 

 

When blood flow increases, NO is released through eNOS to promote vasodilatation (24) 

(Figure 2, nr.2). NO activates cytosolic guanylate cyclase, which increases cyclic guanosine 

monophosphate (cGMP) in the vascular smooth muscle cell (24). There are three forms of 

NOS: the endothelial isoform (eNOS) and neuronal isoform (nNOS) are present in healthy 

cells and the inducible isoform (iNOS), which is only identified in conditions of infection and 

inflammation (10). eNOS is a candidate of endothelial dysfunction because it undergoes 

functional regulation through Ca/calmodulin regulation and tyrosine phosphorylation that 

have been linked to cardiovascular phenotypes (32). NOS uncoupling through inhibitory 

factors, which will be discussed later, also plays a role in the production of reactive oxygen 

species (ROS), which results in endothelial dysfunction (12,22).  

 

cGMP mediates the effects of NO, including the control of vascular tone (10,33), platelet 

function, leukocyte migration, low density lipoprotein (LDL) oxidation and cellular adhesion to 

the endothelium (10,12). Other functions of NO include the regulation of homeostasis and 

thrombosis, and the prevention of various vascular pathologies, especially, atherosclerosis 

(34).  

 

In addition, shear stress can also increase NO through receptors that are stimulated on the 

endothelial surface, which activates NO synthase to release NO (27). Shear stress 

decreases NADPH oxidation, which results in lower ROS and decreased NO deactivation, 

thus increased NO and endothelial function (35).  

 

After a local increase in shear stress, which results in vasodilatation of the brachial artery, 

(36) flow mediated dilation could be determined by ultrasound analysis of brachial artery 

diameter, induced by a 5 min forearm ischemia (37). Flow mediated dilation is a non-

invasive tool known to represent endothelial health (34,37), while decreased flow mediated 

dilation predicts future development of CVD, which again highlights the importance of NO 

bio-availability in CVD development (38,39). 
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2.1.1. L-arginine supplementation  

L-arginine is a conditionally essential amino acid and is the primary source for NO 

biosynthesis (12,40,41). The majority of studies reporting on L-arginine focused on the 

effects of L-arginine supplementation. Various studies investigated the use of L-arginine as 

treatment for high BP, since L-arginine increases NO bio-availability (14,42-44). Maintaining 

basal blood pressure, an important role of NO, indicates that the NO pathway may be 

abnormal in hypertensive subjects (14). L-arginine supplementation can increase NO in 

hypertensive patients through decreased superoxide production (44). In addition it can also 

“recouple” the electron transport in uncoupled NOS to increase NO (43).  

 

On the other hand, the response to treatment with L-arginine depends on the severity and 

duration of hypertension (45).  In moderate or mild hypertension, L-arginine decreases blood 

pressure and renovascular resistance (46).  It also lowers vasoconstrictors, such as 

angiotensin (Ang II) and endothelin-1 (ET-1), causing hypotension (46,47). However, in 

adults with malignant hypertension, L-arginine has no hypotensive effect (45). It was found 

that lower pressure with L-arginine infusion is also more prevalent in salt-sensitive humans, 

since they are more hypertensive (42).  

 

Thus L-arginine reverses hypertension by restoring endothelium-dependant vasodilatation 

and decreasing peripheral vascular resistance (14,48). In a study by Böger et al. it was 

demonstrated that 1.5 g L-arginine twice a day improves vasodilatation in patients with 

elevated asymmetric dimethylarginine (ADMA) levels, with ADMA as a NOS inhibitor. 

However, this phenomenon is not present in patients with low ADMA levels (12). In disease 

states with endothelial dysfunction, L-arginine is found to be normal (12). Only a few patients 

show low L-arginine levels (12). The explanation for the low or “normal” L-arginine could be 

because of the high ADMA levels present in patients with endothelial dysfunction (12).   

 



17 

 

L-arginine supplementation can also enhance inhibition of platelet aggregation, inhibition of 

monocyte adhesion, and reduced vascular smooth muscle proliferation (12,49-51). In 

addition, L-arginine can restore renovascular homeostasis (33,44). Thus, L-arginine also 

seems to have an important role in modulating renovascular NO production (52), and it has 

been shown that L-arginine enhances kidney function (53). In contrast, there are several 

studies that have reported no benefit with L-arginine supplementation (54-56).  

 

2.1.2. L-citrulline supplementation  

L-citrulline supplementation on the other hand could be used as a substitute for L-arginine in 

conditions such as hypertension, heart failure and diabetes, where L-arginine has been 

reported to have beneficial effects (1,57).  If L-citrulline is given orally it bypasses the hepatic 

metabolism and is therefore more effective than L-arginine (1). Therefore, use of L-citrulline 

can treat CVD by increasing NO and improving vascular dysfunction (1).  

 

2.1.3. Pathophysiology 

Endothelial dysfunction leads to the disruption of vasoactive substances, which in turn 

results in changes of the vascular structure and function (58) and plays an important role in 

regulating endothelial function (24,59). NO is an important marker for resting peripheral 

vascular resistance and blood pressure (14). Endothelium dependant vasodilatation can 

predict cardiovascular events and it is therefore a risk for hypertension and CVD (60).  
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2.1.3.1. Hypertension 

Hypertension is one of the main consequences of endothelial dysfunction (12). 

Hypertension, which is characterised as blood pressure ≥140 mmHg or/and ≥90 mmH(61), is 

the most important cardiovascular risk factor worldwide, (22) also in black South Africans 

(62-64). Antihypertensive therapy decreases the mortality rate, although most hypertensive 

patients still do not achieve optimal blood pressure (33).  

 

In patients with hypertension, acetylcholine induced vasodilatation is impaired (10,33,60). 

Deficiencies of L-arginine occur (65), which decreases the availability of NO and diminishes 

endothelial function which can lead to the development of hypertension and CVD (10,44,66). 

Superoxide generation increases in hypertension and impairs endothelium-dependant 

vasodilatation, as seen in hypertensive Caucasians (6).  

 

Despite the beneficial effects of L-arginine, Chirinos et al. found a positive correlation 

between L-arginine and systolic blood pressure (20). This could be due to abnormalities in L-

arginine transport via system y+, which may limit L-arginine availability (67). L-arginine can 

also impair vascular function (20). It is possible that increased L-arginine also results in 

increased arginine metabolites, such as ornithine, which may have unfavourable vascular 

effects (20). On the other hand, in one study done on middle-aged (<55 years) Finnish men, 

6g/day L-arginine intake did not correlate with blood pressure or cardiovascular risk (68).  

 

2.1.3.2. Atherosclerosis and arterial stiffness 

Atherosclerosis is a condition where lipid deposits on the arterial surface progress to form 

plaques (69). These plaques block the artery, thus limiting blood flow (69,70). The 

classification of plaques differs (69). The early lesions are known as fatty streaks and the 

raised lesions are known as thrombosis and calcification (69). Atherosclerosis is mainly an 
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intimal disease, whose major effect is flow limitation (70). The media may only be 

secondarily weakened (70).   

 

Atherosclerosis is therefore a well-known risk for CVD (35). Impaired endothelial dependant 

vasodilatation also occurs in subjects with atherosclerosis (10,60), but only impairment of the 

L-arginine: NO pathway was seen (10).   

 

Kals et al. found an association between coronary atherosclerosis and arterial stiffness (70). 

Arterial stiffness describes the distensibility of the arterial wall (71). According to Kinlay et al. 

endogenous NO regulates local arterial elasticity in the human brachial artery, iliac artery as 

well as both aortic and systemic arterial stiffness (72-74). Increased arterial stiffness is seen 

in the whole arterial tree in hypertensive patients (70). According to van Popele et al. 

increased aortic PWV is also seen in patients with peripheral arterial disease (75). Therefore 

arterial stiffness is an important risk marker for CVD and is also involved in atherogenesis, 

but it is uncertain if arterial stiffness is a predictor of atherosclerosis (70,75).  

 

2.1.3.3. Renal dysfunction 

Several studies indicated impaired L-arginine metabolism in end-stage renal disease 

patients (64,76,77). However, in a study done by Kilhlberg et al. in the 1980’s L-arginine and 

ornithine did not change in rats with renal failure (78). Another study found increased NO in 

end-stage renal disease patients (79).   

 

L-citrulline, which forms part of the L-arginine cycle, is also associated with renal function in 

several studies (79-83). Eighty precent of L-citrulline is eliminated by the kidneys, (82) which 

explains why circulating L-citrulline is increased in subjects with chronic renal failure 

(78,79,81,84). There are two mechanisms, which may contribute to this elevation of L-

citrulline in renal failure: up regulation of reabsorptive transporters and down regulation of 
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secretary transporters (80). Organic anion transporters (OATs) and organic cation 

transporters (OCTs) play an important role in the uptake of L-citrulline (85). However, when 

renal dysfunction occurs, these transporters are reduced (85,86). Thus, down regulation of 

OAT’s and OCT’s increases L-citrulline in individuals with renal disease (80).  

 

Another explanation for increased L-citrulline could be a peripheral adaptation, enabling a 

decreased mass of functional tissue in the kidneys for maintenance of arginine synthesis 

(82). The rate of L-citrulline appearance and disappearance is 4 to 5 times higher in end 

stage renal disease subjects than in healthy subjects (87).  

 

2.1.3.4. Left ventricular hypertrophy 

Left ventricular hypertrophy (LVH) is a measurement of end organ damage in the heart 

(88,89). LVH is a condition where enlargement of the cardiac muscle, thus increased 

myocardial thickness, takes place (90) to compensate for continuous stress placed on the 

heart (91). Increased myocardial stress due to pressure overload causes LVH (90) and it 

therefore reflects that hypertension is a major cause of LVH (90), thus also a predictor of 

cardiovascular events (92).  

 

There are several methods to determine LVH (90). It can be evaluated by echocardiography 

as the most ideal method. Electrocardiography can also be used (90). Electrocardiography 

can be evaluated by using various methods of the standard voltage criterion e.g. by Sokolow 

and Lyon (93) or the Cornell product (CP) (94). Both of these measures are associated with 

stroke and cardiovascular events (95). The Cornell product is known to have higher 

sensitivity for the detection of LVH than the Sokolow and Lyon method (96).  
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2.2. The urea cycle 

 

 

 

 

 

 

 

 

 

 

Figure 3: The urea cycle.  

[Adapted from Mori et al. 1889 (15)] AR, arginase.  

 

As previously mentioned, L-arginine is involved in two pathways (15). The first pathway was 

explained earlier and results in NO production (15). As shown in Figure 3, L-arginine is also 

involved in what is known as the urea cycle (23). A link therefore exists between the NO 

cycle and the urea cycle. The formation of L-citrulline begins with the transformation of 

glutamine to glutamate, thereafter ornithine forms, which is converted to L-citrulline (1). Most 

of the L-arginine derived from dietary protein is used for the other pathway of L-arginine 

metabolism, which passes through the gastrointestinal tract and hepatic portal, where it is 

converted to ornithine and urea by AR (19,29,97). Urea is water-soluble and can easily be 

excreted from the body (30). This forms the urea cycle, which is the only pathway capable of 

removing excess nitrogen (30).  

 

AR, the enzyme responsible for converting L-arginine into L-ornithine and urea, plays an 

important role in modulating L-arginine bio-availability (98). The inhibition of AR can increase 

NOS activity, resulting in more NO production (99). However, increased AR results in 
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decreased L-arginine levels, thus attenuates NO production (100). Decreased L-arginine 

results in decreased NO dependant vasodilatation, which is evident in African Americans 

with hypertension (101). Hypertension in African Americans is also associated with salt 

sensitivity (101). In salt-sensitive rats with hypertension, increased AR was evident. This was 

also accompanied by a decrease in vascular function (102).  

 

2.3. Endogenous inhibitors of L-arginine  

2.3.1. Oxidative stress 

NO bio-availability is principally determined by a reduction in its biosynthesis by ROS (9). 

NO biosynthesis is reduced by increased ROS (9). ROS, which are produced by various 

sources, including the macrophage cells (103) and the mitochondria in the eukaryotic cells 

(104,105), lead to endothelial dysfunction (35,106). ROS prevent ADMA clearance through 

the inhibition of dimethyarginine dimethylaminohydrolase (DDAH) (107). Alternatively, ADMA 

may act as an eNOS inhibitor, by inhibition of L-arginine oxidation (9,12,31,107), leading not 

only to the loss of NO in patients with coronary artery disease, but also an increase in 

superoxide anion production in the vascular endothelium (31,44,106,107).  

 

ROS normally exist in all aerobic cells in balance with tightly controlled antioxidant defences 

and repair mechanisms (108). These include antioxidant enzymes, such as superoxide 

dismutase and catalase and antioxidant scavengers, such as glutathione, vitamins C and E 

(24,108). If antioxidant enzymes and ROS scavengers cannot cope with the continuous ROS 

production, a steady state of oxidative stress, which is always present in cells, can increase 

(increased oxidative stress status) (108) and reduces the biological effects of NO 

(10,14,109). ROS cause the formation of oxidized low-density lipoprotein and activate redox-

sensitive pro-inflammatory signalling pathways (106).  
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This produces a vicious cycle where superoxide anion production further decreases NO bio-

availability by binding to NO to form peroxynitrite, a reactive nitrogen species (RNS) (22). 

Increased levels of all these different ROS and RNS further increase oxidative stress and 

nitrosative stress, which in turn inhibit endothelium dependent vasodilatation (12,110,111), 

resulting in increased peripheral vascular resistance (20,33). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 4: Endogenous inhibitors of L-arginine (asymmetric (ADMA) and symmetric 

dimethylarginine (SDMA)).  

[Adapted from Böger et al. 2003 (112) and Teerlink et al. 2009 (113).] PRMT, protein arginine 

methyltransferases; ROS, reactive oxygen species; DDAH, dimethylarginine 

dimethylaminohydrolase; CAT, cationic amino acid transporters; eNOS, endothelial nitric 

oxide synthase.  
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2.3.2. Dimethylarginines 

As indicated in Figure 4, ADMA and SDMA are inhibitors of the NO biosynthesis pathway 

(107). They are synthesised by redox-sensitive methylating enzymes such as S-

adenosylmethionine-dependant protein arginine methyltransferases (PRMT) (12,107,114). 

The enzyme methylates protein which is broken down during normal protein turnover to 

release ADMA and SDMA (12,107,114). 

 

There are two pathways for ADMA clearance from the plasma (114). In the first pathway 

ADMA is metabolised to form L-citrulline and dimethylamine through DDAH (110,114) of 

which there are two isoforms (31,115) found in all human tissues and biological fluids (116). 

In the second pathway, a minor portion of ADMA is excreted through the kidneys (114,117). 

ADMA, which escaped from cells, is exported through cationic amino acid transporters 

(CAT) from the cell to the plasma (31,114,115).  

 

On the other hand, SDMA interferes with L-arginine uptake. It does not directly inhibit eNOS 

(31,118). SDMA was found in the human brain tissue in 1971 by Nakajima et al. (119), and 

is produced at a constant rate (120). Raised SDMA indicates higher rates of protein turnover 

or increased PRMT2, which generates SDMA (31). SDMA inhibits y+ transporters that 

mediate the intracellular uptake of L-arginine (118) and inhibits renal tubular L-arginine 

absorption (121). Therefore SDMA is known to interfere with NO synthesis indirectly (122) 

and additionally it stimulates the production of ROS (123). Since SDMA does not directly 

inhibit NOS, limited research focused on this isomere and its role in CVD (124-129).  

 

Increased levels of inhibitors of the NO biosynthesis pathway (such as ADMA and SDMA) 

can reduce NO synthesis and are associated with endothelial dysfunction 

(10,20,59,107,130-133). These inhibitors are therefore risk markers for vascular disease 

(130,131,133,134).  
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2.3.2.1. Asymmetric dimethylarginine (ADMA) 

ADMA acts as an eNOS inhibitor, by inhibition of L-arginine oxidation (9,107,135,136). 

However, only the free ADMA intracellular, formed during proteolysis inhibits NOS. (114).  

ADMA therefore has an effect on eNOS function in a variety of CVDs (9,20,59,107) even in 

the presence of normal circulating levels of L-arginine (59). ADMA levels are higher in 

patients with CVD, signifying that ADMA induces CVD, contributes to higher ADMA levels 

(117). ADMA increases in disease states, such as hypertension (9,20,135,137), chronic 

renal failure and atherosclerosis (10,135) and could be a predictor of future development of 

CVD (9,20,117).  

 

2.3.2.1.1. ADMA and endothelial dysfunction 

Increased oxidative stress leads to higher ADMA levels which in turn enhances 

atherogenesis. (31,59). Thus oxidative stress is a key factor in the pathogenesis of 

atherosclerosis (31,59). ADMA is associated with coronary artery calcification, a marker for 

atherosclerosis (117,131). ADMA may be directly involved in the regulation of the vascular 

redox state in atherosclerosis by affecting superoxide generation and NO bio-availability 

(9,107). Increased ADMA levels are seen in hypercholesterolemic subjects. In 

hypercholesterolemia, vascular NO is reduced, leading to impaired endothelium-dependent 

vasodilatation (77), increased platelet aggregability, (138) and monocyte adhesiveness of 

the endothelium (139).  

 

Carotid intima media thickness is a marker of the thickness of the arterial wall (71). Intima 

media thickness increases with increasing ADMA levels (135). However, another study 

found this only in subjects older than 40 years of age (127). In contrast, another study found 

raised ADMA levels and decreasing intima media thickness in middle-aged individuals (140).   
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2.3.2.1.2. ADMA and hypertension 

Increased ADMA levels inhibit endothelium dependant vasodilatation (111,135), which leads 

to vasoconstriction, increased peripheral vascular resistance (20,33), increased systemic 

blood pressure (33) and increased arterial stiffness (141,142). However, mean arterial 

pressure increases only slightly with elevated ADMA levels (20). In healthy individuals, 

ADMA levels associate positively with vascular resistance and mean arterial pressure, and 

negatively with cardiac output and plasma cGMP concentration, which are important factors 

for vasodilatation (33).   

 

Oxidative stress and ADMA elevation were indicated in hypertensives, who had reduced NO 

(135,137). In salt-sensitive animals, as well as humans with hypertension, blood pressure 

increased with higher ADMA levels (33). In a hypertensive condition, ADMA reduces the 

heart rate and increases systemic vascular resistance in association with a fall in cardiac 

output, which results in a rise in blood pressure (20,59). However, it is unknown if the 

change in cardiac output was secondary to the change in blood pressure or whether it 

represents a direct effect of NOS inhibition on cardiac function (143).  

 

2.3.2.1.3. ADMA and renal dysfunction 

Kidney function is a major risk factor for mortality (117). According to Böger et al. patients 

with chronic kidney disease have the highest risk for the development of CVD (144).  

 

Decreased glomerular filtration rate (GFR), a marker of renal function, indicates impaired 

kidney function and correlates with the risk for CVD and even death, according to Go et al. 

(145). Thus it is important to detect these GFR changes for early detection of acute kidney 

injury (120). Creatinine clearance is often used to determine GFR, because creatinine is 

eliminated through the glomerulus (144).  
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Endothelial dysfunction is a key phenomenon in chronic renal failure (117). The explanation 

for this may be due to the increased ADMA levels in patients with chronic renal failure (117). 

ADMA is mainly eliminated from the body by enzymatic degradation through DDAH (Figure 

4), which is present in the kidneys (141). During decreased renal excretory function, DDAH 

activity also decreases, which results in increased ADMA levels (141). That could be the 

reason why ADMA is correlated with renal function markers in some studies (141). Thus L-

arginine and NO regulation may be affected by severe chronic kidney disease (7,146). 

Chirinos et al. stated that ADMA levels correlate with reduced ejection fraction (20) in 

patients with renal failure and are elevated in chronic renal failure, which leads to the 

assumption that ADMA may be responsible for increased cardiovascular risk and 

hypertension (59,117) and predicts mortality in patients with chronic kidney disease (117).  

 

ADMA correlates with cystatin-C, which is a measurement of kidney function and a better 

predictor of GFR than creatinine (117). However, there is also a strong relation between 

serum creatinine and the risk for cardiovascular diseases (117).  

 

Although ADMA is also partially excreted by the kidneys, several studies show no 

associations between eGFR, creatinine clearance and ADMA (9,141). Nevertheless, ADMA 

also accumulates in many other diseases in which renal function is normal, and it is ADMA 

that rises rather than SDMA (147).  

 

2.3.2.2. Symmetric dimethylarginine (SDMA) 

SDMA also plays an important role in endothelial dysfunction (144). SDMA impairs L-

arginine uptake from the loop of Henle (121), thus SDMA is involved in reducing NOS and in 

limiting the availability of L-arginine to NOS (121,144). SDMA also reduces NO synthesis 

and increases ROS formation (144). ROS formation could be contributed by reduced L-

arginine, which uncouples NOS (116,144). This leads to increased oxidative stress and 
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causes endothelial dysfunction and hypertension (116,144). The role of SDMA in 

hypertension was confirmed by Pullamsetti et al. where he found increased SDMA in 

patients with hypertension (148).  

