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ABSTRACT 

The mechanisms by which salt causes hypertension are not conclusive. Increased sympathetic activity 

and systemic vascular dysfunction have both been implicated as well as mutations of the epithelial 

sodium channel (ENaC) that resulted in increased reabsorption of salt from the distal nephron. 

However, although an adrenergic overdrive has been observed in some hypertensive patients, it is not 

clear whether this adrenergic overdrive is the hallmark of hypertension. It has equally been a subject of 

debate whether exaggerated vascular reactivity is a cause or consequence of hypertension. Also, 

whereas ENaC mutations especially the β-T594M variant has been related to salt sensitive hypertension 

among Black individuals living in London, similar associations have not been recorded in African-

Americans. On the other hand, among South Africans of black ancestry, some studies have shown no 

incidence of β-T594M ENaC mutation while a different type of ENaC mutation has been recorded in 

one study. 

The present study was therefore designed to determine the role of salt sensitivity, autonomic 

potentiation and the epithelial sodium channel activity in the development of hypertension among 

Nigerians. Fifty-three otherwise healthy hypertensive (HT) adults and forty-seven age-matched 

normotensive (NT) subjects were studied. After baseline parameters had been obtained, the subjects 

were salt-loaded with 200 mmol/day of Na
+
 as sodium chloride for 5 days. Thereafter salt sensitivity 

was determined in all the subjects as ΔMABP ≥ +5mmHg following the salt-loading. As a test of 

mechanism for salt-sensitivity, plasma Na
+
, urine Na

+
 excretion (UNaV), salt sensitivity index (SSI) and 

sodium clearance were determined. To assess the effect of the sympathetic nervous system on the 

cardiovascular system of the subjects, vascular reactivity and forearm vascular resistance (FVR) were 

determined before and after exposing the subjects to the cold pressor test for one minute. To assess the 

relationship between ENaC markers and salt sensitivity, the subjects were again salt-loaded with 

200mmol/day of Na
+
 with which 5mg Amiloride was co-administerd for the duration. Blood pressure, 
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plasma K
+
, plasma renin activity (PRA) and serum aldosterone were determined thereafter. Blood was 

then collected for DNA isolation, amplification and sequencing. 

Significant pressor responses to salt-loading alone were recorded in the NT (p <0.01) and HT (p < 

0.001) subjects. Salt sensitivity was significantly higher (p<0.01) among HT subjects when compared 

with NT subjects. At baseline and after salt-loading, plasma Na
+
 concentration was similar among the 

NT and HT subjects though higher among the HT subjects. Urine Na
+
 excretion was significantly lower 

(p < 0.05) in HT subjects compared with NT subjects. Salt sensitivity index (SSI) was higher (p < 0.01) 

among the HT subjects compared with in the NT subjects. Peak systolic and diastolic blood pressures 

were significantly higher (p < 0.001) among the two groups of subject compared to basal blood 

pressures before and after salt-loading; this was moreso in the hypertensive subjects. Hypertensive 

subjects showed higher systolic and diastolic vascular hyperreactivity compared to the NT subjects (p < 

0.05) at baseline. However, following salt-loading, systolic vascular hyperreactivity increased 

significantly (p < 0.05) among the NT subjects and becoming higher than that recorded among the HT 

subjects at baseline. Systolic salt hyperreactivity was significantly higher (p < 0.05) among the NT 

subjects compared with the HT subjects. Similarly, diastolic salt hyperreactivity was higher in the NT 

subjects compared with HT subjects. Before salt-loading in NT subjects, there was a significant and 

positive correlation between salt sensitivity and systolic vascular reactivity (p < 0.05) while salt 

sensitivity showed a significant and negative correlation with diastolic vascular reactivity (p < 0.05). 

After salt-loading in NT subjects, there was a significant and negative correlation between salt 

sensitivity and systolic vascular reactivity (p < 0.05). Forearm vascular resistance (FVR) was 

significantly lower (p < 0.05) among the NT subjects compared with the HT subjects at baseline. 

Sympathetic nervous stimulation by means of the cold pressor test before and after salt-loading led to 

significant increases (p < 0.001) in FVR which were similar in both NT and HT groups. Co-

administration of salt and amiloride led to significant decreases in systolic and diastolic blood pressure 
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compared with baseline in NT (p < 0.05) and HT (p < 0.001) subjects. Plasma K
+
 was significantly 

lower (p < 0.05) among the HT subjects at baseline compared with the NT subjects. Following salt-

loading, there was significant fall in plasma K
+
 in the NT (p < 0.05) but not in the HT subjects. On co-

administration of salt and amiloride however, plasma K
+
 increased significantly (p < 0.001) in the HT 

subjects but not in the NT subjects. Plasma renin activity (PRA) was lower in the HT subjects (p < 0.05) 

compared with NT subjects before and after salt-loading. There were significant increases (p < 0.05) in 

PRA in both the NT and HT subjects after the salt load. The β-T594M mutation of the epithelial sodium 

channel was recorded among 5 percent of the study population while four previously undocumented 

non-synonymous mutations: β-E636V, β-E632V, β-D638Y and β-L628Q were observed in another 4 

percent of the subjects.  