 

2.3.2.2.1. SDMA and renal dysfunction 

SDMA can only be eliminated by the kidneys (149) and can therefore increase in patients 

with impaired kidney function (144,150). Several studies show correlations between SDMA 

and renal markers, such as serum creatinine, GFR and creatinine clearance 

(120,141,151,152). However, it is uncertain how fast SDMA increases after GFR decreases 

(120,141,152). It was first found in children with hypertension (152). Kielstein et al. found 

that if GFR decreases by 50%, SDMA increases significantly and creatinine increases within 

6 hours after the removal of one kidney (120). Although there is a strong correlation between 

SDMA and GFR, it is not known if SDMA fulfils all criteria for an ideal GFR marker, i.e. stable 

production rate not affected by other diseases, free glomerular filtration and lack of tubular 

re-absorption (153).   

 

SDMA is an important risk marker for early detection of impaired kidney function (120), but 

also correlates with total organ failure in patients in the intensive care unit (154).   

 

Contradictory to the above, several studies did not find an association between SDMA and 

renal function (28,146). Yu et al. state that other cardiovascular risk factors and renal 

dysfunction can influence SDMA levels, because they found that animals that had a high-fat 

and high-cholesterol diet, had increased SDMA (28). In a study done by Zoccali et al. SDMA 

did not predict cardiovascular diseases in end-stage renal disease patients (146).  

 

The study done by Kiechl et al. provided the first evidence that ADMA was not better than 

SDMA in predicting CVD risk in the general population (116). They found that renal function 
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markers (creatinine and cystatin-C) have a much stronger relationship with SDMA than 

ADMA (116). SDMA is either a more sensitive marker of renal dysfunction (153) or SDMA 

itself is biologically active, i.e. it has been suggested that high concentrations of SDMA might 

compete with cellular L-arginine uptake (118,155).  

 

3. Traditional  risk factors for cardiovascular disease in the context 

of NO bio-availability 

Modifiable risk factors, such as alcohol and smoking, can contribute to CVD, such as 

hypertension and atherosclerosis (9,60,70). Non-modifiable risk factors, such as increased 

age (10,70), genetic factors  and ethnicity (8) also result in high blood pressure (6). The 

effects of these risk factors on CVD may be via modulation of the NO cycle, among various 

other mechanisms.  

 

3.1. Age 

Age-related endothelial dysfunction explains the increased cardiovascular risk in the elderly 

(10,70). Aging is a series of morphological and functional changes, which take place over 

time (156). In addition to disease states, endothelium dependant vasodilatation is also 

impaired in old age (60,157), and ADMA levels are also increased in the elderly (20).   

 

3.2. Ethnicity 

Hypertension is the most common cardiovascular risk factor in black South Africans (158). In 

sub-Saharan Africa, infectious diseases and malnutrition have been the main causes of 

morbidity and mortality until now. (158) About 80 years ago, in the south of Kavirondo in 

Kenya, Donnison et al. admitted 1800 patients, in whom there was no elevated blood 

pressure present and no diagnosis of arteriosclerosis or chronic nephritis was made (158). 
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Donnison et al. found increased blood pressure in Europeans up to end of age 40 years, 

however not in Africans, and blamed greater mental stress for their higher blood pressure 

(158).  

 

However, 75 years after Donnison et al. changes have taken place in Africa (159). Several 

studies show that chronic diseases have become more prevalent in low-income countries, 

such as sub-Saharan Africa (159) and are of greater importance with increasing age and are 

increasing worldwide as a result of urbanisation and globalisation (160). The rural black 

community has already been developing chronic disease risk factors compared to urban 

South Africans (160). Chronic diseases in the urban black population of South Africa include 

stroke, hypertension and type two diabetes (4). Steyn et al. stated that the duration of 

urbanisation is an independent predictor of hypertension in the Africans of Cape Town (161).   

 

Poor blood pressure control is seen through high systolic blood pressure and diastolic blood 

pressure in rural South Africans (160). However, this is also present in the high-income 

countries (4). Barriers, such as lack of knowledge and health insurance, unemployment, 

alcohol abuse and cost of care and medication to hypertension control exist and it is 

important to address these barriers in preventing cardiovascular risk (158,162,163). In sub-

Saharan Africa the management of hypertension is a socio-economic problem as well as a 

therapeutic problem (163).  

 

Until now data regarding chronic diseases and associated risk factors in rural and urban 

black populations in South Africa are rare (4,160). Lifestyle changes, such as dietary 

changes, increased obesity, decrease physical activity, high levels of stress and increased 

alcohol and tobacco use increase the risk for chronic diseases (160,164-166). More African 

women are obese compared to African women in the USA and Canada (160,167). Central 

obesity, which is more prevalent in women, is associated with hypertension, diabetes, CVD 
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and stroke (168,169). Higher cholesterol levels are also more prevalent in the rural black 

communities nowadays (160).   

As mentioned, there are several studies indicating that CVD is a problem in South-Africa and 

it is necessary to address these risk factors to prevent future development of CVD. 

 

3.2.1. Ethnicity and hypertension 

Hypertension and stroke (4-7) associated with end organ damage and renal failure (8) are 

more prevalent in Africans than in Caucasians (4,5,7). An explanation for this phenomenon 

in Africans is because of salt sensitivity and abnormal hemodynamic reactivity which is 

characterised by increased peripheral resistance in response to stress (9). Another 

explanation could be the high alcohol and smoking intake in Africans compared to 

Caucasians (6).  

 

3.2.2. Ethnicity and dimethylarginines 

The roles of ADMA and SDMA can be different in Africans and Caucasians (5,7). Increasing 

ADMA levels are associated with CVD in Caucasians (5,137,148). According to Sydow et al. 

ADMA levels were lower in African Americans and non-Hispanics than in whites (117). 

Caucasians tend to have a stronger relation between L-arginine and ADMA than Africans, 

stating that the Caucasians regulate NO better than Africans (7).  

 

In contrast, two other studies found higher ADMA levels in Africans compared to Europeans 

and there was no evidence of increased oxidative stress or inflammation in the early stage of 

vascular dysfunction in the Africans (9), thus contributing to higher risk for CVD in Africans 

(5,9). Glyn et al. also found lower L-arginine in African men with higher blood pressure (7).  
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A correlation between pulse wave velocity (PWV), a marker of arterial stiffness, and ADMA 

was found in Africans, thus ADMA also has a potential role in regulating arterial stiffness (5). 

Africans tend to have higher PWV compared to Caucasians (5). Since endothelial 

dysfunction is also more prevalent in Africans than in Caucasians, it may be a key step in the 

initiation of arterial stiffness and atherosclerosis (33,52,170,171). Even young, healthy, 

normotensive Africans show endothelial dysfunction (9).  

 

There is limited literature available on ethnicity and the relationship with L-arginine and L-

citrulline.  

 

3.3. Gender 

Gender is an important risk factor relating to cardiovascular function, probably due to the 

influence of sex hormones. Both low and high levels of testosterone are associated with 

cardiovascular risk (172). Guarner-Lans et al. stated that hypertensive men have lower 

serum testosterone levels than normotensive men of the same age (2). In a study done 

including three ethnic groups (African Americans, Hispanics and Mexican Americans), men 

had higher blood pressure than women, independent of ethnicity (173). According to 

Guarner-Lans et al. normotensive men also have higher blood pressure than women (2). 

Peripheral arterial disease prevalence also increased with age and is normally higher in men 

than in women (174).   

 

In hypertensive men, increased oxidative stress and BP are found (174). Hypertension also 

increases more in aging women than in aging men (172). However, Palmer et al. stated that 

African men seem to develop hypertension at an earlier stage compared to women  (175). 

 

The influence of the metabolic syndrome on increased atherosclerosis is also different 

between men and women (176). It seems that in women, the metabolic syndrome is more 
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related to atherosclerosis (176). Arterial stiffness is more common in women and can be 

explained by the typically smaller body size of women. Boys, however, have a higher 

average waist circumference when they have elevated blood pressure (177).  

 

3.4. Alcohol and smoking 

Alcohol and smoking tend to influence the association between L-arginine, ADMA and 

SDMA in Africans (7).  

 

In smokers, endothelial dysfunction is seen (6,70), since the endothelium is the main target 

of the toxic compounds of cigarettes (178). Even small amounts of nicotine can cause 

endothelial dysfunction (179). Smoking can accelerate aging through the overproduction of 

ROS, which leads to impaired endothelium dependant vasodilatation (60).  

 

Smokers, especially Caucasians, have high LDL-cholesterol and triglycerides and low HDL-

cholesterol and smoking is therefore a great risk factor for the metabolic syndrome (180). 

Africans tend to smoke cheaper tobacco that contains more nicotine, which may explain why 

vascular dysfunction and arterial stiffness are more prevalent in Africans (181). Furthermore, 

more men with a low income tend to smoke (181).  

 

Smoking seems to be the strongest CVD risk factor associated with peripheral arterial 

disease, according to Criqui et al. (174). Nicotine elevates heart rate and cardiac output, 

which increases blood pressure (181,182). Nicotine also accelerates lipid (99) breakdown 

that leads to weight loss in smokers (183). Smoking can increase inflammation and 

coagulation, which are associated with atherosclerosis and CVD (184).   

 

Alcohol abuse, on the other hand, is a modifiable risk factor that can be limited to help 

prevent cardiovascular diseases. Alcohol consumption is responsible for a great portion of 

cardiovascular morbidity and mortality (185). The relationship between alcohol and blood 
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pressure is a J- or U- shaped dose-response (186). The risk for the development of high 

blood pressure is lower when alcohol consumption is moderate and is high when alcohol 

consumption is high (186).  

 

Moderate consumption is beneficial, since ethanol increases eNOS activity, decreases 

fibrinolytic activity, increase prothrombotic activity, has an anti-inflammatory role by 

enhancing the uptake of interleukin 6, fibrinogen, and an increase in adhesion molecules, 

followed by the elevation of proinflammatory cytokines (185). Chronic consumption of 

alcohol lowers von Willebrand Factor levels, independently of the type of alcoholic beverage 

(185). Alcohol abuse reduces glutathione production, and increases H2O2 levels, which in 

turn reacts with transition metals in the mitochondria of the cells and leads to increased 

oxidative stress (187). Glutathione in the mitochondria is the only protection available to 

metabolise H2O2 (187). Therefore, excessive alcohol intake depletes cells of glutathione in 

the mitochondria because of a damaged process of the carrier responsible for transport of 

glutathione from the cytosol into the mitochondrial matrix (187).  

 

One study showed that if alcohol intake is more than 200 g/week it led to larger waist 

circumference, higher blood pressure and lower HDL-cholesterol (180). Heavy drinkers show 

increases in weight and increased conversion of acetyl Coenzyme-A to triglycerides, which 

is then secreted in the blood as very low-density lipoproteins (180). The excess triglycerides 

cause fat accumulation in the liver and raise serum gamma-glutamyl transferase (GGT) 

independent of sex and ethnicity (188,189). Elevated GGT is a biomarker that predicts future 

coronary heart disease and stroke (188,189).  
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4. Summary 

CVD is the leading cause of morbidity and mortality, especially in South-Africa (1,4,160). 

Endothelial dysfunction is one of the main underlying mechanisms of CVD development (1). 

Various risk factors, such as ethnicity, gender, increasing age, westernised lifestyle and 

metabolic factors increase the risk for the development of CVD (2). The effects of these risk 

factors on CVD may be via modulation of the NO cycle, among various other mechanisms.  

In addition, hypertension is one of the most prevalent and most poorly controlled risk factors 

in patients with CVD (3). Endothelial dysfunction leads to hypertension and stroke (4-7) and 

is associated with end organ damage and renal failure. (8). Since endothelial dysfunction is 

more prevalent in Africans than in Caucasians (4-7), Africans are at higher risk for the 

development of CVD (9). Until now there is little data regarding chronic diseases and 

associated risk factors in black populations in South Africa (160), especially regarding 

possible contributing vascular mechanisms, such as the NO cycle. 
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5. AIMS, OBJECTIVES AND HYPOTHESES 

The general aim of this study is to compare markers of NO bio-availability (namely L-

arginine, L-citrulline, ADMA and SDMA), ambulatory BP and markers of end organ damage 

between African and Caucasian school teachers. The secondary aim is to determine 

whether these markers of NO bio-availability are associated with ambulatory BP and 

markers of end organ damage. 

 

Objectives 

• To compare L-arginine, L-citrulline, ADMA and SDMA levels along with ambulatory BP 

and markers of end organ damage, namely carotid intima media thickness, Cornell 

product and renal function (albumin-to-creatinine ratio and estimated creatinine 

clearance) between Africans and Caucasians; 

• to determine if L-arginine, L-citrulline, ADMA and SDMA are associated with 

ambulatory BP and markers of end organ damage; and 

• to establish whether these associations are ethnic- or gender specific. 

 

 Hypotheses 

• L-arginine, L-citrulline, ADMA and SDMA levels differ between Africans and 

Caucasians, with Africans having lower L-arginine and L-citrulline and higher ADMA 

and SDMA levels than Caucasians; 

• Africans have higher ambulatory BP and end organ damage compared to the 

Caucasians; 

• L-arginine levels associate negatively with BP, while L-citrulline associates negatively 

with renal function;  

• ADMA levels associate positively with BP and end organ damage, with stronger 

associations in the African population, while SDMA correlates with renal function. 



37 

 

REFERENCES 

 (1) Romero MJ, Platt DH, Caldwell RB, Caldwell RW. Therapeutic use of citrulline in 

cardiovascular disease. Cardiovasc Drug Rev 2006; 24: 275-290.  

(2) Guarner-Lans V, Rubio-Ruiz ME, Pérez-Torres I, Baños de MacCarthy G. Relation of 

aging and sex hormones to metabolic syndrome and cardiovascular disease. Exp Gerontol 

2011; 46: 517-523.  

(3) Cordero A, Bertomeu-Martínez V, Mazón P, et al. Factors Associated With Uncontrolled 

Hypertension in Patients With and Without Cardiovascular Disease. Rev Esp Cardiol 2011; 

64: 587-593.  

(4) Sliwa K, Wilkinson D, Hansen C, et al. Spectrum of heart disease and risk factors in a 

black urban population in South Africa (the Heart of Soweto Study): a cohort study. Lancet 

2008; 371: 915-922.  

(5) Schutte AE, Schutte R, Huisman HW, et al. Dimethylarginines: their vascular and 

metabolic roles in Africans and Caucasians. Eur J Endocrinol 2010; 162: 525-533.  

(6) Kruger R, Schutte R, Huisman H, et al. Associations between reactive oxygen species, 

blood pressure and arterial stiffness in black South Africans: the SABPA study. J Hum 

Hypertens 2011; 26: 91-97.  

(7) Glyn M, Anderssohn M, Lüneburg N, et al. Ethnicity-specific differences in L-arginine 

status in South African men. J Hum Hypertens 2011; doi: 10.1038/jhh.2011.103. 

(8) Mensah GA, Mokdad AH, Ford ES, Greenlund KJ, Croft JB. State of disparities in 

cardiovascular health in the United States. Circulation 2005; 111: 1233-1241.  

(9) Melikian N, Wheatcroft SB, Ogah OS, et al. Asymmetric dimethylarginine and reduced 

nitric oxide bio-availability in young Black African men. Hypertension 2007; 49: 873-877.  



38 

 

(10) Vallance P, Chan N. Endothelial function and nitric oxide: clinical relevance. Heart 2001; 

85: 342-350.  

(11) Ignarro LJ, Cirino G, Casini A, Napoli C. Nitric oxide as a signaling molecule in the 

vascular system: an overview. J Cardiovasc Pharmacol 1999; 34: 879-886.  

(12) Böger RH. Asymmetric dimethylarginine (ADMA) and cardiovascular disease: insights 

from prospective clinical trials. Vasc Med 2005; 10: 19-25.  

(13) Versari D, Daghini E, Virdis A, Ghiadoni L, Taddei S. Endothelial dysfunction as a target 

for prevention of cardiovascular disease. Diabetes Care 2009; 32: 314-321.  

(14) Gardner DG, Shoback D. Endocrine Hypertension; Greenspan's Basic & Clinical 

Endocrinology, 8th ed. New York, McGraw-Hill, 2007, pp 396-419.   

(15) Mori M, Gotoh T, Nagasaki A, Takiguchi M, Sonoki T. Regulation of the urea cycle 

enzyme genes in nitric oxide synthesis. J Inherit Metab Dis 1998; 21: 59-71.  

(16) Nadaud S, Bonnardeaux A, Lathrop M, Soubrier F. Gene structure, polymorphism and 

mapping of the human endothelial nitric oxide synthase gene. Biochem Biophys Res 

Commun 1994; 198: 1027-1033.  

(17) Tousoulis D, Antoniades C, Tentolouris C, Goumas G, Stefanadis C, Toutouzas P. L-

Arginine in cardiovascular disease: dream or reality? Vasc Med 2002; 7: 203-211.  

(18) Boelens PG, van Leeuwen PAM, Dejong CHC, Deutz NEP. Intestinal renal metabolism 

of L-citrulline and L-arginine following enteral or parenteral infusion of L-alanyl-L-[2, 15N] 

glutamine or L-[2, 15N] glutamine in mice. Am J Physiol Gastrointest Liver Physiol 2005; 

289: 679-685.  

(19) Brosnan ME, Brosnan JT. Renal arginine metabolism. J Nutr 2004; 134: 2791-2795.  



39 

 

(20) Chirinos JA, David R, Bralley JA, et al. Endogenous Nitric Oxide Synthase Inhibitors, 

Arterial Hemodynamics, and Subclinical Vascular Disease. Hypertension 2008; 52: 1051-

1059.  

(21) Chicoine LG, Paffett ML, Young TL, Nelin LD. Arginase inhibition increases nitric oxide 

production in bovine pulmonary arterial endothelial cells. Am J Physiol Lung Cell Mol Physiol 

2004; 287: 60-68.  

(22) Kizhakekuttu TJ, Widlansky ME. Natural antioxidants and hypertension: promise and 

challenges. Cardiovasc Ther 2010; 28: 20-32.  

(23) Moncada S, Higgs A. The L-arginine-nitric oxide pathway. N Engl J Med 1993; 329: 

2002-2012.  

(24) Higashi Y, Yoshizumi M. Exercise and endothelial function: role of endothelium-derived 

nitric oxide and oxidative stress in healthy subjects and hypertensive patients. Pharmacol 

Ther 2004; 102: 87-96.  

(25) Shearer JD, Richards JR, Mills CD, Caldwell MD. Differential regulation of macrophage 

arginine metabolism: a proposed role in wound healing. Am J Physiol Endocrinol Metab 

1997; 272: 181-190.  

(26) Dhanakoti SN, Brosnan JT, Herzberg GR, Brosnan ME. Renal arginine synthesis: 

studies in vitro and in vivo. Am J Physiol Endocrinol Metab 1990; 259: 437-442.  

(27) Mitchell GF. Effects of central arterial aging on the structure and function of the 

peripheral vasculature: implications for end organ damage. J Appl Physiol 2008; 105: 1652-

1660.  

(28) Yu X, Li Y, Xiong Y. Increase of an endogenous inhibitor of nitric oxide synthesis in 

serum of high cholesterol fed rabbits. Life Sci 1994; 54: 753-758.  



40 

 

(29) Morris Jr SM. Regulation of enzymes of urea and arginine synthesis. Annu Rev Nutr 

1992; 12: 81-101.  

(30) Mian A, Lee B. Urea-cycle disorders as a paradigm for inborn errors of hepatocyte 

metabolism. Trends Mol Med 2002; 8: 583-589.  

(31) Vallance P. Importance of asymmetrical dimethylarginine in cardiovascular risk. Lancet 

2001; 358: 2096-2097.  

(32) Rossi GP, Seccia TM, Nussdorfer GG. Reciprocal regulation of endothelin-1 and nitric 

oxide: relevance in the physiology and pathology of the cardiovascular system. Int Rev Cytol 

2001; 209: 241-272.  

(33) Gokce N. L-arginine and hypertension. J Nutr 2004; 134: 2807-2811.  

(34) Celermajer DS, Sorensen K, Gooch V, et al. Non-invasive detection of endothelial 

dysfunction in children and adults at risk of atherosclerosis. Lancet 1992; 340: 1111-1115.  

(35) Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the role of 

oxidant stress. Circ Res 2000; 87: 840-844.  

(36) Stoner L, Young JM, Fryer S, Sabatier MJ. The Importance of Velocity Acceleration to 

Flow-Mediated Dilation. Vasc Med 2011; doi:10.1155/2012/589213. 

(37) Deanfield J, Donald A, Ferri C, et al. Endothelial function and dysfunction. Part I: 

Methodological issues for assessment in the different vascular beds: a statement by the 

Working Group on Endothelin and Endothelial Factors of the European Society of 

Hypertension. J Hypertens 2005; 23: 7-17.  

(38) Frick M, Suessenbacher A, Alber HF, et al. Prognostic value of brachial artery 

endothelial function and wall thickness. J Am Coll Cardiol 2005; 46: 1006-1010.  



41 

 

(39) Inaba Y, Chen JA, Bergmann SR. Prediction of future cardiovascular outcomes by flow-

mediated vasodilatation of brachial artery: a meta-analysis. Int J Cardiovasc Imaging 2010; 

26: 631-640.  

(40) Kakoki M, Kim HS, Arendshorst WJ, Mattson DL. L-Arginine uptake affects nitric oxide 

production and blood flow in the renal medulla. Am J Physiol Regul Integr Comp Physiol 

2004; 287: 1478-1485.  

(41) McKnight JR, Satterfield MC, Jobgen WS, et al. Beneficial effects of L-arginine on 

reducing obesity: potential mechanisms and important implications for human health. Amino 

Acids 2010; 39: 349-357.  

(42) Campese V, Amar M, Anjali C, Medhat T, Wurgaft A. Effect of L-arginine on systemic 

and renal haemodynamics in salt-sensitive patients with essential hypertension. J Hum 

Hypertens 1997; 11: 527-532.  

(43) Pritchard KA, Groszek L, Smalley DM, et al. Native low-density lipoprotein increases 

endothelial cell nitric oxide synthase generation of superoxide anion. Circ Res 1995; 77: 

510-518.  

(44) Rajapakse NW, Mattson DL. Role of L-arginine in nitric oxide production in health and 

hypertension. Clin Exp Pharmacol Physiol 2009; 36: 249-255.  

(45) Sato M, Iwanaga T, Mamada H, et al. Involvement of uric acid transporters in alteration 

of serum uric acid level by angiotensin II receptor blockers. Pharm Res 2008; 25: 639-646.  

(46) Higashi Y, Oshima T, Ono N, et al. Intravenous administration of L-arginine inhibits 

angiotensin-converting enzyme in humans. J Clin Endocrinol Metab 1995; 80: 2198-2202.  



42 

 

(47) Piatti PM, Fragasso G, Monti LD, et al. Acute intravenous L-arginine infusion decreases 

endothelin-1 levels and improves endothelial function in patients with angina pectoris and 

normal coronary arteriograms. Circulation 2003; 107: 429-436.  

(48) Schlaich MP, Parnell MM, Ahlers BA, et al. Impaired L-arginine transport and 

endothelial function in hypertensive and genetically predisposed normotensive subjects. 

Circulation 2004; 110: 3680-3686.  

(49) Clarkson P, Adams MR, Powe AJ, et al. Oral L-arginine improves endothelium-

dependent dilation in hypercholesterolemic young adults. J Clin Invest 1996; 97: 1989-1994.  

(50) Creager MA, Gallagher SJ, Girerd XJ, Coleman SM, Dzau VJ, Cooke JP. L-arginine 

improves endothelium-dependent vasodilation in hypercholesterolemic humans. J Clin Invest 

1992; 90: 1248-1253.  

(51) Drexler H, Fischell TA, Pinto FJ, et al. Effect of L-arginine on coronary endothelial 

function in cardiac transplant recipients. Relation to vessel wall morphology. Circulation 

1994; 89: 1615-1623.  

(52) Gokce N, Holbrook M, Duffy SJ, et al. Effects of race and hypertension on flow-

mediated and nitroglycerin-mediated dilation of the brachial artery. Hypertension 2001; 38: 

1349-1354.  

(53) Baylis C. Nitric oxide deficiency in chronic kidney disease. Am J Physiol Ren Physiol 

2008; 294: 1-9.  

(54) Jeremy RW, McCarron H, Sullivan D. Effects of Dietary L-Arginine on Atherosclerosis 

and Endothelium-Dependent Vasodilatationin the Hypercholesterolemic Rabbit: Response 

According to Treatment Duration, Anatomic Site, and Sex. Circulation 1996; 94: 498-506.  



43 

 

(55) Susic D, Francischetti A, Frohlich ED. Prolonged L-arginine on cardiovascular mass and 

myocardial hemodynamics and collagen in aged spontaneously hypertensive rats and 

normal rats. Hypertension 1999; 33: 451-455.  

(56) Taddei S, Virdis A, Mattei P, Ghiadoni L, Sudano I, Salvetti A. Defective L-arginine–

nitric oxide pathway in offspring of essential hypertensive patients. Circulation 1996; 94: 

1298-1303.  

(57) Waugh WH, Daeschner CW. Oral citrulline as arginine precursor may be beneficial in 

sickle cell disease: early phase two results. J Natl Med Assoc 2001; 93: 363-371.  

(58) Cohn JN. Arterial compliance to stratify cardiovascular risk: more precision in 

therapeutic decision making. Am J Hypertens 2001; 14: 258-263.  

(59) Achan V, Broadhead M, Malaki M, et al. Asymmetric dimethylarginine causes 

hypertension and cardiac dysfunction in humans and is actively metabolized by 

dimethylarginine dimethylaminohydrolase. Arterioscler Thromb Vasc Biol 2003; 23: 1455-

1459.  

(60) Rossi GP, Taddei S, Virdis A, et al. The T-786C and Glu298Asp polymorphisms of the 

endothelial nitric oxide gene affect the forearm blood flow responses of Caucasian 

hypertensive patients. J Am Coll Cardiol 2003; 41: 938-945.  

(61) Mancia G, De Backer G, Dominiczak A, et al. 2007 Guidelines for the management of 

arterial hypertension The Task Force for the Management of Arterial Hypertension of the 

European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC). 

Eur Heart J 2007; 28: 1462-1536.  

(62) Palmer R, Rees DD, Ashton DS, Moncada S. L-arginine is the physiological precursor 

for the formation of nitric oxide in endothelium-dependent relaxation. Biochem Biophys Res 

Commun 1988; 153: 1251-1256.  



44 

 

(63) Cooke JP. Asymmetrical dimethylarginine. Circulation 2004; 109: 1813-1818.  

(64) Cooke JP, Andon NA, Girerd XJ, Hirsch AT, Creager MA. Arginine restores cholinergic 

relaxation of hypercholesterolemic rabbit thoracic aorta. Circulation 1991; 83: 1057-1062.  

(65) Chen PY, Sanders PW. L-arginine abrogates salt-sensitive hypertension in Dahl/Rapp 

rats. J Clin Invest 1991; 88: 1559-1567.  

(66) Siekmeier R, Grammer T, März W. Roles of oxidants, nitric oxide, and asymmetric 

dimethylarginine in endothelial function. J Cardiovasc Pharmacol Ther 2008; 13: 279-297.  

(67) Perticone F, Sciacqua A, Maio R, et al. Asymmetric dimethylarginine, L-arginine, and 

endothelial dysfunction in essential hypertension. J Am Coll Cardiol 2005; 46: 518-523.  

(68) Venho B, Voutilainen S, Valkonen VP, et al. Arginine intake, blood pressure, and the 

incidence of acute coronary events in men: the Kuopio Ischaemic Heart Disease Risk Factor 

Study. Am J Clin Nutr 2002; 76: 359-364.  

(69) Zieske AW, Malcom GT, Strong JP. Natural History and Risk Factors of Atherosclerosis 

in Children and Youth: the Pday Study. Pediatr Pathol Mol Med 2002; 21: 213-237.  

(70) Kals J, Kampus P, Kals M, Pulges A, Teesalu R, Zilmer M. Effects of stimulation of nitric 

oxide synthesis on large artery stiffness in patients with peripheral arterial disease. 

Atherosclerosis 2006; 185: 368-374.  

(71) Simons PCG, Algra A, Bots ML, Grobbee DE, van der Graaf Y. Common Carotid 

Intima-Media Thickness and Arterial Stiffness: Indicators of Cardiovascular Risk in High-Risk 

PatientsThe SMART Study (Second Manifestations of ARTerial disease). Circulation 1999; 

100: 951-957.  

(72) Kinlay S, Creager MA, Fukumoto M, et al. Endothelium-derived nitric oxide regulates 

arterial elasticity in human arteries in vivo. Hypertension 2001; 38: 1049-1053.  



45 

 

(73) Wilkinson IB, Qasem A, McEniery CM, Webb DJ, Avolio AP, Cockcroft JR. Nitric oxide 

regulates local arterial distensibility in vivo. Circulation 2002; 105: 213-217.  

(74) Wilkinson IB, MacCallum H, Cockcroft JR, Webb DJ. Inhibition of basal nitric oxide 

synthesis increases aortic augmentation index and pulse wave velocity in vivo. Br J Clin 

Pharmacol 2002; 53: 189-192.  

(75) van Popele NM, Grobbee DE, Bots ML, et al. Association between arterial stiffness and 

atherosclerosis: the Rotterdam Study. Stroke 2001; 32: 454-460.  

(76) Christowitz D, Mattheyse FJ, Balinsky JB. Dietary and hormonal regulation of urea cycle 

enzymes in rat liver. Enzyme 1981; 26: 113-121.  

(77) Creager MA, Cooke JP, Mendelsohn ME, et al. Impaired vasodilation of forearm 

resistance vessels in hypercholesterolemic humans. J Clin Invest 1990; 86: 228-234.  

(78) Kihlberg R, Sterner G, Wennberg A, Denneberg T. Plasma free amino acid levels in 

uremic rats given high and low protein diets or intravenous infusions of amino acid solutions. 

J Nutr 1982; 112: 2058-2070.  

(79) Lau T, Owen W, Yu YM, et al. Arginine, citrulline, and nitric oxide metabolism in end-

stage renal disease patients. J Clin Invest 2000; 105: 1217-1278.  

(80) Nakakariya M, Shima Y, Shirasaka Y, Mitsuoka K, Nakanishi T, Tamai I. Organic anion 

transporter OAT1 is involved in renal handling of citrulline. Am J Physiol Ren Physiol 2009; 

297: 71-79.  

(81) Tizianello A, De Ferrari G, Garibotto G, Gurreri G, Robaudo C. Renal metabolism of 

amino acids and ammonia in subjects with normal renal function and in patients with chronic 

renal insufficiency. J Clin Invest 1980; 65: 1162-1173.  



46 

 

(82) Bouby N, Hassler C, Parvy P, Bankir L. Renal synthesis of arginine in chronic renal 

failure: in vivo and in vitro studies in rats with 5/6 nephrectomy. Kidney Int 1993; 44: 676-

676.  

(83) Chauveau P, Chadefaux B, Coude M, et al. Increased plasma homocysteine 

concentration in patients with chronic renal failure. Miner Electrolyte Metab 1992; 18: 196-

198.  

(84) Kopple JD. Abnormal amino acid and protein metabolism in uremia. Kidney Int 1978; 

14: 340-348.  

(85) Deguchi T, Takemoto M, Uehara N, Lindup WE, Suenaga A, Otagiri M. Renal clearance 

of endogenous hippurate correlates with expression levels of renal organic anion 

transporters in uremic rats. J Pharmacol Exp Ther 2005; 314: 932-938.  

(86) Sakurai Y, Motohashi H, Ueo H, et al. Expression levels of renal organic anion 

transporters (OATs) and their correlation with anionic drug excretion in patients with renal 

diseases. Pharm Res 2004; 21: 61-67.  

(87) Castillo L, Chapman TE, Sanchez M, et al. Plasma arginine and citrulline kinetics in 

adults given adequate and arginine-free diets. Proc Natl Acad Sci 1993; 90: 7749-7753.  

(88) Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic implications of 

echocardiographically determined left ventricular mass in the Framingham Heart Study. N 

Engl J Med 1990; 322: 1561-1566.  

(89) Verdecchia P, Schillaci G, Borgioni C, et al. Prognostic value of a new 

electrocardiographic method for diagnosis of left ventricular hypertrophy in essential 

hypertension. J Am Coll Cardiol 1998; 31: 383-390.  



47 

 

(90) Ishikawa J, Ishikawa S, Kabutoya T, et al. Cornell product left ventricular hypertrophy in 

electrocardiogram and the risk of stroke in a general population. Hypertension 2009; 53: 28-

34.  

(91) Cohuet G, Struijker-Boudier H. Mechanisms of target organ damage caused by 

hypertension: therapeutic potential. Pharmacol Ther 2006; 111: 81-98.  

(92) Panoulas VF, Toms TE, Metsios GS, et al. Target organ damage in patients with 

rheumatoid arthritis: the role of blood pressure and heart rate. Atherosclerosis 2010; 209: 

255-260.  

(93) Sokolow M, Lyon TP. The ventricular complex in left ventricular hypertrophy as obtained 

by unipolar precordial and limb leads. Am Heart J 1949; 37: 161-186.  

(94) Molloy TJ, Okin PM, Devereux RB, Kligfield P. Electrocardiographic detection of left 

ventricular hypertrophy by the simple QRS voltage-duration product. J Am Coll Cardiol 1992; 

20: 1180-1186.  

(95) Okin PM, Devereux RB, Jern S, Julius S, Kjeldsen SE, Dahlöf B. Relation of 

echocardiographic left ventricular mass and hypertrophy to persistent electrocardiographic 

left ventricular hypertropy in hypertensive patients: the LIFE study. Am J Hypertens 2001; 

14: 775-782.  

(96) Okin PM, Roman MJ, Devereux RB, Kligfield P. Electrocardiographic identification of 

increased left ventricular mass by simple voltage-duration products. J Am Coll Cardiol 1995; 

25: 417-423.  

(97) Curis E, Nicolis I, Moinard C, et al. Almost all about citrulline in mammals. Amino Acids 

2005; 29: 177-205.  



48 

 

(98) Yang Z, Kaye DM. Endothelial dysfunction and impaired L-arginine transport in 

hypertension and genetically predisposed normotensive subjects. Trends Cardiovasc Med 

2006; 16: 118-124.  

(99) Berkowitz DE, White R, Li D, et al. Arginase reciprocally regulates nitric oxide synthase 

activity and contributes to endothelial dysfunction in aging blood vessels. Circulation 2003; 

108: 2000-2006.  

(100) Li H, Meininger CJ, Hawker Jr JR, et al. Regulatory role of arginase I and II in nitric 

oxide, polyamine, and proline syntheses in endothelial cells. Am J Physiol Endocrinol Metab 

2001; 280: 75-82.  

(101) Bragulat E, de la Sierra A, Antonio MT, Coca A. Endothelial dysfunction in salt-

sensitive essential hypertension. Hypertension 2001; 37: 444-448.  

(102) Johnson FK, Johnson RA, Peyton KJ, Durante W. Arginase inhibition restores 

arteriolar endothelial function in Dahl rats with salt-induced hypertension. Am J Physiol 

Regul Integr Comp Physiol 2005; 288: 1057-1062.  

(103) Libby P, Ridker PM. Inflammation and atherosclerosis: role of C-reactive protein in risk 

assessment. Am J Med 2004; 116: 9-16.  

(104) Wei YH, Lee HC. Oxidative stress, mitochondrial DNA mutation, and impairment of 

antioxidant enzymes in aging. Exp Biol Med 2002; 227: 671-682.  

(105) Sohal RS, Sohal BH, Orr WC. Mitochondrial superoxide and hydrogen peroxide 

generation, protein oxidative damage, and longevity in different species of flies. Free Radic 

Biol Med 1995; 19: 499-504.  

(106) Channon K, Guzik T. Mechanisms of superoxide production in human blood. J Physiol 

Pharmacol 2002; 53: 515-524.  



49 

 

(107) Antoniades C, Shirodaria C, Leeson P, et al. Association of plasma asymmetrical 

dimethylarginine (ADMA) with elevated vascular superoxide production and endothelial nitric 

oxide synthase uncoupling: implications for endothelial function in human atherosclerosis. 

Eur Heart J 2009; 30: 1142-1150.  

(108) Cuttler RG. Oxidative stress profiling. Ann N Y Acad Sci 2005; 1055: 93-135.  

(109) Majid DSA, Kopkan L. Nitric oxide and superoxide interactions in the kidney and their 

implication in the development of salt-sensitive hypertension. Clin Exp Pharmacol Physiol 

2007; 34: 946-952.  

(110) MacAllister RJ, Fickling SA, Whitley GS, Vallance P. Metabolism of methylarginines by 

human vasculature; implications for the regulation of nitric oxide synthesis. Br J Pharmacol 

1994; 112: 43-48.  

(111) MacAllister RJ, Parry H, Kimoto M, et al. Regulation of nitric oxide synthesis by 

dimethylarginine dimethylaminohydrolase. Br J Pharmacol 1996; 119: 1533-1540.  

(112) Böger RH. Asymmetric dimethylarginine, an endogenous inhibitor of nitric oxide 

synthase, explains the" L-arginine paradox" and acts as a novel cardiovascular risk factor. J 

Nutr 2004; 134: 2842-2847.  

(113) Teerlink T, Luo Z, Palm F, Wilcox CS. Cellular ADMA: regulation and action. 

Pharmacol Res 2009; 60: 448-460.  

(114) Teerlink T. ADMA metabolism and clearance. Vasc Med 2005; 10: 73-81.  

(115) Leiper JM, Santa Maria J, Chubb A, et al. Identification of two human dimethylarginine 

dimethylaminohydrolases with distinct tissue distributions and homology with microbial 

arginine deiminases. Biochem J 1999; 343: 209-214.  



50 

 

(116) Kiechl S, Lee T, Santer P, et al. Asymmetric and symmetric dimethylarginines are of 

similar predictive value for cardiovascular risk in the general population. Atherosclerosis 

2009; 205: 261-265.  

(117) Sydow K, Fortmann SP, Fair JM, et al. Distribution of asymmetric dimethylarginine 

among 980 healthy, older adults of different ethnicities. Clin Chem 2010; 56: 111-120.  

(118) Closs EI, Basha FZ, Habermeier A, Förstermann U. Interference of-Arginine 

Analogues with-Arginine Transport Mediated by the y Carrier hCAT-2B. Nitric Oxide 1997; 1: 

65-73.  

(119) Nakajima T, Matsuoka Y, Kakimoto Y. Isolation and identification of NG-Monomethyl 

NG, NG-Dimethyl-and NG, NG-Dimethylarginine from the hydrolysate of proteins of bovine 

brain. Biochimic et Biophys Acta 1971; 230: 212-222.  

(120) Kielstein JT, Veldink H, Martens-Lobenhoffer J, et al. SDMA is an early marker of 

change in GFR after living-related kidney donation. Nephrol Dial Transplant 2011; 26: 324-

328.  

(121) Tojo A, Welch WJ, Bremer V, et al. Colocalization of demethylating enzymes and NOS 

and functional effects of methylarginines in rat kidney. Kidney Int 1997; 52: 1593-1601.  

(122) Kielstein JT, Fliser D, Veldink H. Progress in uremic toxin research: Asymmetric 

Dimethylarginine and Symmetric Dimethylarginine: Axis of Evil or Useful Alliance? Semin 

Dial 2009; 22: 346-350.  

(123) Schepers E, Glorieux G, Dhondt A, Leybaert L, Vanholder R. Role of symmetric 

dimethylarginine in vascular damage by increasing ROS via store-operated calcium influx in 

monocytes. Nephrol Dial Transplant 2009; 24: 1429-1435.  



51 

 

(124) Schnabel R, Blankenberg S, Lubos E, et al. Asymmetric dimethylarginine and the risk 

of cardiovascular events and death in patients with coronary artery disease. Circ Res 2005; 

97: 53-59.  

(125) Meinitzer A, Seelhorst U, Wellnitz B, et al. Asymmetrical dimethylarginine 

independently predicts total and cardiovascular mortality in individuals with angiographic 

coronary artery disease (the Ludwigshafen Risk and Cardiovascular Health study). Clin 

Chem 2007; 53: 273-283.  

(126) Mittermayer F, Krzyzanowska K, Exner M, et al. Asymmetric dimethylarginine predicts 

major adverse cardiovascular events in patients with advanced peripheral artery disease. 

Arterioscler Thromb Vasc Biol 2006; 26: 2536-2540.  

(127) Furuki K, Adachi H, Matsuoka H, et al. Plasma levels of asymmetric dimethylarginine 

(ADMA) are related to intima-media thickness of the carotid artery: An epidemiological study. 

Atherosclerosis 2007; 191: 206-210.  

(128) Leong T, Zylberstein D, Graham I, et al. Asymmetric dimethylarginine independently 

predicts fatal and nonfatal myocardial infarction and stroke in women. Arterioscler Thromb 

Vasc Biol 2008; 28: 961-967.  

(129) Maas R, Schulze F, Baumert J, et al. Asymmetric dimethylarginine, smoking, and risk 

of coronary heart disease in apparently healthy men: prospective analysis from the 

population-based Monitoring of Trends and Determinants in Cardiovascular 

Disease/Kooperative Gesundheitsforschung in der Region Augsburg study and experimental 

data. Clin Chem 2007; 53: 693-701.  

(130) Kielstein JT, Bode-Böger SM, Frölich JC, Ritz E, Haller H, Fliser D. Asymmetric 

dimethylarginine, blood pressure, and renal perfusion in elderly subjects. Circulation 2003; 

107: 1891-1895.  