The results of this study show that HT subjects were more salt sensitive than NT subjects and inabilty of 

the HT subjects to excrete a salt-load is contributory to this. Although the effect of sympathetic 

stimulation on FVR was similar in both the NT and HT subjects, NT subjects displayed enhanced 

vascular hyperreactivity after salt-loading, higher than that observed in hypertensive subjects at 

baseline. This is an indication that vascular hyperreactivity, a reflection of sympathetic potentiation is 

important in the development of hypertension among the subjects. Also there was significant correlation 

between systolic hyperreactivity and salt sensitivity among the NT subjects which is a strong indicator 

of development of hypertension in the future. Furthermore, amiloride studies indicated that enhanced 

epithelial sodium channel activity is important in the development of hypertension among Nigerians. 

The β-T594M mutation of the epithelial sodium channel was recorded among 5 percent of the study 

population confirming the presence of this mutation in Nigerian subjects. Also four new mutations of 

the epithelial sodium channel with the potential to affect blood pressure were recorded in 4 percent of 

the subjects. 
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CHAPTER ONE 

1.0     INTRODUCTION 

The role of salt in the pathogenesis of hypertension has engendered a lot of interest over the 

years. Hypertension is a leading non-communicable disease worldwide and it is the leading 

indication for prescriptions (Woodwell and Cherry, 2004). Approximately one in three adults in 

the United States suffers from hypertension (Soundararajan et al., 2010). The figure in Nigeria is 

no less disturbing and has actually increased over the years. In 1997 the prevalence of 

hypertension in Nigeria was 16 percent (Cooper et al., 1997) while Adedoyin et al., (2008) 

reported a prevalence of 36.6 percent in 2008 and Ulasi et al., (2010) report a current prevalence 

of 32.8 percent. Hypertension is important not just because of its prevalence, but especially 

because of its close relationship with cardiovascular morbidity and mortality (Ezzati et al.,  

2002). Hypertension is the most prevalent cause of cardiovascular events (Kaplan, 2006) being 

responsible for about 50% of risk (Lawes et al., 2008). Cardiovascular disease is a leading cause 

of death worldwide; in 2005 alone, about 17.5 million people died from cardiovascular diseases 

(CVD) representing 30% of deaths globally (World Health Organization, 2007). High dietary 

sodium intake is one of the most important environmental risk factors for hypertension (He and 

MacGregor, 2007). Extremes of salt intake have been documented in human populations ranging 

from about 20mmol/day (0.47g/day) sodium among the Yanomamo Indians of Brazil to 

600mmol/day (13.8g/day) in Northern Japan (Panel on Dietary Reference intakes for Electrolytes 

and Water, 2004). In most industrialized societies, salt intake is about 150mmol/day (3.5g/day) 

an amount quite in excess of the daily requirement of 65mmol/day (1.52g/day) of sodium 
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recommended by the Panel on Dietary Reference Intakes for Electrolytes and Water (2004) as an 

adequate intake for most adults (Weinberger, 2004). 

 

Based on this observation that salt intake varied as much as geographic locations, Dahl et al., 

(1962a) reported that hypertension was common in societies with more than an average salt 

intake while it was rarely seen in populations that consumed diets with a low salt content. 

Communities with an average salt intake more than 3g/day experienced an increase in proportion 

of hypertensive subjects with age. This phenomenon became more pronounced as the salt intake 

increased even further while there is no incidence of hypertension whatsoever among 

populations that ingested less than 3g/day of sodium chloride (Meneton et al., 2005). The 

relation of dietary salt intake with blood pressure among populations that ingest a salt level 

between 3 g/day and 20 g/day has been difficult to define (Meneton et al., 2005). 

 

The relationship between a high salt intake and the development of hypertension has been 

established in population studies although it has been observed that every population that ingests 

a high salt diet also has individuals who did not develop hypertension (Dahl, 1962b; Bashyam, 

2007) which led to the suggestion that the development of hypertension is a consequence of both 

environmental (e.g. diet) and genetic background of the individual (Bashyam, 2007). In spite of 

the large number of studies suggesting a high salt intake is instrumental to the pathogenesis of 

hypertension in salt sensitive individuals (World Health Organization, 2002; Weinberger, 2004), 

most of these studies have revealed only a weak relationship between sodium intake/excretion 

and blood pressure in the general population (Hooper et al., 2002; 2004). Some individuals 



3 
 

however do manifest large blood pressure changes in response to acute or chronic ingestion of 

salt or to salt restriction. These individuals are termed “salt sensitive” (Franco and Oparil, 2006). 