52 

 

(131) Böger RH, Bode-Böger SM, Szuba A, et al. Asymmetric dimethylarginine (ADMA): a 

novel risk factor for endothelial dysfunction: its role in hypercholesterolemia. Circulation 

1998; 98: 1842-1847.  

(132) Miyazaki H, Matsuoka H, Cooke JP, et al. Endogenous nitric oxide synthase inhibitor: 

a novel marker of atherosclerosis. Circulation 1999; 99: 1141-1146.  

(133) Stühlinger MC, Oka RK, Graf EE, et al. Endothelial dysfunction induced by 

hyperhomocyst (e) inemia. Circulation 2003; 108: 933-938.  

(134) Miyazaki H, Matsuoka H, Cooke JP, et al. Endogenous nitric oxide synthase inhibitor: 

a novel marker of atherosclerosis. Circulation 1999; 99: 1141-1146.  

(135) Böger RH, Ron ES. L-Arginine improves vascular function by overcoming deleterious 

effects of ADMA, a novel cardiovascular risk factor. Altern Med Rev 2005; 10: 14-23.  

(136) Vallance P, Leiper J. Cardiovascular biology of the asymmetric dimethylarginine: 

dimethylarginine dimethylaminohydrolase pathway. Arterioscler Thromb Vasc Biol 2004; 24: 

1023-1030.  

(137) Wang D, Strandgaard S, Iversen J, Wilcox CS. Asymmetric dimethylarginine, oxidative 

stress, and vascular nitric oxide synthase in essential hypertension. Am J Physiol Regulat 

Integr Comp Physiol 2009; 296: 195-200.  

(138) Wolf A, Zalpour C, Theilmeier G, et al. Dietary-Arginine Supplementation Normalizes 

Platelet Aggregation in Hypercholesterolemic Humans. J Am Coll Cardiol 1997; 29: 479-485.  

(139) Theilmeier G, Chan JR, Zalpour C, et al. Adhesiveness of mononuclear cells in 

hypercholesterolemic humans is normalized by dietary L-arginine. Arterioscler Thromb Vasc 

Biol 1997; 17: 3557-3564.  



53 

 

(140) Zsuga J, Török J, Magyar MT, et al. Serum asymmetric dimethylarginine negatively 

correlates with intima-media thickness in early-onset atherosclerosis. Cerebrovasc Dis 2007; 

23: 388-394.  

(141) Kielstein JT, Donnerstag F, Gasper S, et al. ADMA increases arterial stiffness and 

decreases cerebral blood flow in humans. Stroke 2006; 37: 2024-2029.  

(142) Weber T, Maas R, Auer J, et al. Arterial Wave Reflections and Determinants of 

Endothelial Function. Am J Hypertens 2007; 20: 256-262.  

(143) Sarkar D, Vallance P, Harding SE. Nitric oxide: not just a negative inotrope. Eur J 

Heart Fail 2001; 3: 527-534.  

(144) Bode-Böger SM, Scalera F, Kielstein JT, et al. Symmetrical dimethylarginine: a new 

combined parameter for renal function and extent of coronary artery disease. J Am Soc 

Nephrol 2006; 17: 1128-1134.  

(145) Go AS, Chertow GM, Fan D, McCulloch CE, Hsu C. Chronic kidney disease and the 

risks of death, cardiovascular events, and hospitalization. N Engl J Med 2004; 351: 1296-

1305.  

(146) Zoccali C, Bode-Böger SM, Mallamaci F, et al. Plasma concentration of asymmetrical 

dimethylarginine and mortality in patients with end-stage renal disease: a prospective study. 

Lancet 2001; 358: 2113-2117.  

(147) Böger RH, Bode-Böger SM, Szuba A, et al. Asymmetric dimethylarginine (ADMA): a 

novel risk factor for endothelial dysfunction: its role in hypercholesterolemia. Circulation 

1998; 98: 1842-1847.  



54 

 

(148) Pullamsetti S, Kiss L, Ghofrani HA, et al. Increased levels and reduced catabolism of 

asymmetric and symmetric dimethylarginines in pulmonary hypertension. FASEB  2005; 19: 

1175-1177.  

(149) Kielstein JT, Böger RH, Bode-Böger SM, et al. Marked increase of asymmetric 

dimethylarginine in patients with incipient primary chronic renal disease. J Am Soc Nephrol 

2002; 13: 170-176.  

(150) Billecke SS, D’Alecy LG, Platel R, et al. Blood content of asymmetric dimethylarginine: 

new insights into its dysregulation in renal disease. Nephrol Dial Transplant 2009; 24: 489-

496.  

(151) Fliser D, Kronenberg F, Kielstein JT, et al. Asymmetric dimethylarginine and 

progression of chronic kidney disease: the mild to moderate kidney disease study. J Am Soc 

Nephrol 2005; 16: 2456-2461.  

(152) Goonasekera CDA, Rees DD, Woolard P, Frend A, Shah V, Dillon MJ. Nitric oxide 

synthase inhibitors and hypertension in children and adolescents. J Hypertens 1997; 15: 

901-909.  

(153) Kielstein JT, Salpeter SR, Bode-Böger SM, Cooke JP, Fliser D. Symmetric 

dimethylarginine (SDMA) as endogenous marker of renal function—a meta-analysis. 

Nephrol Dial Transplant 2006; 21: 2446-2451.  

(154) Nijveldt R, Teerlink T, Van Der Hoven B, et al. Asymmetrical dimethylarginine (ADMA) 

in critically ill patients: high plasma ADMA concentration is an independent risk factor of ICU 

mortality. Crit Care 2003; 7: 1-1.  

(155) Bogle R, MacAllister R, Whitley G, Vallance P. Induction of NG-monomethyl-L-arginine 

uptake: a mechanism for differential inhibition of NO synthases? Am J Physiol Cell Physiol 

1995; 269: 750-756.  



55 

 

(156) Jani B, Rajkumar C. Ageing and vascular ageing. Postgrad Med J 2006; 82: 357-362.  

(157) Celermajer DS, Sorensen KE, Spiegelhalter DJ, Georgakopoulos D, Robinson J, 

Deanfield JE. Aging is associated with endothelial dysfunction in healthy men years before 

the age-related decline in women. J Am Coll Cardiol 1994; 24: 471-476.  

(158) Donnison C. Blood pressure in the African natives: its bearing upon aetiology of 

hyperpiesa and arteriosclerosis. Lancet 1929; 1: 6-7.  

(159) Yach D, Hawkes C, Gould CL, Hofman KJ. The global burden of chronic diseases. 

JAMA 2004; 291: 2616-2622.  

(160) Alberts M, Urdal P, Steyn K, et al. Prevalence of cardiovascular diseases and 

associated risk factors in a rural black population of South Africa. Eur J Cardiovasc Prev 

Rehabil 2005; 12: 347-354.  

(161) Steyn K, Kazenellenbogen JM, Lombard CJ, Bourne LT. Urbanization and the risk for 

chronic diseases of lifestyle in the black population of the Cape Peninsula, South Africa. J 

Cardiovasc Risk 1997; 4: 135-142.  

(162) Hill JM, Zalos G, Halcox JPJ, et al. Circulating endothelial progenitor cells, vascular 

function, and cardiovascular risk. N Engl J Med 2003; 348: 593-600.  

(163) Opie LH, Seedat YK. Hypertension in sub-Saharan African populations. Circulation 

2005; 112: 3562-3568.  

(164) Beaglehole R. Global cardiovascular disease prevention: time to get serious. Lancet 

2001; 358: 661-663.  

(165) Oelofse A, Jooste P, Steyn K, et al. The lipid and lipoprotein profile of the urban black 

South African population of the Cape Peninsula: teh BRISK study. SAMJ 1996; 86: 162-166.  



56 

 

(166) Seftel H, Johnson S, Muller E. Distribution and biosocial correlations of blood pressure 

levels in Johannesburg blacks. S Afr Med J 1980; 57: 313-320.  

(167) World Health Organization. Obesity: Preventing and Managing the Global Epidemic. 

Report of a WHO Consultation. WHO Technical Report Series no. 894. WHO: Geneva, 

2000. 

(168) Després JP. The insulin resistance-dyslipidemic syndrome of visceral obesity: effect 

on patients' risk. Obes Res 2012; 6: 8-17.  

(169) Larsson B, Svärdsudd K, Welin L, Wilhelmsen L, Björntorp P, Tibblin G. Abdominal 

adipose tissue distribution, obesity, and risk of cardiovascular disease and death: 13 year 

follow up of participants in the study of men born in 1913. Br Med J 1984; 288: 1401-1404.  

(170) Perregaux D, Chaudhuri A, Rao S, et al. Brachial vascular reactivity in blacks. 

Hypertension 2000; 36: 866-871.  

(171) Kahn DF, Duffy SJ, Tomasian D, et al. Effects of black race on forearm resistance 

vessel function. Hypertension 2002; 40: 195-201.  

(172) Regitz-Zagrosek V, Lehmkuhl E, Mahmoodzadeh S. Gender Aspects of the Role of the 

Metabolic Syndrome as a Risk Factor for Cardiovascular Disease. Gen Med 2007; 4: 162-

177.  

(173) Park MK, Menard SW, Yuan C. Comparison of blood pressure in children from three 

ethnic groups. Am J Cardiol 2001; 87: 1305-1308.  

(174) Criqui MH, Vargas V, Denenberg JO, et al. Ethnicity and peripheral arterial disease. 

Circulation 2005; 112: 2703-2707.  

(175) Palmer IM, Schutte AE, Huisman HW. Ethnic and gender differences regarding the 

insulin–blood pressure relationship. Diabetes Res Clin Pract 2009; 85: 102-110.  



57 

 

(176) Lin H, Liu C, Liao Y, Lin R, Chen C, Juo SH. The risk of the metabolic syndrome on 

carotid thickness and stiffness: Sex and age specific effects. Atherosclerosis 2010; 210: 155-

159.  

(177) Choy C, Huang Y, Liu Y, et al. Waist Circumference as a Predictor of Pediatric 

Hypertension Among Normal-Weight Taiwanese Children. J Exp Clin Med 2011; 3: 34-39.  

(178) Czernin J, Waldherr C. Cigarette smoking and coronary blood flow. Prog Cardiovasc 

Dis 2003; 45: 395-404.  

(179) Ciftci O, Gullu H, Caliskan M, Topçu S, Erdogan D, Yildirir A. Mentholated cigarette 

smoking and brachial artery, carotid artery, and aortic vascular function. Arch Turk Soc 

Cardiol 2009; 37: 234-240.  

(180) Lee JH, Cook JR, Yang ZH, et al. PRMT7, a new protein arginine methyltransferase 

that synthesizes symmetric dimethylarginine. J Biol Chem 2005; 280: 3656-3664.  

(181) Zatu MC, Van Rooyen JM, Schutte AE. Smoking and vascular dysfunction in Africans 

and Caucasians from South Africa. Cardiovasc J Afr 2011; 22: 18-24.  

(182) Kotsis V, Stabouli S, Karafillis I, et al. Arterial Stiffness and 24 h Ambulatory Blood 

Pressure Monitoring in Young Healthy Volunteers: The Early Vascular Ageing Aristotle 

University Thessaloniki Study (EVA-ARIS Study). Atherosclerosis 2011; 219: 194-199.  

(183) Back SE, Waldrop AE, Saladin ME, et al. Effects of gender and cigarette smoking on 

reactivity to psychological and pharmacological stress provocation. 

Psychoneuroendocrinology 2008; 33: 560-568.  

(184) Xie B, Palmer PH, Pang Z, Sun P, Duan H, Johnson CA. Environmental tobacco use 

and indicators of metabolic syndrome in Chinese adults. Nicotine Tobacco Res 2010; 12: 

198-206.  



58 

 

(185) Tousoulis D, Ntarladimas I, Antoniades C, et al. Acute effects of different alcoholic 

beverages on vascular endothelium, inflammatory markers and thrombosis fibrinolysis 

system. Clin Nutr 2008; 27: 594-600.  

(186) Regan TJ. Alcohol and the cardiovascular system. JAMA 1990; 264: 377-318.  

(187) Fernandez-Checa JC, Kaplowitz N, Garcia-Ruiz C, et al. GSH transport in 

mitochondria: defense against TNF-induced oxidative stress and alcohol-induced defect. Am 

J Physiol Gastroint Liver Physiol 1997; 273: 7-17.  

(188) Haren MT, Ming L, Petkov J, McDermott RA. Alcohol, metabolic risk and elevated 

serum gamma-glutamyl transferase (GGT) in Indigenous Australians. BMC 2010; 

doi:10.1186/1471-2458-10-454. 

(189) Wakabayashi I. Relationship between alcohol consumption and metabolic syndrome in 

Japanese men with overweight or obesity. Obes Res Clin Prac 2011; 5: 137-142.  

 



59 

 

 

CHAPTER 3 

Comparing markers of the nitric oxide cycle and their association 

with ambulatory blood pressure and end organ damage in a           

bi-ethnic population: The SABPA-study 

 

 

 

 

 

 

 

 

 

 

(Prepared for submission to  

Hypertension Research) 



60 

 

INSTRUCTIONS TO AUTHORS: Hypertension Research 

Manuscript style 

The article should be no more than 5 000 words, double-spaced with wide margins and 

should include an abstract of not more than 250 words and 3 to 5 keywords.  A title page 

should give the title, the first and last names and other initials of all authors. A short running 

head consisting of not more than 50 characters should be included. There should be fewer 

than 10 co-authors. Full contact details should be provided for the corresponding author.  

 

Main text 

The manuscript should start on a new page and should include an introduction, methods, 

results and discussion. Abbreviations should be defined on their first appearance in the text. 

The discussion should not recapitulate the results. 

 

References 

References should be listed in numerical order at the end of the article. References should 

include the names of all authors when 6 or less; when 7 or more, list only the first 3 names 

and add et al. Each reference should be numbered and listed at the end of the manuscript. 

Example: 1) Glodny B, Pauli G. Medullopressin: a new pressor activity from the renal 

medulla. Hypertens Res 2005; 28: 827-836. 

 

Tables and figures 

Table footnote references should be made by means of Arabic numerals and they should 

consist of at least 2 columns. Figures should be sequentially labelled.  

 

Acknowledgments 

These should be brief and should include sources of financial support, material and personal 

assistance. 

 



61 

 

 

 

Comparing markers of the nitric oxide cycle and 

their associations with ambulatory blood pressure 

and end organ damage in a bi-ethnic population: 

The SABPA-study 

 
Running head: Nitric oxide bio-availability markers and endothelial dysfunction 

 

Ilisma Loots; Catharina MC Mels; Aletta E Schutte 

 

Hypertension in Africa Research Team (HART);  

North-West University (Potchefstroom Campus); South Africa 

 

Correspondence: 

Alta Schutte, PhD 

Hypertension in Africa Research Team (HART) 

Private Bag x6001 

North-West University (Potchefstroom Campus) 

Potchefstroom 

2520 

South Africa 

Tel:  (018) 299 2444 

Fax:  (018) 299 1053 

E-mail: alta.schutte@nwu.ac.za 

 

Disclosure: All authors declare no conflict of interest. 



62 

 

ABSTRACT 

Research regarding cardiovascular disease, associated risk factors and contributing 

vascular mechanisms in the South African black populations is rare. We therefore performed 

a cross-sectional study to compare markers of nitric oxide (NO) bio-availability (L-arginine, L-

citrulline, asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA)), 

ambulatory blood pressure and markers of end organ damage between African and 

Caucasian teachers (N=390); and to determine whether these markers of NO bio-availability 

are associated with ABPM and markers of end organ damage. We found significant negative 

associations between estimated creatinine clearance (eCCR) and L-citrulline in all four 

subgroups before and after adjustments for confounders: African men (R2=0.46; β=-0.23; 

p=0.006), African women (R2=0.68; β= -0.12; p=0.046), Caucasian men (R2=0.62; β= -0.24; 

p<0.001) and Caucasian women (R2=0.72; β= -0.13; p=0.029). ADMA associated with 

markers of renal function only in men: In Caucasian men with albumin-to-creatinine ratio 

(ACR) (r=0.36; p=0.001) and in African men with eCCR (R2=0.44; β= -0.18; p=0.034). 

Multiple regression analyses indicated an ethnic-specific link between eCCR and SDMA only 

in Caucasians: men (R2=0.75; β= -0.27; p<0.001) and women (R2=0.73; β= -0.21; p<0.001). 

Our results suggest that markers of NO bio-availability may be associated with early 

changes in renal function, accompanying elevated blood pressure.  

 

    

 

 

 

 

 

 

Key words: L-citrulline, L-arginine, ADMA, SDMA, renal function 
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INTRODUCTION 

Cardiovascular disease (CVD) is the number one cause of morbidity and mortality worldwide 

(1,2) and hypertension is regarded as one of the most important cardiovascular risk factors 

(3). As a result of rapid urbanisation and globalisation CVD has become more prevalent in 

the low-income countries of sub-Saharan Africa (4,5).  

 

Environmental and lifestyle changes associated with urbanisation seem to be the causes of 

hypertension development (4,5). On the vascular level it is important to explore the possible 

mechanisms for increased cardiovascular risk. It is well known that endothelial dysfunction 

leads to hypertension and ultimately stroke (6). Additionally, endothelial dysfunction is also 

associated with end organ damage, such as renal failure (7-9). In the South African context it 

is also important to note that endothelial dysfunction is more prevalent in Africans than in 

Caucasians (6,10,11), placing Africans at higher risk for the development of CVD (12).  

 

There are several factors, which are involved in the complex control of endothelial 

dysfunction (13). Endothelial dysfunction occurs when functions of nitric oxide (NO), an 

endothelium derived relaxing factor, are impaired (14). As indicated in Figure 1, various 

substances such as L-arginine, L-citrulline, asymmetric dimethylarginine (ADMA) and 

symmetric dimethylarginine (SDMA) influence endothelial function via their influence on the 

production of NO and NO bio-availability (14,15). NO is formed in an enzyme reaction 

catalysed by nitric oxide synthase (NOS) from L-arginine as substrate (16). L-citrulline is also 

formed during this reaction as a secondary product (16) (Figure 1). L-arginine is also a 

substrate for the enzyme arginase (AR), where L-arginine is converted to ornithine to release 

excessive urea (17). Ornithine can in turn be converted to L-citrulline, which is subsequently 

converted back to L-arginine to complete the urea cycle (17).  
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Reduced availability of L-arginine, the substrate, for NO biosynthesis, as well as inhibitors of 

this reaction, such as the dimethylarginines can therefore reduce NO synthesis (14,18-26). 

SDMA reduces NO synthesis by impairing the uptake of L-arginine into the mitochondria, 

while ADMA competes with L-arginine for binding to NOS (14).  

 

 

     

 

 

 

 

Figure 1: Mechanisms of NO bio-availability.  

[Adapted from Böger et al. 2005 (14) Teerlink  et al. 2009 (27) and Mori et al. 1998 (16)] NO, nitric 

oxide; AR, arginase; PRMT, protein arginine methyltransferases; DDAH, dimethylarginine 

dimethylaminohydrolase; CAT, cationic amino acid transporter; eNOS, endothelial nitric oxide synthase 

 

Until now data regarding chronic diseases and associated risk factors in black populations in 

South Africa is rare (4,5), especially regarding possible contributing vascular mechanisms. 

The aims of this study are therefore to compare markers of NO bio-availability (including bio-

synthesis), namely L-arginine, L-citrulline, ADMA and SDMA, ambulatory blood pressure and 

markers of end organ damage between African and Caucasian school teachers. In addition, 

we aim to determine whether these markers of NO bio-availability are associated with 

ambulatory blood pressure and markers of end organ damage. 
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METHODS 

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

conducted between February 2008 and May 2009. This cross-sectional study included 

urbanised African (N=200) and Caucasian (N=209) men and women, between the ages of 

25 and 65 years. For the purpose of this sub-study individuals infected with human 

immunodeficiency virus (HIV) were excluded, leaving 181 Africans and 209 Caucasians. 

Measurements of all parameters were not necessarily available for all participants. The 

participants were school teachers recruited from the Kenneth Kaunda Education district, 

Potchefstroom in the North-West Province, South Africa. The reason for this selection was to 

attempt a homogenous sample from a similar socio-economic class. Exclusion criteria were 

an ear temperature above 37 °C, psychotropic substance dependence or abuse, blood 

donors, users of α- and β-blocking agents and individuals vaccinated in the past 3 months. 

The participants were fully informed about the objectives and procedures of the study and 

they signed an informed consent form. The study complied with all applicable requirements 

of international regulations, in particular the Helsinki declaration of 1975 (as revised in 2008) 

for investigation on human participants. The Ethics Review Board of the North-West 

University (Potchefstroom Campus) approved the study. 

 

Questionnaires 

A general health and lifestyle questionnaire was completed by all the participants.  

 

Clinical measurements 

The experimental procedure for each participant followed a 2-day protocol. Ambulatory blood 

pressure measurements (ABPM) were conducted during the working week. At approximately 

08:00, an ABPM apparatus (Meditech CE1201 Cardiotens, Budapest, Hungary) was 
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attached to the participant’s non-dominant arm. The ABPM apparatus was programmed to 

measure blood pressure at 30 min intervals during the day (08:00–22:00) and every hour 

during night-time (22:00–06:00). The participants continued with their daily activities and 

were asked to record any abnormalities such as nausea, headache, physical activity and 

stress on their ambulatory diary cards. The ambulatory blood pressure and 

electrocardiogram data were downloaded onto a database using the CardioVisions 1.9.0 

Personal Edition software (28). Participants were admitted at the Metabolic Research Unit of 

the North-West University at 16:30. They received a standardised dinner and had their last 

beverages (tea/coffee) and two biscuits at 20:30. They were requested to go to bed at 

around 22:00. At 06:00, the ABPM apparatus was removed. Hypertension was defined as a 

mean ambulatory systolic blood pressure of at least 130 mmHg or/ and diastolic blood 

pressure of at least 80 mmHg according to the European Society of Hypertension (ESH) 

2007 guidelines (29). A standard 12-lead ECG was recorded during resting conditions (PC 

1200, v5.030, Norav Medical, Yokneam, Israel). ECG left ventricular mass was determined 

using the Cornell product (30). Thereafter, the same observer monitored BP continuously by 

making use of the Finometer device (FMS, Finapres Medical Systems, Amsterdam, 

Netherlands) (31). This entailed a 5-min recording of each participant’s BP under resting, yet 

awake, conditions. After the first 2 min, the finger pressure was calibrated with the upper arm 

(brachial) pressure (that is, return-to-flow systolic calibration). This optimised the accuracy of 

the readings taken.  

 

The SonoSite Micromaxx ultrasound system (SonoSite Inc., WA, USA) and a 6–13 MHz 

linear array transducer were used to determine the carotid intima media thickness (cIMT). 

Images from at least two optimal angles of the left and right common carotid artery were 

obtained. Following previously prescribed protocols these segments were imaged and 

measured and were imported into the Artery Measurement Systems automated software for 

dedicated analysis of cIMT (32). A maximal 10 mm segment with good image quality was 
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chosen for analysis. The program automatically identifies the borders of the intima-media of 

the near and far wall, and the inner diameter of the vessel, and calculates the cIMT and 

diameter from around 100 discrete measurements through the 10 mm segment. 

 

Anthropometrical measurements and physical activity 

All measurements were standardised and taken in triplicate using standard methods with 

calibrated instruments. Height was measured to the nearest 0.1 cm with a stadiometer 

(Invicta Stadiometer, IP1465, UK) (33) and weight to the nearest 0.1 kg using a Krups scale 

(Precision Health Scale, A & D Company, Japan) (33) with participants wearing only their 

underwear. Body mass index (BMI) was calculated using these measurements. Waist and 

hip circumferences were measured to the nearest 0.1 cm using a metal tape. To assess 

physical activity, participants wore Actical accelerometers (Montre´al, Que´bec, Canada) 

around their hip during a normal working day. 

 

Biochemical analyses 

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

brachial vein branches of the participant. Serum and plasma samples were prepared and 

stored at -80°C. Sodium fluoride plasma was used for glucose analysis. High density 

lipoprotein (HDL) cholesterol, triglycerides, gamma glutamyl transferase (GGT) and high 

sensitivity C-reactive protein (CRP) were analysed in serum using two sequential multiple 

analyzers (Konelab 20i; Thermo Scientific, Vantaa, Finland; and Unicel DXC 800 – Beckman 

and Coulter®, Germany). Serum cotinine levels were determined with a homogeneous 

immunoassay (Automated Modular, Roche, Basel, Switzerland). The intra- and inter-

coefficients of variation for all assays were below 10%. Mass spectrometric determinations 

of L-arginine, ADMA and SDMA were performed as described elsewhere by using a fully 

validated high throughput LC-MS/MS assay, which is commercially available (DLD 
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Diagnostika, Hamburg, Germany) (34,35). L-citrulline was determined with an electrospray 

ionisation tandem mass spectrometry (ESI-MS/MS) method. Reactive oxygen species 

(ROS) were measured using a spectrophotometric assay, where 1.0 mg.l-1 H2O2 represents 

one unit of reactive oxygen species (36). Ferric reducing antioxidant power (FRAP), as an 

indication of antioxidant capacity, was determined with the method as described by Benzie 

and Strain (37), and total glutathione levels were determined with the BIOXYTECH _ 

GSH/GSSG-412TM kit supplied by OxisResearch TM, a division of OXIS Health Products 

(Foster City, CA, USA). 

 

Urinary creatinine and albumin were determined with calorimetric and immunoprecipitation 

methods, respectively on a sequential multiple analyzer computer (Konelab 20i TM, Thermo 

Scientific, Vantaa, Finland). The albumin-to-creatinine ratio (ACR) was calculated in an 8-h 

overnight urine sample. We calculated the estimated creatinine clearance (eCCR) by using 

the Cockcroft–Gault formula (38).  

 

Statistical analysis 

Statistical analyses were performed using Statistica version 10 (Statsoft, Inc., Tulsa, OK, 

2009). Statistical results are presented as means ± standard deviation. Data that were not 

normally distributed were log transformed and presented as means with 5% and 95% 

percentile boundaries. Characteristics of groups were compared with independent T-tests 

and Chi-square tests. Single and partial analyses were used to investigate associations 

between L-arginine, L-citrulline, ADMA and SDMA with ambulatory BP measurements and 

markers of end organ damage (while adjusting for confounders).  We plotted quartiles of 

eCCR (log) against L-citrulline, separately for gender and ethnicity. Analysis of covariance 

(ANCOVA) was used for comparison of variables between groups to determine significant 

differences, while adjusting for confounders. Forward stepwise multiple regression analyses 

were performed to determine if independent associations exist between ambulatory BP 
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measurements or markers of end organ damage with either L-arginine, L-citrulline, ADMA or 

SDMA as main independent variable. Other independent variables included: age, BMI, 

ambulatory systolic BP, GGT, cotinine, CRP, glucose, cholesterol, physical activity energy 

expenditure and anti-hypertensive medication. 

 

RESULTS 

Characteristics of the study population are shown in Table 1. Overall, the cardiovascular 

profile of the Africans was unfavourable compared to that of the Caucasians. This was 

reflected by their higher ambulatory BP, pulse pressure and Cornell Product (all p values 

≤0.05). Additionally, this profile also seems to affect renal function, as ACR was also higher 

in the Africans (p <0.001) with no difference in eCCR between the groups. In contrast, the 

Africans had a better lipid profile (total cholesterol/HDL (p=0.003)), but their exposure to 

modifiable risk factors was higher as seen in the significantly higher GGT and cotinine levels 

(all p values <0.001). 

 

The NO bio-availability markers such as L-arginine and L-citrulline were higher in the 

Africans (all p values <0.05), while the inhibitors of NO biosynthesis, such as ADMA and 

SDMA were significantly lower in the Africans (p=0.046; p<0.001, respectively). Separate 

analysis for normotensive, hypertensive, male, female and ethnic grouping in gender, as well 

as unadjusted correlations of age and BP with markers of NO bio-availability were performed 

in Appendix A. 
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Table 1: Characteristics of the study population 

 Africans (n=181) Caucasians (n=209) P 

Age, years 
Gender, men/women 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

44.3 ± 8.21 
88/93 

 
 

1.64 ± 0.09 
79.8 (56.2; 113) 

30.3 ± 7.09 
92.5 (70.0; 120) 

 
 

133 ± 16.5 
83.2 ± 11.0 
50.0 ± 9.19 
124 ± 17.7 
73.8 ± 12.2 
79.7 ± 10.7 
101 ± 28.0 
6.83 ± 1.86 
1.02 ± 0.39 
1.87 ± 0.42 
0.69 ± 0.13 

58.6 (19.1; 146) 
137 (68.5) 

 
 

4.60 (0.65; 33.8) 
5.42 (3.92; 10.5) 
4.50 (2.93; 6.47) 
1.09 (0.66; 1.72) 

4.44 ± 2.10 
1.41 ± 1.31 

74.2 (54.2; 102) 
8.37 (2.85; 20.6) 

 
 

99.8 ± 26.7 
67.7 (19.0; 140) 
0.64 (0.43; 0.95) 

0.42 ± 0.12 
91.6 (57.1; 147) 

389 ± 73.7 
906 ± 185 

 
 

1.10 (0.36; 5.06) 
116 (73.5; 189) 

 
 

43 (21.5) 

44.9 ± 10.9 
101/108 

 
 

1.74 ± 0.10 
81.4 (55.9; 125) 

27.6 ± 5.94 
91.6 (70.7; 122) 

 
 

124 ± 12.0 
76.6 ± 8.04 
47.5 ± 7.40 
113 ± 13.6 
66.5 ± 8.68 
73.6 ± 10.2 
97.7 ± 24.3 
6.43 ± 1.94 
1.04 ± 0.52 
2.09 ±0.53 
0.64 ± 0.12 

42.3 (15.5; 102) 
102 (48.8) 

 
 

2.03 (0.99; 9.00) 
5.62 (4.70; 6.90) 
5.40 (3.80; 8.10)  
1.14 (0.64; 1.97) 

4.99 ± 1.62 
1.20 ± 0.76 

72.6 (54.0; 100) 
10.4 (3.00; 30.7) 

 
 

94.4 ± 23.6 
53.2 (19.0; 146) 
0.67 (0.46; 0.94) 

0.53 ±0.12 
86.7 (57.4; 137) 

437 ± 108 
820 ± 173 

 
 

0.33 (0.09; 1.88) 
120 (72.7; 205) 

 
 

18 (8.61) 

0.53 
0.95 

 
 

<0.001 
0.14 

<0.001 
0.59 

 
 

<0.001 
<0.001 
0.004 

<0.001 
<0.001 
<0.001 

0.14 
0.039 
0.60 

<0.001 
0.001 

<0.001 
<0.001 

 
 

<0.001 
0.08 

<0.001 
0.21 

0.003 
0.042 

<0.001 
0.002 

 
 

0.032 
<0.001 
0.046 

<0.001 
0.054 

<0.001 
<0.001 

 
 
<0.001 

0.29 
 
 
<0.001 
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 Africans (n=181) Caucasians (n=209) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

2 (1.00) 
16 (8.00) 

 
 

2580 (1710; 4067) 
 

147 (73.5) 
42 (21.0) 
11 (5.50) 

0.02 (0.00; 151) 
34 (17.0) 

46.7 (19.9; 184) 
44 (24.3) 

9 (4.31) 
12 (5.74) 

 
 

2942 (1917; 4419) 
 

104 (50.0) 
78 (37.5) 
26 (12.5) 

0.01 (0.00; 210) 
29 (13.9) 

19.3 (7.00; 76.0) 
102 (49.0) 

0.039 
0.37 

 
 

<0.001 
 

<0.001 
<0.001 
<0.001 
<0.001 

0.39 
<0.001 
<0.001 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 

 

 

Unadjusted correlations were performed between markers of NO bio-availability (L-arginine, 

L-citrulline, ADMA and SDMA) and cardiovascular measurements (Table 2). 

 

Renal function and L-citrulline 

We found significant unadjusted negative associations between L-citrulline and eCCR in all 

four subgroups: African men (r=-0.27; p=0.013), African women (r=-0.24; p=0.021), 

Caucasian men (r=-0.21; p=0.044) and Caucasian women (r=-0.28; p=0.003) (Table 2). In 

exploratory analyses (Figure 2) we plotted eCCR by quartiles of L-citrulline, while adjusting 

for age, body mass index and anti-hypertensive medication. The African women and 

Caucasian men showed significantly lower eCCR with increasing levels of L-citrulline 

(p=0.017; p=0.037, respectively). Additionally, eCCR of the lowest L-citrulline quartile was 

significantly higher than the eCCR of the fourth quartile for African men (p<0.001), African 

women (p=0.010) and Caucasian women (p<0.001). We further examined this association in 

a forward stepwise multiple regression analysis (Table 4) with eCCR as the dependant 

variable. This association of eCCR with L-citrulline was confirmed to be independent in all 
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groups: African men (R2=0.46; β=-0.23; p=0.006), African women (R2=0.68; β= -0.12; 

p=0.046), Caucasian men (R2=0.62; β= -0.24; p<0.001) and Caucasian women (R2=0.72; 

β=0.13; p=0.029).  

 

Table 2: Unadjusted correlations of blood pressure and markers of end organ damage with 

markers of NO bio-availability 

1
p<0.05 and 

2
p=0.05-0.10. ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; 

BP, blood pressure; eCCR, estimated creatinine clearance; ACR, albumin-to-creatinine ratio.   

 

 L-arginine L-citrulline ADMA SDMA 

African men (N= 74)     

 Night-time systolic BP, mmHg  0.291 0.202  

 Night-time diastolic BP, mmHg  0.231 0.212  

 Carotid intima media thickness, mm     

 eCCR (log), mL/min  -0.271   

 ACR (log), mg/mmol  0.102   

 Cornell product (log), mV.ms      

African women (N=75)     

 Night-time systolic BP, mmHg     

 Night-time diastolic BP, mmHg     

 Carotid intima media thickness, mm  0.301   

 eCCR (log), mL/min   -0.241 0.202  

 ACR (log), mg/mmol     

 Cornell product (log), mV.ms     

Caucasian men (N=81)     

 Night-time systolic BP, mmHg 0.341  0.341  

 Night-time diastolic BP, mmHg 0.271  0.251 0.221 

 Carotid intima media thickness, mm   0.192  

 eCCR (log), mL/min  0.261 -0.211 0.192 -0.301 

 ACR (log), mg/mmol   0.361  

 Cornell product (log), mV.ms     

Caucasian women (N=85)     

 Night-time systolic BP, mmHg     

 Night-time diastolic BP, mmHg     

 Carotid intima media thickness, mm  0.351  0.182 

 eCCR (log), mL/min   -0.281  -0.261 

 ACR (log), mg/mmol     

 Cornell product (log), mV.ms  0.202   
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Figure 2: Estimated creatinine clearance according to quartiles of L-citrulline (adjusted for age, body 

mass index and hypertensive medication).        

*Significant difference (p<0.05) between African and Caucasian participants within the same quartile. 
†
Significant difference (p<0.05) between quartile 1 and 4 within the same ethnic group. 

 

Positive associations between night-time blood pressure and L-citrulline in the African men 

(night time SBP (p=0.011) and night-time DBP (p=0.048)) and cIMT in the African and 

Caucasian women (p=0.004; p<0.001) were only present before adjustments were made 

(Table 2).  

 

Various other significant associations were also present in our unadjusted analyses, 

including an association in the Caucasian men between night-time DBP and L-arginine 

(p=0.014) and ADMA (p=0.023) and eCCR with L-arginine (p=0.013). After full adjustments 

all of these associations lost significance. However, the positive correlation between night-

time SBP and L-arginine (p=0.002) and the correlation between night-time DBP and SDMA 

(p=0.044) in the Caucasian men remained in our forward stepwise multiple regression model 

(data not shown). 
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Renal function and ADMA 

In Caucasian men we found that ADMA correlated with ACR (r=0.36; p=0.001), night-time 

SBP (r=0.34; p=0.002) and night-time DBP (r=0.25; p=0.023) with single linear regression 

analyses (Table 2). A similar trend was shown in African men with night-time SBP (p=0.089) 

and night-time DBP (p=0.078), respectively. In Caucasian men these associations remained 

after adjustments for age and BMI (Table 3), (except for night-time DBP). After these 

adjustments a negative association between eCCR and ADMA became evident in the 

African men (r=-0.24; p=0.025) (Table 3) and remained significant in the forward stepwise 

multiple regression analysis (R2=0.44; β= -0.18; p=0.034) (Table 4). These associations 

were absent in women.    

 

Table 3: Partial correlations of blood pressure and markers of renal function with ADMA 

(adjusted for age and body mass index)  

ADMA Night-time SBP Night-time DBP eCCR  ACR 

African men r=0.11; p=0.31 r=0.11; p=0.30 r=-0.24; p=0.025 r=0.06; p=0.58 

Caucasian men r=0.23; p=0.028 r=0.18; p=0.09 r=-0.13; p=0.22 r=0.32; p=0.002 

African women r=0.06; p=0.58 r=-0.02; p=0.87 r=0.17; p=0.11 r=-0.16; p=0.14 

Caucasian women r=0.02; p=0.85 r=0.08; p=0.41 r=-0.10; p=0.31 r=0.02; p=0.83 

ADMA, asymmetric dimethylarginine; NSBP, night-time systolic blood pressure; NDBP, night-time 

diastolic blood pressure; eCCR, estimated creatinine clearance and ACR, albumin-to-creatinine ratio.  

 

Renal function and SDMA 

In the Caucasian men and women unadjusted correlations indicated that eCCR linked 

negatively with SDMA before adjustments (r=-0.33; p=0.003 and r=-0.26; p=0.006, 

respectively) (Table 2). This phenomenon was confirmed in partial and forward stepwise 

multiple regression analysis in Caucasian men (R2=0.75; β= -0.27; p<0.001) and women 

(R2=0.73; β= -0.21; p<0.001), while no associations were found in the Africans (Table 4).  
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Table 4: Forward stepwise multiple regressions with estimated creatinine clearance as 

dependant variable.  

Estimated creatinine clearance 

Main independant variable        Adjusted R2              β-value (±S.E)                p-value 

L-Citrulline, µmol/L    

 African men 0.46 -0.23 ± 0.08 0.006 

 Caucasian men 0.68 -0.12 ± 0.06 0.046 

 African women 0.62 -0.24 ± 0.07 <0.001 

 Caucasian women 0.72 -0.13 ± 0.06 0.029 

ADMA, mmol/L    

 African men 0.44 -0.18 ± 0.08 0.034 

 Caucasian men - - - 

 African women - - - 

 Caucasian women - - - 

SDMA, mmol/L    

 African men - - - 

 Caucasian men 0.75 -0.27 ± 0.05 <0.001 

 African women - - - 

 Caucasian women 0.73 -0.21 ± 0.05 <0.001 

ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine. Variables included in the 

models were: age, body mass index, ambulatory systolic blood pressure, gamma glutamyl 

transferase, cotinine, C-reactive protein, glucose, cholesterol physical activity energy expenditure and 

anti-hypertensive medication with either L-citrulline, asymmetric dimethylarginine or symmetric 

dimethylarginine in the model as main independent variables.  
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DISCUSSION 

In this study we compared markers of nitric oxide bio-availability (including L-arginine, L-

citrulline, ADMA and SDMA) and cardiovascular measurements in African and Caucasian 

school teachers from South Africa. We also explored the associations of nitric oxide bio-

availability markers with ambulatory blood pressure and markers of end organ damage.  

 

The first key finding of our study was a significant negative independent relationship 

between estimated creatinine clearance and L-citrulline in all four sub-groups. This 

implicates that renal function may be detrimentally affected by L-citrulline concentrations. 

Substances that are eliminated by the kidney are based on renal creatinine clearance in 

renal dysfunction patients (39). However, since creatinine is mainly eliminated via the 

glomeruli, creatinine clearance is often used to estimate the glomerular filtration rate (GFR) 

(40). There are several studies confirming a negative association between L-citrulline and 

renal function (40-46).  

 

L-citrulline is synthesised in the intestines (47), thereafter reabsorbed by the kidneys via 

organic anionic and organic cationic transporters (40), where L-arginine is released through 

enzymes such as argininosuccinate synthetase and argininosuccinate lyase, exclusively in 

the proximal convoluted tubule. This transformation is increased when GFR falls below 60 

ml/min (48-50). Thus, impaired kidney function will result in increased L-citrulline (51). L-

arginine is known to reverse hypertension by restoring endothelium dependant 

vasodilatation and to enhance kidney function (9,14). L-citrulline supplementation can also 

be used as a substitute for L-arginine, since orally L-citrulline bypasses the hepatic 

metabolism and is therefore more effective than L-arginine in treating cardiovascular 

diseases (52). Thus, from the literature it seems that increased L-citrulline should be 

beneficial.  
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However, as previously said, L-citrulline is reabsorbed by the kidneys via organic anionic 

and organic cationic transporters (40). These transporters are important for uptake of 

substances from the blood to the epithelial cells, thus in the direction of the tubular secretion 

(53,54). When renal dysfunction occurs, the expression of proteins and mRNA of these 

organic anion transporters and organic cation transporters, at the basolateral membranes of 

tubular epithelial cells decreases and this may contribute to the increase in plasma 

concentrations of L-citrulline, since L-citrulline cannot be absorbed by the kidneys from the 

blood (40,55-57). This was typically found in chronic renal disease patients (40,55-57). 

Bouby et al. explain this increased L-citrulline turnover by peripheral adaptation, which 

maintains a constant rate of arginine synthesis by enabling a reduced mass of tissue in the 

kidneys (43).  

 

The individuals of our study had estimated creatinine clearance rates of 116 (73.5; 189) and 

120 (72.7; 205) ml/min for Africans and Caucasians, respectively. Despite being in normal 

ranges of >90 ml/min (58), 69% of African and 49% of Caucasian participants were 

hypertensive, based on ABPM. This may indicate that a large percentage may have early 

stages of subclinical renal dysfunction and that the negative association between glomerular 

filtration rate and L-citrulline represents weakened endothelial function in the glomeruli. This 

may especially be true in the African group who had significantly increased albumin-to-

creatinine ratio compared to their Caucasian counterparts.  

 

Our second key finding is a link between renal function and the endogenous NOS inhibitor, 

ADMA. Albumin-to-creatinine ratio showed a significantly positive correlation with ADMA in 

the Caucasian men and negatively with estimated creatinine clearance in the African men. 

This finding is not surprising, since ADMA is known for its inhibitory effect on nitric oxide 

synthase in a variety of cardiovascular diseases and renal dysfunction (12,20,25,26). 

However, this trend was absent in the African and Caucasian women. 
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Several studies have found increased ADMA levels in patients with chronic renal failure 

(59,60). Then again, they found associations with ADMA and cystatin C (another marker of 

renal disease/failure) (59), whereas in our study we found associations of ADMA with eCCR 

and ACR. According to Böger et al. patients with chronic kidney disease have the highest 

risk for the development of cardiovascular disease (61). This leads to the assumption that 

ADMA may contribute to endothelial dysfunction (59), hypertension and renal dysfunction 

(25,59,62). In addition, there is a strong relation between serum creatinine and the risk for 

the development of cardiovascular diseases (59). As mentioned earlier, this is confirmed in 

our results where the Africans had higher albumin-to-creatinine ratio and higher blood 

pressure, thus indicating that the Africans in our study may be more likely to develop organ 

damage, despite having lower ADMA levels than the Caucasians. In spite of this, our 

Caucasian men also showed increased ADMA levels in association with renal dysfunction 

and this is confirmed by Wang et al. who found increased ADMA levels in hypertensive 

Caucasian subjects (63).  

 

Although ADMA is partially excreted by the kidneys, several studies show no associations 

between GFR, creatinine clearance and ADMA (12,64-66). ADMA is mainly eliminated from 

the body by enzymatic degradation through dimethylarginine dimethylaminohydrolase 

(DDAH), which is present in the kidneys (67). During decreased renal excretory function, 

DDAH activity also decreases, which results in increased ADMA levels (67). This could be 

the reason for the unexpectedly lower ADMA levels in our African participants compared to 

the Caucasians (67). Africans also had a significantly higher albumin-to-creatinine ratio, 

which indicates glomerular endothelial dysfunction (68). It is, however, not clear why our 

results were gender specific and absent in women, but we could speculate that the female 

sex hormones may play a part in protecting the endothelium (69).  
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Our last prominent finding was a strong negative association between estimated creatinine 

clearance and SDMA, which was only present in the Caucasian men and women. This 

phenomenon is confirmed by several studies where it was found in both hypertensive 

children and adults, especially in Caucasians (63,70). SDMA can only be eliminated by the 

kidneys (61). SDMA is therefore an important risk marker for the early detection of renal 

dysfunction (71), since it is increased in patients with chronic renal failure, (71-75) despite 

the fact that some studies found no associations (76,77).   

 

No associations between renal function and SDMA were seen in the Africans and this is also 

confirmed in a study done by Schutte et al. (78). It is not clear why this relationship was 

absent in Africans. It seems that other mechanisms than the effects of SDMA may be 

responsible for the more unfavourable cardiovascular profile of the African population.  

 

The limitations of this study were firstly, the relatively small sizes of the subject groups, but 

the groups were still large enough to ensure statistical reliability. Our population is not 

representative of the entire South African population, since we only included teachers from 

the North-West Province. Secondly, although the results were consistent after multiple 

adjustments, we cannot exclude residual confounding. Thirdly, nitric oxide and ornithine (part 

of the urea cycle) measurements would have strengthened our results. Another marker, 

which would have been useful, is Cystatin-C, to represent renal function more clearly. Lastly, 

because of the cross-sectional study design, all results are based on associations: therefore 

we cannot predict cause and effect. 

 

In conclusion, although Africans presented a more vulnerable cardiovascular profile 

(elevated blood pressure and impaired renal function), we found a consistent negative 

association between renal function and L-citrulline in all participants, which had only been 

reported previously in patients with chronic renal disease. Additionally we found a gender-
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specific link between renal function and ADMA in African and Caucasian men. Our results 

may indicate that markers of NO bio-availability may be associated with early changes in 

renal function, accompanying elevated blood pressure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 

 

ACKNOWLEDGEMENTS 

The Sympathetic activity and Ambulatory Blood Pressure in Africans (SABPA) study was 

possible due to the voluntary participation of the teachers and the Department of Education, 

North-West Province, South Africa. The authors thank and acknowledge the technical 

assistance of Mrs. Tina Scholtz, Sr. Chrissie Lessing and Dr. Szabolcs Péter. Research 

included in the present study was partially funded by the National Research Foundation, 

South Africa; the North-West University, South Africa; and the Metabolic Syndrome Institute, 

France. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

REFERENCES 

(1) Guarner-Lans V, Rubio-Ruiz ME, Pérez-Torres I, Baños de MacCarthy G. Relation of 

aging and sex hormones to metabolic syndrome and cardiovascular disease. Exp Gerontol 

2011; 46: 517-523.  

(2) Van Trijp MJCA, Uiterwaal CSPM, Bos WJW, Oren A, Grobbee DE, Bots ML. 

Noninvasive Arterial Measurements of Vascular Damage in Healthy Young Adults: Relation 

to Coronary Heart Disease Risk. Ann Epidemiol 2006; 16: 71-77.  

(3) Kizhakekuttu TJ, Widlansky ME. Natural antioxidants and hypertension: promise and 

challenges. Cardiovasc ther 2010; 28: 20-32.  

(4) Alberts M, Urdal P, Steyn K, et al. Prevalence of cardiovascular diseases and associated 

risk factors in a rural black population of South Africa. Eur J Cardiovasc Prev Rehabil 2005; 

12: 347-354.  

(5) Yach D, Hawkes C, Gould CL, Hofman KJ. The global burden of chronic diseases. JAMA 

2004; 291: 2616-2622.  

(6) Sliwa K, Wilkinson D, Hansen C, et al. Spectrum of heart disease and risk factors in a 

black urban population in South Africa (the Heart of Soweto Study): a cohort study. Lancet  

2008; 371: 915-922.  

(7) Mensah GA, Mokdad AH, Ford ES, Greenlund KJ, Croft JB. State of disparities in 

cardiovascular health in the United States. Circulation 2005; 111: 1233-1241.  

(8) Wilcox CS. Oxidative stress and nitric oxide deficiency in the kidney: a critical link to 

hypertension? Am J Physiol Regul Integr Comp Physiol 2005; 289: 913-935.  



83 

 

(9) Baylis C. Nitric oxide deficiency in chronic kidney disease. Am J Physiol Ren Physiol 

2008; 294: 1-9.  

(10) Glyn M, Anderssohn M, Lüneburg N, et al. Ethnicity-specific differences in L-arginine 

status in South African men. J Hum Hypertens 2011; doi: 10.1038/jhh.2011.103. 

(11) Schutte AE, Schutte R, Huisman HW, et al. Dimethylarginines: their vascular and 

metabolic roles in Africans and Caucasians. EurJ Endocrinol 2010; 162: 525-533.  

(12) Melikian N, Wheatcroft SB, Ogah OS, et al. Asymmetric dimethylarginine and reduced 

nitric oxide bio-availability in young Black African men. Hypertension 2007; 49: 873-877.  

(13) Anderssohn M, Schwedhelm E, Lüneburg N, Vasan RS, Böger RH. Asymmetric 

dimethylarginine as a mediator of vascular dysfunction and a marker of cardiovascular 

disease and mortality: an intriguing interaction with diabetes mellitus. Diab Vasc Dis Res 

2010; 7: 105-118.  

(14) Böger RH. Asymmetric dimethylarginine (ADMA) and cardiovascular disease: insights 

from prospective clinical trials. Vasc Med 2005; 10: 19-25.  

(15) McKnight JR, Satterfield MC, Jobgen WS, et al. Beneficial effects of L-arginine on 

reducing obesity: potential mechanisms and important implications for human health. Amino 

Acids 2010; 39: 349-357.  

(16) Mori M, Gotoh T, Nagasaki A, Takiguchi M, Sonoki T. Regulation of the urea cycle 

enzyme genes in nitric oxide synthesis. J Inherit Metab Dis 1998; 21: 59-71.  

(17) Morris Jr SM. Regulation of enzymes of urea and arginine synthesis. Annu Rev Nutr 

1992; 12: 81-101.  



84 

 

(18) Miyazaki H, Matsuoka H, Cooke JP, et al. Endogenous nitric oxide synthase inhibitor: a 

novel marker of atherosclerosis. Circulation 1999; 99: 1141-1146.  

(19) Teerlink T. ADMA metabolism and clearance. Vasc Med 2005; 10: 73-81.  

(20) Antoniades C, Shirodaria C, Leeson P, et al. Association of plasma asymmetrical 

dimethylarginine (ADMA) with elevated vascular superoxide production and endothelial nitric 

oxide synthase uncoupling: implications for endothelial function in human atherosclerosis. 

Eur Heart J 2009; 30: 1142-1150.  

(21) Vallance P. Importance of asymmetrical dimethylarginine in cardiovascular risk. Lancet 

2001; 358: 2096-2097.  

(22) Kielstein JT, Bode-Böger SM, Frölich JC, Ritz E, Haller H, Fliser D. Asymmetric 

dimethylarginine, blood pressure, and renal perfusion in elderly subjects. Circulation 2003; 

107: 1891-1895.  

(23) Böger RH, Bode-Böger SM, Szuba A, et al. Asymmetric dimethylarginine (ADMA): a 

novel risk factor for endothelial dysfunction: its role in hypercholesterolemia. Circulation 

1998; 98: 1842-1847.  

(24) Stühlinger MC, Oka RK, Graf EE, et al. Endothelial dysfunction induced by 

hyperhomocystinemia. Circulation 2003; 108: 933-938.  

(25) Achan V, Broadhead M, Malaki M, et al. Asymmetric dimethylarginine causes 

hypertension and cardiac dysfunction in humans and is actively metabolized by 

dimethylarginine dimethylaminohydrolase. Arterioscler Thromb Vasc Biol 2003; 23: 1455-

1459.  



85 

 

(26) Chirinos JA, David R, Bralley JA, et al. Endogenous Nitric Oxide Synthase Inhibitors, 

Arterial Hemodynamics, and Subclinical Vascular Disease. Hypertension 2008; 52: 1051-

1059.  

(27) Teerlink T, Luo Z, Palm F, Wilcox CS. Cellular ADMA: regulation and action. Pharmacol 

Res 2009; 60: 448-460.  

(28) O'Brien E, Coats A, Owens P, et al. Use and interpretation of ambulatory blood 

pressure monitoring: recommendations of the British Hypertension Society. BMJ 2000; 320: 

1128-1134.  

(29) Mancia G, De Backer G, Dominiczak A, et al. 2007 Guidelines for the management of 

arterial hypertension The Task Force for the Management of Arterial Hypertension of the 

European Society of Hypertension (ESH) and of the European Society of Cardiology (ESC). 

Eur Heart J 2007; 28: 1462-1536.  

(30) Julius S, Alderman MH, Beevers G, et al. Cardiovascular risk reduction in hypertensive 

black patients with left ventricular hypertrophy: the LIFE study. J Am Coll Cardiol 2004; 43: 

1047-1055.  

(31) Imholz BPM, Wieling W, Van Montfrans GA, Wesseling KH. Fifteen years experience 

with finger arterial pressure monitoring: assessment of the technology. Cardiovasc Res 

1998; 38: 605-616.  

(32) Touboul PJ, Hennerici M, Meairs S, et al. Mannheim carotid intima-media thickness 

consensus (2004–2006). Cerebrovasc Dis 2006; 23: 75-80.  

(33) Norton K, Olds T. Anthropometrica: a textbook of body measurement for sports and 

health courses. University of New South Wales Press: Sydney, 1996.  



86 

 

(34) Schwedhelm E, Tan-Andresen J, Maas R, Riederer U, Schulze F, Böger RH. Liquid 

chromatography–tandem mass spectrometry method for the analysis of asymmetric 

dimethylarginine in human plasma. Clin Chem 2005; 51: 1268-1271.  

(35) Schwedhelm E, Maas R, Tan-Andresen J, Schulze F, Riederer U, Böger RH. High-

throughput liquid chromatographic-tandem mass spectrometric determination of arginine and 

dimethylated arginine derivatives in human and mouse plasma. J Chromatogr B 2007; 851: 

211-219.  

(36) Hayashi I, Morishita Y, Imai K, Nakamura M, Nakachi K, Hayashi T. High-throughput 

spectrophotometric assay of reactive oxygen species in serum. Mutat Res 2007; 631: 55-61.  

 (37) Benzie IFF, Strain J. The ferric reducing ability of plasma (FRAP) as a measure of 

“antioxidant power”: the FRAP assay. Anal Biochem 1996; 239: 70-76.  

(38) Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. 

Nephron 1976; 16: 31-41.  

(39) Dettli L. Drug dosage in renal disease. Clin Pharmacokinet 1976; 1: 126-134.  

(40) Nakakariya M, Shima Y, Shirasaka Y, Mitsuoka K, Nakanishi T, Tamai I. Organic anion 

transporter OAT1 is involved in renal handling of citrulline. Am J Physiol Ren Physiol 2009; 

297: 71-79.  

(41) Kihlberg R, Sterner G, Wennberg A, Denneberg T. Plasma free amino acid levels in 

uremic rats given high and low protein diets or intravenous infusions of amino acid solutions. 

J Nutr 1982; 112: 2058-2070.  

(42) Lau T, Owen W, Yu YM, et al. Arginine, citrulline, and nitric oxide metabolism in end-

stage renal disease patients. J Clin Invest 2000; 105: 1217-1278.  



87 

 

(43) Bouby N, Hassler C, Parvy P, Bankir L. Renal synthesis of arginine in chronic renal 

failure: in vivo and in vitro studies in rats with 5/6 nephrectomy. Kidney Int 1993; 44: 676-

676.  

(44) Chauveau P, Chadefaux B, Coude M, et al. Increased plasma homocysteine 

concentration in patients with chronic renal failure. Miner Electrolyte Metab 1992; 18: 196-

198.  

(45) Kopple JD. Abnormal amino acid and protein metabolism in uremia. Kidney Int 1978; 

14: 340-348.  

(46) Levillain O, Parvy P, Hassler C. Amino acid handling in uremic rats: citrulline, a reliable 

marker of renal insufficiency and proximal tubular dysfunction. Metab Clin Exp 1997; 46: 

611-618.  

(47) Schwartz D, Peterson OW, Mendonca M, Satriano J, Lortie M, Blantz RC. Agmatine 

affects glomerular filtration via a nitric oxide synthase-dependent mechanism. Am J Physiol 

Ren Physiol 1997; 272: 597-601.  

(48) Noordally SO, Sohawon S, Semlali H, Michely D, Devriendt J, Gottignies P. Is There a 

Correlation Between Circulating Levels of Citrulline and Intestinal Dysfunction in the Critically 

Ill? Nutr Clin Pract 2012; 27: 527-532.  

(49) Wu G, Morris Jr SM. Arginine metabolism: nitric oxide and beyond. Biochem J 1998; 

336: 1-17.  

(50) Yu YM, Burke JF, Tompkins RG, Martin R, Young VR. Quantitative aspects of 

interorgan relationships among arginine and citrulline metabolism. Am J Physiol Endocrinol 

Metab 1996; 271: 1098-1109.  



88 

 

(51) Moinard C, Cynober L. Citrulline: a new player in the control of nitrogen homeostasis. J 

Nutr 2007; 137: 1621-1625.  

(52) Romero MJ, Platt DH, Caldwell RB, Caldwell RW. Therapeutic use of citrulline in 

cardiovascular disease. Cardiovasc Drug Rev 2006; 24: 275-290.  

(53) Sato M, Iwanaga T, Mamada H, et al. Involvement of uric acid transporters in alteration 

of serum uric acid level by angiotensin II receptor blockers. Pharm Res 2008; 25: 639-646.  

(54) Hasegawa M, Kusuhara H, Endou H, Sugiyama Y. Contribution of organic anion 

transporters to the renal uptake of anionic compounds and nucleoside derivatives in rat. J 

Pharmacol Exp Ther 2003; 305: 1087-1097.  

(55) Deguchi T, Takemoto M, Uehara N, Lindup WE, Suenaga A, Otagiri M. Renal clearance 

of endogenous hippurate correlates with expression levels of renal organic anion 

transporters in uremic rats. J Pharmacol Exp Ther 2005; 314: 932-938.  

(56) Schneider R, Sauvant C, Betz B, et al. Downregulation of organic anion transporters 

OAT1 and OAT3 correlates with impaired secretion of para-aminohippurate after ischemic 

acute renal failure in rats. Am J Physiol Ren Physiol 2007; 292: 1599-1605.  

(57) Sakurai Y, Motohashi H, Ueo H, et al. Expression levels of renal organic anion 

transporters (OATs) and their correlation with anionic drug excretion in patients with renal 

diseases. Pharm Res 2004; 21: 61-67.  

(58) Winearls C, Haynes R, Glassock R. CKD Staging-evolution not revolution. Nefrología 

2010; 30: 493-500.  

(59) Sydow K, Fortmann SP, Fair JM, et al. Distribution of asymmetric dimethylarginine 

among 980 healthy, older adults of different ethnicities. Clin Chem 2010; 56: 111-120.  



89 

 

(60) Vallance P, Leiper J. Cardiovascular biology of the asymmetric dimethylarginine: 

dimethylarginine dimethylaminohydrolase pathway. Arterioscler Thromb Vasc Biol 2004; 24: 

1023-1030.  

(61) Bode-Böger SM, Scalera F, Kielstein JT, et al. Symmetrical dimethylarginine: a new 

combined parameter for renal function and extent of coronary artery disease. J Am Soc 

Nephrol 2006; 17: 1128-1134.  

(62) Pullamsetti S, Kiss L, Ghofrani HA, et al. Increased levels and reduced catabolism of 

asymmetric and symmetric dimethylarginines in pulmonary hypertension. FASEB J 2005; 19: 

1175-1177.  

(63) Wang D, Strandgaard S, Iversen J, Wilcox CS. Asymmetric dimethylarginine, oxidative 

stress, and vascular nitric oxide synthase in essential hypertension. Am J Physiol Regul 

Integr Comp Physiol 2009; 296: 195-200.  

(64) Kielstein JT, Donnerstag F, Gasper S, et al. ADMA increases arterial stiffness and 

decreases cerebral blood flow in humans. Stroke 2006; 37: 2024-2029.  

(65) Nijveldt RJ, van Leeuwen PAM, van Guldener C, Stehouwer CDA, Rauwerda JA, 

Teerlink T. Net renal extraction of asymmetrical (ADMA) and symmetrical (SDMA) 

dimethylarginine in fasting humans. Nephrol Dial Transpl 2002; 17: 1999-2002.  

(66) Schmidt RJ, Baylis C. Total nitric oxide production is low in patients with chronic renal 

disease1. Kidney Int 2000; 58: 1261-1266.  

(67) Kielstein JT, Salpeter SR, Bode-Böger SM, Cooke JP, Fliser D. Symmetric 

dimethylarginine (SDMA) as endogenous marker of renal function—a meta-analysis. 

Nephrol Dial Transpl 2006; 21: 2446-2451.  



90 

 

(68) Weir MR. Microalbuminuria and cardiovascular disease. Clin J Am Soc Nephrol 2007; 2: 

581-590.  

(69) Ahmed SB, Fisher NDL, Hollenberg NK. Gender and the renal nitric oxide synthase 

system in healthy humans. Clin J Am Soc Nephrol 2007; 2: 926-931.  

(70) Goonasekera CDA, Rees DD, Woolard P, Frend A, Shah V, Dillon MJ. Nitric oxide 

synthase inhibitors and hypertension in children and adolescents. J Hypertens 1997; 15: 

901-909.  

(71) Kielstein JT, Veldink H, Martens-Lobenhoffer J, et al. SDMA is an early marker of 

change in GFR after living-related kidney donation. Nephrol Dial Transpl 2011; 26: 324-328.  

(72) Fleck C, Janz A, Schweitzer F, Karge E, Schwertfeger M, Stein G. Serum 

concentrations of asymmetric (ADMA) and symmetric (SDMA) dimethylarginine in renal 

failure patients. Kidney Int 2001; 59: 14-18.  

(73) Fliser D, Kronenberg F, Kielstein JT, et al. Asymmetric dimethylarginine and 

progression of chronic kidney disease: the mild to moderate kidney disease study. J Am Soc 

Nephrol 2005; 16: 2456-2461.  

(74) Al Banchaabouchi M, Marescau B, Possemiers I, D'Hooge R, Levillain O, De Deyn P. N 

G, N G-Dimethylarginine and N G, N'G-dimethylarginine in renal insufficiency. Pflügers Arch 

2000; 439: 524-531.  

(75) Nijveldt R, Teerlink T, Van Der Hoven B, et al. Asymmetrical dimethylarginine (ADMA) 

in critically ill patients: high plasma ADMA concentration is an independent risk factor of ICU 

mortality. Crit Care 2003; 22: 23-30.  

(76) Yu X, Li Y, Xiong Y. Increase of an endogenous inhibitor of nitric oxide synthesis in 

serum of high cholesterol fed rabbits. Life Sci 1994; 54: 753-758.  



91 

 

(77) Zoccali C, Bode-Böger SM, Mallamaci F, et al. Plasma concentration of asymmetrical 

dimethylarginine and mortality in patients with end-stage renal disease: a prospective study. 

Lancet 2001; 358: 2113-2117.  

(78) Schutte AE, Huisman HW, Schutte R, et al. Arterial Stiffness Profiles: Investigating 

Various Sections of the Arterial Tree of African and Caucasian People. Clin Exp Hypertens 

2011; 33: 511-517. 

 



92 

 

 

CHAPTER 4 

General findings and 

conclusions 

 

 

 

 

 

 



93 

 

INTRODUCTION   

The main findings of this study are summarised in this chapter. The results will be compared 

to relevant literature, discussed and recommendations will be made for future investigation 

on the relationship between markers of nitric oxide (NO) bio-availability, ambulatory blood 

pressure (AMBP) and end organ damage in Africans and Caucasians. 

         

DISCUSSION OF MAIN FINDINGS AND COMPARISON WITH THE 

LITERATURE 

This study aimed to compare markers of NO bio-availability (L-arginine, L-citrulline, 

asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA)) with ABPM 

and markers of end organ damage (carotid intima media thickness (cIMT), Cornell product 

and renal function (albumin-to-creatinine ratio and estimated creatinine clearance)) in African 

and Caucasian school teachers.   

 

Our main results consisted of three key findings, which will be discussed when viewing our 

four original hypotheses, as indicated in Chapter 2, page 36. 

 

First hypothesis: L-arginine, L-citrulline, ADMA and SDMA levels differ between Africans 

and Caucasians, with Africans having lower L-arginine and L-citrulline and higher ADMA and 

SDMA levels than Caucasians. 

 

If deficiencies of L-arginine occur (1), NO availability decreases which results in diminished 

endothelial function (2). This can lead to the development of hypertension and 

cardiovascular disease (2-4). The Africans in our study had a more vulnerable blood 

pressure profile, thus we expected that they should have lower L-arginine and L-citrulline 

and higher ADMA and SDMA levels than Caucasians. However, we were surprised to find 
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higher L-arginine and L-citrulline and lower ADMA and SDMA in the African population, 

which is in contrast to many other studies. In an African population with lower socio-

economic status, Glyn et al. found lower L-arginine in African men, with higher blood 

pressure than in the Caucasian men (5). Another study found higher ADMA levels in 

Africans when compared to Europeans (6).  

 

NO is formed from an enzyme reaction catalysed by nitric oxide synthase (NOS) from L-

arginine as substrate (7). L-citrulline is also formed during this reaction as a secondary 

product (7) (Figure 1 Chapter 2). L-arginine is also a substrate for the enzyme arginase 

(AR), where L-arginine is converted to ornithine to release excessive urea (8). This may 

have unfavourable vascular effects (9). Ornithine can in turn be converted to L-citrulline, 

which is subsequently converted back to L-arginine to complete the urea cycle (7) (Figure 1 

Chapter 2). 

 

 AR, the enzyme responsible for converting L-arginine into L-ornithine and urea, plays an 

important role in modulating L-arginine bio-availability (10). The inhibition of AR can increase 

NOS activity, resulting in more NO production (11). However, increased AR activity results in 

decreased L-arginine levels, thus attenuates NO production (12). Our African population 

possibly have increased AR activity, explaining their vulnerable cardiovascular profile. 

Decreased L-arginine results in decreased NO dependant vasodilatation, which is evident in 

African Americans with hypertension (13). Hypertension in African Americans is also 

associated with salt sensitivity (13). In salt-sensitive individuals with hypertension, increased 

AR activity was evident. This was also accompanied by a decrease in vascular function (14).  

 

We speculate that our result is possibly due to the African population being more likely to 

form L-citrulline through the urea cycle, than the L-arginine - L-citrulline cycle, since they 

may have higher levels of the enzyme AR activity than the Caucasians. It is uncertain 
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whether the results from an African American population are applicable to ours, but 

similarities have been shown in the past (15). Thus, less L-arginine is available for NO 

production, contributing to their more unfavourable cardiovascular profile.  

 

Higher L-arginine and L-citrulline levels and lower ADMA and SDMA levels were found in the 

African population. We therefore reject our first hypothesis as our results indicated the 

opposite.  

 

Second hypothesis: Africans have higher ambulatory BP and end organ damage 

compared to the Caucasians. 

 

Hypertension is the most common cardiovascular risk factor in black South Africans (16). 

Hypertension and stroke (5, 17-19) associated with end organ damage and renal failure (20) 

are more prevalent in Africans than in Caucasians (5, 17-19).  

 

Impaired endothelial dependant vasodilatation occurs in subjects with atherosclerosis and 

left ventricle hypertrophy (LVH) (2, 21), which is also more common in Africans (22, 23).  

 

Our study indicated the same phenomenon. The African cohort of our study population 

showed significantly higher ABPM and markers of end organ damage, such as Cornell 

product, renal dysfunction (elevated albumin-to-creatinine ratio (ACR)) and subclinical 

atherosclerosis (cIMT). Therefore our second hypothesis is accepted. 

 

Third hypothesis: L-arginine levels associate negatively with BP, while L-citrulline 

associates negatively with renal function. 
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The above hypothesis was formulated based on previous research on renal function and L-

citrulline (24-29). We found an independent negative association between estimated 

creatinine clearance (eCCR) and L-citrulline in all our subgroups, which is our first key 

finding. Others found this result only in chronic renal disease patients (28, 30-32). In our 

study 69% of the African and 49% of the Caucasian participants were hypertensive. This 

negative association between renal function and L-citrulline may therefore indicate early 

stages of renal dysfunction and impaired endothelial function.  

 

L-citrulline is taken up from the blood by the kidneys via organic anion transporters and 

organic cation transporters (28, 30-32). These transporters are important for uptake of 

substances from the blood to the epithelial cells, thus in the direction of the tubular secretion 

to eliminate L-citrulline through the kidneys (33, 34). When renal dysfunction occurs, the 

expression of proteins and mRNA of these organic anion transporters and organic cation 

transporters, at the basolateral membranes of tubular epithelial cells decreases (28, 30-32). 

Thus, L-citrulline cannot be absorbed from the blood by the kidneys for elimination (28).  

Therefore, this may contribute to the increase in plasma concentrations of L-citrulline (28).   

 

We also found a positive correlation between blood pressure and L-arginine in the 

Caucasian men, confirmed with a forward stepwise multiple regression analysis. This result 

is contrary to our expectations, since L-arginine increases NO bio-availability to promote 

vasodilatation (4, 35-37). Thus L-arginine is known to reverse hypertension by restoring 

endothelium-dependent vasodilatation and decreases peripheral vascular resistance (35, 

38). However, there was one study by Chirinos et al. who found a positive correlation 

between systolic blood pressure and L-arginine (9). L-arginine is predominantly transported 

by the y+, system in human platelets (39). This system y+ mediates high-affinity, Na+-

independent cationic and Na+-dependent neutral amino acid transport (39). According to the 

authors this could be due to abnormalities in L-arginine transport via system y+ which may 
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limit L-arginine availability for NO production (40, 41) In humans and rats, it was found that 

this transport system is abnormal in the blood cells of hypertensive subjects and animals 

(42, 43).  

 

There could also be abnormalities in the degradation of L-arginine, because the activity of 

AR may be altered in hypertensive subjects (43). AR competes with NOS for L-arginine; 

therefore changes in AR activity can limit NO production (40). In rats, active AR resulted in 

decreased NO activity (44, 45). Increased AR activity was also found in rats, which showed 

a decline in NOS activity, therefore L-arginine cannot be used for the production of NO (11). 

In a study done by Huyns et al. they found increased NO production with decreased AR 

activity (46). However, NO bio-availability was decreased as a result of increased conversion 

to peroxynitrite, which also results in endothelial dysfunction (46). Additionally, various eNOS 

gene polymorphisms are associated with endothelial dysfunction, since the carriers of these 

polymorphisms are increased in CVD (47, 48). Lastly, deficiencies of cofactors required for 

NO production, such as tetrahydrobiopterin (BH4) could also result in decreased NO 

production, thus L-arginine levels increase, since it cannot be utilized (49).  

 

Apart from the links found with renal function, we found no associations between NO bio-

availability markers and the other markers of end organ damage, namely Cornell product 

and cIMT. This was an unexpected finding, because functions of the NO bio-availability cycle 

include the regulation of homeostasis and thrombosis, and the prevention of various 

vascular pathologies, especially atherosclerosis (50). cIMT, a marker of atherosclerosis and 

LVH are directly related to endothelial dysfunction (51, 52). Based on our results it therefore 

seems that by using the measurement techniques for assessing early organ damage, the 

measures assessing renal function may be most sensitive to detect possible endothelial 

dysfunction.    
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Since we found associations of NO bio-availability markers with renal function, but not with 

Cornell product and cIMT, our third hypothesis is only partially accepted.  

  

Fourth hypothesis: ADMA levels associate positively with BP and end organ damage, with 

stronger associations in the African population, while SDMA correlates with renal function. 

 

Increased ADMA levels inhibit endothelium dependent vasodilatation (53, 54), which leads to 

vasoconstriction and increased systemic blood pressure (55). This is also found in our study 

in the Caucasian men.  

 

ADMA is known for its inhibitory effect on NOS function in a variety of cardiovascular 

diseases (6, 9, 56, 57). ADMA is mainly eliminated from the body by enzymatic degradation 

through dehydro dimethylaminohydrolase (DDAH), which is present in the kidneys (58). 

During decreased renal excretory function, DDAH activity also decreases, which results in 

increased ADMA levels (58). That could be the reason why ADMA is correlated with renal 

function markers in some studies (58), especially in our African and Caucasian men (our 

second key finding).  

 

The following question evolves when we look at the involvement of NO bio-availability 

markers in vascular and renal function: Could it be that impairment of renal function due to 

decreased NO production results in increased blood pressure? Or is it perhaps increased 

ADMA levels, which results in endothelial dysfunction, contributing to higher blood pressure, 

which results in renal dysfunction? 

 

No associations between ADMA with Cornell product and cIMT were found. This was 

another unexpected finding. ADMA is known for its interference with NO production (59). 

Since NO modulates the growth of the myocardium, ADMA has a connection with the 
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pathogenesis of LVH (59). ADMA is also related to atherosclerosis as seen in several 

studies (9, 60, 61). However, there was one study done on individuals younger than 40 

years who reported a negative correlation between ADMA and cIMT (62). The authors 

speculated that ADMA could have a protective effect in the early stages of atherosclerosis, 

since it inhibits inducible NOS, which is involved in inflammation and atherosclerosis (62).  

 

Our final key finding was a negative correlation between SDMA and eCCR in the Caucasian 

men and women. Several studies show correlations between SDMA and renal markers such 

as serum creatinine, glomerular filtration rate and creatinine clearance (58, 63-65). This 

phenomenon is confirmed by several studies where it was found in both hypertensive 

children and adults, especially in Caucasians. However, we are not certain why this 

phenomenon is absent in our African group (64, 66). SDMA can only be eliminated by the 

kidneys (67) and can therefore increase in patients with impaired kidney function (68, 69).  

 

As seen, ADMA correlated positively with BP and renal function, however not with cIMT and 

Cornell product. SDMA was also associated with renal function. Our fourth hypothesis is 

therefore partially accepted.  

 

In summary, the characteristics of our study population showed that the Africans were more 

obese and had an unfavourable cardiovascular profile compared to that of the Caucasians. 

This was reflected by their higher ambulatory BP, pulse pressure and Cornell Product. 

Although 69% of our Africans were hypertensive, only 22% were using anti-hypertensive 

medication. Additionally, the Africans also had higher ACR levels therefore they might have 

a higher possibility of renal dysfunction compared to the Caucasians. All these results 

indicate that the Africans are at higher risk for the development of CVD and end organ 

damage. 
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However, this study also yielded unexpected findings. The Africans had higher L-arginine 

and lower ADMA levels. Another unexpected phenomenon was increased L-arginine, which 

associated with increased blood pressure. Therefore, since it is a cross sectional study, we 

cannot predict cause and effect. However, it is speculated that an imbalance or a 

dysregulation within the NO cycle, between role players such as L-arginine, L-citrulline, 

ADMA and SDMA exists in the African population. 

 

CHANCE AND CONFOUNDING 

It is of the utmost importance to reflect on some of the factors that may have affected the 

results of this study, such as some methodological issues that could have weakened the 

outcomes of this study.  

 

Firstly, the relatively small sizes of the subject groups could be a problem. However, the 

groups were still large enough with 74 African men, 75 African women, 81 Caucasian men 

and 85 Caucasian women, to ensure statistical reliability; also when compared to other 

studies on this topic. Our population is not representative of the entire South African 

population, since we only included teachers from the Potchefstroom district of the North-

West Province. However, this was a well designed study conducted under controlled 

conditions. All participants were school teachers, which was done in order to achieve a 

homogenous group.  

 

Since some of the results from our study were unexpected, it is also necessary to confirm 

quality control regarding the biochemical analyses of our main independent variables. L-

arginine, ADMA and SDMA were all analysed in Hamburg, Germany, in the laboratory of the 

expert group of Prof. Rainer Böger. This method is standard (70) and many analyses have 

been done in this specialist laboratory. L-citrulline analyses were done by a biochemist in 

South Africa, using a careful specialist method of electrospray ionisation tandem mass 
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spectrometry (ESI-MS/MS). Blood pressure was assessed with the golden-standard 

ambulatory technique. It is therefore doubtful that there were measurement errors in the 

data. 

 

The possibility of chance ought to be taken into account in relation to the results. Statistics 

indicate that one out of twenty significant correlations might be due to chance, by using 

partial and forward multiple regression analyses. Although the results were consistent after 

multiple adjustments for age, body mass index, hypertensive medication, gamma glutamyl 

transferase, cotinine, physical activity energy expenditure, C-reactive protein, glucose, 

cholesterol and ambulatory systolic blood pressure, we cannot exclude residual 

confounding. A physiological perspective was necessary to investigate all the statistical 

results, which entails that all statistical significance does not necessarily indicate 

physiological significance.  

 

CONCLUSION 

In conclusion, we found a consistent negative association between renal function and L-

citrulline in all participants, although Africans presented a more vulnerable cardiovascular 

profile. This negative association has only been reported previously in patients with chronic 

renal disease. Additionally, a gender-specific link between renal function and ADMA in 

African and Caucasian men was evident. Our results may indicate that in the general 

population, markers of NO bio-availability may be associated with early changes in renal 

function, accompanying elevated blood pressure.  
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RECOMMENDATIONS 

The following is recommended for future research: 

• Our study had a cross-sectional design. However, it is recommended that in future 

longitudinal studies should be done to confirm long-term effects of impaired NO 

cycle.  

• The sample population should be larger to investigate the associations between 

markers of NO bio-availability, ABPM and end organ damage. 

• Random selection of participants is important, in order to have representation by 

participants with low and high socio-economic status.  

• Future research should include NO and L-ornithine measurements, since it is of the 

greatest importance in the NO-L-citrulline and urea cycle. 

• Another marker, such as Cystatin-C would be useful to represent renal function more 

clearly.   
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Table 1: Characteristics of the normotensive study population 

 Africans (n=60) Caucasians (n=107) P 

Age, years 
Gender, men/women 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

41.9 ± 7.13 
20/40 

 
 

1.62 ± 0.08 
73.2 (54.4; 99.8) 

28.5 ± 6.41 
83.7 (66.1; 104) 

 
 

117 ± 5.31 
73.1 ± 4.60 
43.5 ± 4.77 
107 ± 6.40 
63.2 ± 5.49 
79.2 ± 8.68 
98.5 ± 29.0 
6.49 ± 1.77 
0.95 ± 0.26 
1.99 ± 0.37 
0.62 ± 0.10 

43.7 (17.5; 104) 
137 (68.5) 

 
 

4.25 (0.27; 26.3) 
4.87 (3.72; 6.06) 
4.20 (2.60; 6.19) 
1.14 (0.66; 1.72) 

3.81 ± 1.00 
0.97 ± 0.70 

76.4 (58.8; 103) 
8.84 (3.06; 23.9) 

 
 

94.9 ± 26.4 
65.6 (12.0; 141) 
0.62 (0.41; 1.00) 

0.40 ± 0.12 
91.1 (50.9; 157) 

366 ± 57.5 
908 ± 171 

 
 

0.86 (0.31; 2.61) 
103 (64.3; 145) 

 
 

8 (13.3) 

43.5 ± 11.4 
31/76 

 
 

1.71 ± 0.09 
72.3 (53.6; 99.8) 

25.0 ± 3.99 
84.6 (68.6; 105) 

 
 

116 ± 5.53 
71.3 ± 4.59 
44.5 ± 5.30 
105 ± 7.06 
61.6 ± 4.79 
71.6 ± 9.09 
91.6 ± 17.4 
5.97 ± 1.42 
1.01 ± 0.27 
2.05 ±0.47 
0.60 ± 0.11 

35.5 (13.4; 98.0) 
102 (48.8) 

 
 

1.79 (0.99; 7.50) 
5.35 (4.60; 6.20) 
5.30 (3.60; 7.80)  
1.26 (0.75; 2.10) 

4.41 ± 1.39 
0.98 ± 0.62 

69.2 (55.0; 93.0) 
8.59 (2.74; 28.0) 

 
 

91.9 ± 22.8 
50.1 (15.0; 155) 
0.66 (0.41; 0.90) 

0.51 ±0.10 
87.9 (57.8; 145) 

419 ± 109 
795 ± 170 

 
 

0.39 (0.11; 2.11) 
109 (75.0; 174) 

 
 

7 (6.54) 

0.32 
0.56 

 
 

<0.001 
0.71 

<0.001 
0.62 

 
 

0.33 
0.017 
0.23 
0.09 

0.050 
<0.001 

0.06 
0.041 
0.21 
0.41 
0.15 
0.05 

<0.001 
 
 

<0.001 
<0.001 
<0.001 
0.040 
0.004 
0.90 

<0.001 
0.79 

 
 

0.43 
0.009 
0.13 

<0.001 
0.47 

<0.001 
<0.001 

 
 
<0.001 

0.18 
 
 

0.14 
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 Africans (n=60) Caucasians (n=107) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

0 (0.00) 
3 (5.00) 

 
 

2400 (1700; 3313) 
 

46 (76.7) 
13 (21.7) 
1 (1.67) 

0.02 (0.00; 174) 
4 (6.67) 

45.4 (16.7; 89.8) 
9 (15.0) 

5 (4.67) 
6 (5.61) 

 
 

2626 (1780; 3946) 
 

49 (45.8) 
41 (38.3) 
17 (15.9) 

0.00 (0.00; 144) 
17 (15.9) 

14.6 (6.00; 144) 
49 (45.8) 

0.09 
0.87 

 
 

0.06 
 

<0.001 
<0.001 
<0.001 

0.07 
0.08 

<0.001 
<0.001 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 
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Table 2: Characteristics of the hypertensive study population 

 Africans (n=121) Caucasians (n=102) P 

Age, years 
Gender, men/women 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

45.5 ± 8.48 
68/53 

 
 

1.65 ± 0.09 
83.2 (57.2; 120) 

31.2 ± 7.25 
97.2 (76.5; 128) 

 
 

141 ± 13.9 
88.2 ± 9.70 
53.0 ± 9.24 
132 ± 15.6 
79.1 ± 11.2 
79.9 ± 11.7 
103 ± 27.5 
7.00 ± 1.88 
1.04 ± 0.43 
1.81 ± 0.43 
0.71 ± 0.13 

66.3 (25.2; 157) 
137 (68.5) 

 
 

4.78 (0.67; 33.8) 
5.70 (4.26; 11.7) 
4.64 (3.19; 6.51) 
1.07 (0.66; 1.70) 

4.74 ± 2.40 
1.62 ± 1.47 

73.3 (53.8; 95.2) 
8.14 (2.85; 20.4) 

 
 

102 ± 26.6 
68.7 (20.7; 138) 
0.65 (0.46; 0.95) 

0.43 ± 0.12 
91.9 (57.1; 142) 

400 ± 78.1 
905 ± 191 

 
 

1.25 (0.38; 5.80) 
122 (78.7; 195) 

 
 

32 (26.5) 

46.4 ± 10.1 
70/32 

 
 

1.76 ± 0.10 
92.0 (64.1; 137) 

30.3 ± 6.42 
99.6 (77.8; 131) 

 
 

132 ± 10.8 
82.2 ± 7.07 
50.5 ± 8.02 
122 ± 13.7 
71.7 ± 8.85 
75.7 ± 10.8 
104 ± 28.5 
6.91 ± 2.28 
1.07 ± 0.69 
2.14 ±0.57 
0.69 ± 0.12 

50.0 (16.6; 109) 
102 (48.8) 

 
 

2.31 (0.99; 9.00) 
5.92 (5.00; 7.40) 
5.51 (4.10; 8.10)  
1.03 (0.61; 1.79) 

5.60 ± 1.62 
1.42 ± 0.83 

76.2 (53.0; 103) 
12.6 (3.67; 33.0) 

 
 

97.0 ± 24.4 
56.6 (25.0; 128) 
0.69 (0.51; 1.01) 

0.56 ±0.13 
85.5 (56.9; 130) 

455 ± 104 
846 ± 174 

 
 

0.28 (0.09; 1.54) 
131 (72.6; 233) 

 
 

11 (10.8) 

0.46 
0.06 

 
 

<0.001 
<0.001 

0.33 
0.24 

 
 

<0.001 
<0.001 
0.035 

<0.001 
<0.001 
0.006 
0.82 
0.72 
0.76 

<0.001 
0.11 

<0.001 
<0.001 

 
 

<0.001 
0.24 

<0.001 
0.34 

0.002 
0.20 

<0.001 
<0.001 

 
 

0.12 
0.017 
0.06 

<0.001 
0.042 

 <0.001 
0.019 

 
 
<0.001 

0.08 
 
 

0.003 
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 Africans (n=121) Caucasians (n=102) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

2 (1.65) 
10 (8.26) 

 
 

2672 (1747; 4170) 
 

87 (71.9) 
27 (22.3) 
7 (5.79) 

0.03 (0.00; 145) 
25 (20.7) 

53.3 (20.5; 188) 
35 (28.9) 

4 (3.92) 
6 (5.88) 

 
 

3314 (2307; 4679) 
 

55 (54.5) 
37 (36.6) 
9 (8.91) 

0.01 (0.00; 243) 
12 (11.9) 

25.9 (10.0; 90.0) 
53 (52.5) 

0.30 
0.49 

 
 

<0.001 
 

0.03 
0.03 
0.03 

0.007 
0.08 

<0.001 
<0.001 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 
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Table 3: Characteristics of the male study population 

 

 Africans (n=88) Caucasians (n=101) P 

Age, years 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

43.1 ± 8.24 
 
 

1.70 ± 0.06 
78.6 (56.9; 113) 

27.6 ± 5.75 
92.3 (70.0; 119) 

 
 

137 ± 16.6 
87.8 ± 11.2 
49.6 ± 8.56 
128 ± 18.7 
78.5 ± 12.8 
78.9 ± 11.4 
100 ± 26.0 
6.60 ± 1.76 
1.08 ± 0.32 
1.87 ± 0.43 
0.70 ± 0.15 

69.4 (24.6; 170) 
68 (77.3) 

 
 

2.75 (0.27; 16.1) 
5.82 (4.47; 11.7) 
4.07 (3.34; 6.50) 
1.02 (0.59; 1.64) 

5.05 ± 2.57 
1.81 ± 1.67 

76.3 (55.1; 102) 
9.34 (5.06; 21.1) 

 
 

109 ± 24.7 
73.3 (24.0; 136) 
0.60 (0.43; 0.88) 

0.43 ± 0.13 
80.5 (50.9; 114) 

421 ± 72.4 
950 ± 189 

 
 

1.06 (0.34; 7.80) 
122 (79.2; 182) 

 
 

17 (19.3) 

45.0 ± 11.1 
 

 
1.81 ± 0.07 

93.8 (69.3; 135) 
29.0 ± 5.20 

101 (80.9; 131) 
 

 
128 ± 10.4 
79.5 ± 7.44 
48.4 ± 6.98 
117 ± 11.6 
68.6 ± 8.28 
72.0 ± 11.1 
103 ± 20.3 
6.56 ± 1.82 
1.07 ± 0.68 
2.32 ± 0.52 
0.68 ± 0.12 

58.3 (28.2; 119) 
70 (69.3) 

 
 

1.80 (0.99; 8.00) 
5.92 (5.00; 7.40) 
5.46 (4.00; 8.10) 
0.96 (0.61; 1.43) 

5.88 ± 1.49 
1.51 ± 0.87 

83.0 (68.0; 107) 
15.0 (6.41; 33.0 

 
 

101 ± 25.1 
57.0 (24.0; 149) 
0.69 (0.49; 1.01) 

0.57 ± 0.12 
75.2 (55.2; 106) 

503 ± 89.0 
859 ± 180 

 
 

0.23 (0.08; 1.15) 
131 (87.9; 217) 

 
 

9 (8.91) 

0.19 
 
 

<0.001 
<0.001 

0.07 
<0.001 

 
 

<0.001 
<0.001 

0.27 
<0.001 
<0.001 
<0.001 

0.42 
0.88 
0.86 

<0.001 
0.35 

0.032 
0.28 

 
 

0.003 
0.57 

<0.001 
0.22 

0.006 
0.11 

<0.001 
<0.001 

 
 

0.020 
0.002 

<0.001 
<0.001 
0.034 

<0.001 
<0.001 

 
 
<0.001 

0.07 
 
 

0.038 
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 Africans (n=88) Caucasians (n=101) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

1 (1.14) 
6 (6.82) 

 
 

2585 (1725; 4021) 
 

63 (71.6) 
20 (22.7) 
5 (5.68) 

0.05 (0.00; 151) 
26 (29.6) 

62.3 (23.6; 280) 
33 (37.5) 

6 (5.94) 
1 (0.99) 

 
 

3478 (2547; 4679) 
 

50 (50.0) 
35 (35.0) 
15 (15.0) 

0.01 (0.00; 243) 
16 (15.8) 

27.3 (11.0; 90.0) 
55 (54.5) 

0.08 
0.034 

 
 

<0.001 
 

0.01 
0.01 
0.01 

0.010 
0.02 

<0.001 
0.020 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 
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Table 4: Characteristics of the female study population 

 

 Africans (n=93) Caucasians (n=108) P 

Age, years 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

45.5 ± 8.04 
 
 

1.58 ± 0.06 
80.9 (54.9; 121) 

33.0 ± 7.26 
92.6 (68.8; 123) 

 
 

129 ± 15.4 
78.8 ± 8.87 
50.1 ± 9.79 
119 ± 15.0 
69.2 ± 9.75 
80.5 ± 10.1 
103 ± 29.8 
7.05 ± 1.93 
0.95 ± 0.43 
1.87 ± 0.42 
0.67 ± 0.11 

50.0 (18.7; 111) 
53 (57.0) 

 
 

7.56 (0.81; 35.7) 
5.06 (3.69; 6.89) 
4.31 (2.60; 6.27) 
1.17 (0.74; 1.74) 

3.85 ± 1.26 
1.03 ± 0.61 

72.3 (54.0; 95.2) 
7.54 (2.55; 20.4) 

 
 

90.9 ± 25.5 
62.6 (16.0; 141) 
0.68 (0.64; 1.05) 

0.41 ± 0.11 
 104 (63.1; 157) 

358 ± 60.6 
863 ± 171 

 
 

1.14 (0.36; 3.81) 
110 (64.3; 192) 

 
 

23 (24.7) 

44.9 ± 10.7 
 
 

1.67 ± 0.06 
71.2 (53.6; 105) 

26.3 ± 6.29 
84.0 (68.4; 112) 

 
 

121 ± 12.4 
73.9 ± 7.67 
46.6 ± 7.71 
110 ± 14.7 
64.6 ± 8.65 
75.2 ± 8.95 
92.8 ± 26.7 
6.13 ± 2.05 
1.01 ± 0.30 
1.88 ± 0.44 
0.61 ± 0.11 

30.0 (10.3; 78.4) 
32 (29.6) 

 
 

2.26 (0.99; 14.3) 
5.34 (4.60; 6.40) 
5.34 (3.60; 8.00) 
1.34 (0.78; 2.26) 

4.16 ± 1.26 
0.90 ± 0.48 

63.9 (51.0; 84.0) 
7.33 (2.74; 21.4) 

 
 

88.3 ± 20.6 
50.2 (15.0; 125) 
0.66 (0.46; 0.90) 

0.50 ± 0.11 
99.2 (66.9; 149) 

376 ± 86.2 
784 ± 159 

 
 

0.47 (0.13; 2.27) 
110 (72.0; 184) 

 
 

9 (8.33) 

0.67 
 
 

<0.001 
<0.001 
<0.001 
<0.001 

 
 

<0.001 
<0.001 
0.005 

<0.001 
<0.001 
<0.001 
0.012 
0.010 
0.25 
0.85 

<0.001 
<0.001 
<0.001 

 
 

<0.001 
0.032 

<0.001 
0.001 
0.08 
0.11 

<0.001 
0.76 

 
 

0.43 
0.016 
0.047 

<0.001 
0.24 
0.08 

0.001 
 

 
<0.001 

0.95 
 
 

0.002 
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 Africans (n=93) Caucasians (n=108) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

1 (1.08) 
7 (7.53) 

 
 

2574 (1700; 4257) 
 

70 (75.3) 
20 (21.5) 
3 (3.23) 

0.01 (0.00; 145) 
3 (3.23) 

35.3 (16.7; 117) 
11 (11.8) 

3 (2.78) 
11 (10.2) 

 
 

2516 (1780; 3962) 
 

54 (50.0) 
43 (39.8) 
11 (10.2) 

0.00 (0.00; 165) 
13 (12.2) 

13.9 (6.00; 39.0) 
47 (43.9) 

0.39 
0.51 

 
 

0.53 
 

<0.001 
<0.001 
<0.001 
0.023 
0.020 

<0.001 
<0.001 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 
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Table 5: Characteristics of the African study population 

 

 Male (n=88) Female (n=93) P 

Age, years 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

43.1 ± 8.24 
 
 

1.70 ± 0.06 
78.6 (56.9; 113) 

27.6 ± 5.75 
92.3 (70.0; 119) 

 
 

137 ± 16.6 
87.8 ± 11.2 
49.6 ± 8.56 
128 ± 18.7 
78.5 ± 12.8 
78.9 ± 11.4 
100 ± 26.0 
6.60 ± 1.76 
1.08 ± 0.32 
1.87 ± 0.43 
0.70 ± 0.15 

69.4 (24.6; 170) 
68 (77.3) 

 
 

2.75 (0.27; 16.1) 
5.82 (4.47; 11.7) 
4.07 (3.34; 6.50) 
1.02 (0.59; 1.64) 

5.05 ± 2.57 
1.81 ± 1.67 

76.3 (55.1; 102) 
9.34 (5.06; 21.1) 

 
 

109 ± 24.7 
73.3 (24.0; 136) 
0.60 (0.43; 0.88) 

0.43 ± 0.13 
80.5 (50.9; 114) 

421 ± 72.4 
950 ± 189 

 
 

1.06 (0.34; 7.80) 
122 (79.2; 182) 

 
 

17 (19.3) 

45.5 ± 8.04 
 
 

1.58 ± 0.06 
80.9 (54.9; 121) 

33.0 ± 7.26 
92.6 (68.8; 123) 

 
 

129 ± 15.4 
78.8 ± 8.87 
50.1 ± 9.79 
119 ± 15.0 
69.2 ± 9.75 
80.5 ± 10.1 
103 ± 29.8 
7.05 ± 1.93 
0.95 ± 0.43 
1.87 ± 0.42 
0.67 ± 0.11 

50.0 (18.7; 111) 
53 (57.0) 

 
 

7.56 (0.81; 35.7) 
5.06 (3.69; 6.89) 
4.31 (2.60; 6.27) 
1.17 (0.74; 1.74) 

3.85 ± 1.26 
1.03 ± 0.61 

72.3 (54.0; 95.2) 
7.54 (2.55; 20.4) 

 
 

90.9 ± 25.5 
62.6 (16.0; 141) 
0.68 (0.64; 1.05) 

0.41 ± 0.11 
 104 (63.1; 157) 

358 ± 60.6 
863 ± 171 

 
 

1.14 (0.36; 3.81) 
110 (64.3; 192) 

 
 

23 (24.7) 

0.047 
 
 

<0.001 
0.37 

<0.001 
0.90 

 
 

<0.001 
<0.001 

0.70 
<0.001 
<0.001 

0.31 
0.51 
0.11 

0.026 
0.92 
0.14 

<0.001 
0.004 

 
 

<0.001 
<0.001 
0.024 
0.002 

<0.001 
<0.001 
0.016 

0.0015 
 
 

<0.001 
0.09 

0.005 
0.13 

<0.001 
<0.001 
0.001 

 
 

0.59 
0.009 

 
 

0.38 
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 Male (n=88) Female (n=93) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

1 (1.14) 
6 (6.82) 

 
 

2585 (1725; 4021) 
 

63 (71.6) 
20 (22.7) 
5 (5.68) 

0.05 (0.00; 151) 
26 (29.6) 

62.3 (23.6; 280) 
33 (37.5) 

1 (1.08) 
7 (7.53) 

 
 

2574 (1700; 4257) 
 

70 (75.3) 
20 (21.5) 
3 (3.23) 

0.01 (0.00; 145) 
3 (3.23) 

35.3 (16.7; 117) 
11 (11.8) 

0.97 
0.85 

 
 

0.92 
 

0.69 
0.69 
0.69 
0.07 

<0.001 
<0.001 
<0.001 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



123 

 

Table 6: Characteristics of the Caucasian study population 

 

 Male (n=101) Female (n=108) P 

Age, years 
 
Anthropometric measurements 
Stature, m 
Body mass, kg 
Body mass index, kg/m2 
Waist circumference, cm 
 
Cardiovascular measurements 
Ambulatory systolic BP, mmHg 
Ambulatory diastolic BP, mmHg 
Ambulatory pulse pressure, mmHg 
Night-time systolic BP, mmHg 
Night-time diastolic BP, mmHg 
Ambulatory heart rate, mmHg 
Stroke volume, mL 
Cardiac output, L/min 
Total peripheral resistance, mmHg/ml/s 
Windkessel compliance, mL/mmHg 
Carotid intima media thickness, mm 
Cornell product, mV.ms 
Hypertensive, n (%) 
 
Basic biochemical measurements 
C-reactive protein, mg/L 
Glucose, mmol/L 
Cholesterol, mmol/L 
HDL cholesterol, mmol/L 
Total cholesterol/HDL 
Triglycerides, mmol/L 
Serum creatinine, µmol/L 
Urinary creatinine, mmol/L 
 
Markers of NO bio-availability 
L-citrulline, µmol/L 
L-arginine, µmol/L 
ADMA, mmol/L 
SDMA, mmol/L 
Reactive oxygen species, Units1 

FRAP, µM 
Glutathione, µM 
 
Renal function 
Albumin-to-creatinine ratio, mg/mmol 
Estimated creatinine clearance, mL/min 
 
Medication use 
Anti-hypertensive medication, n (%) 

45.0 ± 11.1 
 
 

1.81 ± 0.07 
93.8 (69.3; 135) 

29.0 ± 5.20 
101 (80.9; 131) 

 
 

128 ± 10.4 
79.5 ± 7.44 
48.4 ± 6.98 
117 ± 11.6 
68.6 ± 8.28 
72.0 ± 11.1 
103 ± 20.3 
6.56 ± 1.82 
1.07 ± 0.68 
2.32 ± 0.52 
0.68 ± 0.12 

58.3 (28.2; 119) 
70 (69.3) 

 
 

1.80 (0.99; 8.00) 
5.92 (5.00; 7.40) 
5.46 (4.00; 8.10) 
0.96 (0.61; 1.43) 

5.88 ± 1.49 
1.51 ± 0.87 

83.0 (68.0; 107) 
15.0 (6.41; 33.0 

 
 

101 ± 25.1 
57.0 (24.0; 149) 
0.69 (0.49; 1.01) 

0.57 ± 0.12 
75.2 (55.2; 106) 

503 ± 89.0 
859 ± 180 

 
 

0.23 (0.08; 1.15) 
131 (87.9; 217) 

 
 

9 (8.91) 

44.9 ± 10.7 
 
 

1.67 ± 0.06 
71.2 (53.6; 105) 

26.3 ± 6.29 
84.0 (68.4; 112) 

 
 

121 ± 12.4 
73.9 ± 7.67 
46.6 ± 7.71 
110 ± 14.7 
64.6 ± 8.65 
75.2 ± 8.95 
92.8 ± 26.7 
6.13 ± 2.05 
1.01 ± 0.30 
1.88 ± 0.44 
0.61 ± 0.11 

30.0 (10.3; 78.4) 
32 (29.6) 

 
 

2.26 (0.99; 14.3) 
5.34 (4.60; 6.40) 
5.34 (3.60; 8.00) 
1.34 (0.78; 2.26) 

4.16 ± 1.26 
0.90 ± 0.48 

63.9 (51.0; 84.0) 
7.33 (2.74; 21.4) 

 
 

88.3 ± 20.6 
50.2 (15.0; 125) 
0.66 (0.46; 0.90) 

0.50 ± 0.11 
99.2 (66.9; 149) 

376 ± 86.2 
784 ± 159 

 
 

0.47 (0.13; 2.27) 
110 (72.0; 184) 

 
 

9 (8.33) 

0.96 
 
 

<0.001 
<0.001 
<0.001 
<0.001 

 
 

<0.001 
<0.001 

0.09 
<0.001 
<0.001 
0.021 
0.003 
0.35 
0.45 

<0.001 
<0.001 
<0.001 
<0.001 

 
 

0.047 
<0.001 

0.49 
<0.001 
<0.001 
<0.001 

0.38 
<0.001 

 
 

<0.001 
0.13 
0.15 

<0.001 
<0.001 
<0.001 
0.002 

 
 
<0.001 
<0.001 
 
 
<0.001 
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 Male (n=101) Female (n=108) P 

Statin, n (%) 
Anti-inflammatory medication, n (%) 
 
Lifestyle 
Physical activity, kcal 
Physical activity index, n (%) 
 Low 
 Moderate 
 Vigorous 
Cotinine, ng/mL 
Current smoking, n (%) 
Gamma glutamyl transferase, U/L 
Current drinking, n (%) 

6 (5.94) 
1 (0.99) 

 
 

3478 (2547; 4679) 
 

50 (50.0) 
35 (35.0) 
15 (15.0) 

0.01 (0.00; 243) 
16 (15.8) 

27.3 (11.0; 90.0) 
55 (54.5) 

3 (2.78) 
11 (10.2) 

 
 

2516 (1780; 3962) 
 

54 (50.0) 
43 (39.8) 
11 (10.2) 

0.00 (0.00; 165) 
13 (12.2) 

13.9 (6.00; 39.0) 
47 (43.9) 

0.039 
0.37 

 
 

<0.001 
 

<0.001 
<0.001 
<0.001 

0.12 
0.39 

<0.001 
<0.001 

Values are arithmetic mean ± SD, geometric mean (5
th
 to 95

th
 percentile interval). 

1
(1 unit=1.0mg/L 

H2O2). BP, blood pressure; HDL-C, High-density lipoprotein cholesterol; ADMA, Asymmetric 

dimethylarginine; SDMA, Symmetric dimethylarginine; FRAP, Ferric reducing antioxidant power. 
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Table 7: Unadjusted correlations of age, blood pressure with markers of NO bio-availability 

1
p<0.05 and 

2
p=0.05-0.10. ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; 

BP, blood pressure.   

 

 

 L-arginine L-citrulline ADMA SDMA 

African men (N= 74)     

 Age   0.152 0.221 

 Systolic BP, mmHg   0.182  

 Diastolic BP, mmHg     

 Day-time systolic BP, mmHg     

 Day-time diastolic BP, mmHg     

African women (N=75)     

 Age  0.421   

 Systolic BP, mmHg     

 Diastolic BP, mmHg     

 Day-time systolic BP, mmHg     

 Day-time diastolic BP, mmHg     

Caucasian men (N=81)     

 Age     

 Systolic BP, mmHg 0.331  0.321  

 Diastolic BP, mmHg 0.251  0.281  

 Day-time systolic BP, mmHg 0.321  0.281  

 Day-time diastolic BP, mmHg 0.211  0.202  

Caucasian women (N=85)     

 Age 0.231 0.411 0.162 0.321 

 Systolic BP, mmHg  0.191  0.182 

 Diastolic BP, mmHg     

 Day-time systolic BP, mmHg  0.182  0.201 

 Day-time diastolic BP, mmHg     