Salt-sensitivity is more evident in Blacks compared to Caucasians (Bragulat et al., 2001) and it 

has been linked to increased cardiovascular events and reduced survival (Franco and Oparil, 

2006).  

 

A high incidence of salt sensitivity has been described among Africans living in Britain among 

whom incidence of hypertension may be as high as 50% (Cappuccio et al., 1997a). There is no 

doubt that many of the cases of hypertension in Blacks are due to increased salt sensitivity 

(Sofola, 2004) although it has been difficult to establish a relationship between 24 hour urinary 

sodium excretion (an index of salt intake) and level of blood pressure among Nigerians (Azinge 

et al., 1999) which may be attributable to the small number of subjects studied compared with 

the number in the INTERSALT study that involved thousands of subjects. Also, Sofola et al., 

(1998) have been unable to demonstrate significant pressor responses to acute salt loading in 

some normal subjects probably due to the short duration of salt loading and the little number of 

subjects involved. Salt sensitivity might represent an independent cardiovascular risk factor for 

cardiovascular events due to the fact that a higher rate of cardiovascular events is recorded in salt 

sensitive individuals (Corruzi et al., 2005). Salt sensitivity is also associated with increased 

mortality (Weinberger et al., 2001) whether the salt sensitive individual is normotensive or 

hypertensive.  
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The pathogenic mechanisms responsible for salt sensitivity are far from being understood. 

Earlier attempts at explanation of the high incidence of hypertension among Africans and 

African Americans compared to Caucasians was attributed to the role of slavery in enhancing the 

survivability of individuals with the genetic ability to conserve salt in the slaves that survived 

transhipment (Wilson and Grim, 1991) but this has been questioned (Jackson, 1991). The 

demonstration of a linkage between the epithelial sodium channel (ENaC) and Liddle‟s 

syndrome, a severe and rare form of heritable human hypertension was a major breakthrough in 

the understanding of the genetics of hypertension (Shimkets et al., 1994). This finding suggested 

the physiological involvement of ENaC in blood pressure regulation. The physiological 

significance of the β-T594M polymorphism of ENaC could partly explain the high incidence of 

salt sensitive hypertension in African Americans. Direct evidence that ENaC dysfunction is 

involved in the pathological processes leading to hypertension has come from the fact that all 

mutations identified in Mendelian forms of hypertension-related syndromes were found in genes 

involved in electrolyte transport functions including sodium channel, non-voltage-gated 1 beta 

subunit of the epithelial sodium channel (ENaC) gene encoding ENaC subunits A, B and G 

(SCNN1A, SCNN1B, SCNN1G) (Chang et al., 1996; Tesson and Leenen, 2007).Variation in 

systolic blood pressure (SBP) is particularly thought to be explained by genes; a heritability of 

41% was reported in the Victorian Family Heart Study (VFHS) (Harrap et al., 2000) consistent 

with earlier studies (Mongeau et al, 1987; Hong et al, 1994). The VFHS reported suggestive 

linkage of systolic blood pressure to chromosome 16p, a finding consistent with earlier 

population studies (Atwood et al., 2001; de Lange et al., 2004; Hamet et al., 2005). Further 

refined studies in the VFHS located the gene to 16p12 which is the location of the SCNN1B and 

SCNN1G genes that encode the β- and γ- subunits of the Epithelial Sodium Channel (ENaC) 
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respectively (Büsst et al., 2007). Whereas the relationship between SCNN1B and systolic blood 

pressure has been investigated in different populations such as the Japanese (Iwai et al., 2006), 

South Africans (Nkeh et al., 2003) and Black Americans (Warnock, 1999) with variable results, 

such is not the case with regard to the SCNN1G (Büsst et al., 2007). 

 

It has been postulated that exaggerated vascular reactivity is a possible mechanism in the 

development of hypertension and cardiovascular disease (Stewart and France, 2001). According 

to the Reactivity Hypothesis, exaggerated responses to stress lead to a cascade of 

pathophysiological events that eventually result in sustained increases in blood pressure (Treiber 

et al., 2003). Exaggerated vascular reactivity has also been linked to enhanced peripheral 

resistance, a hemodynamic alteration that is itself linked to hypertension. Increased and 

prolonged exposure to stress can cause serious strain on the arteries and myocardium. Jennings et 

al., (2003) have reported that high reactors to acute stressors develop more extensive arterial 

plaques and more aggressive plaque growth which all contribute to the increased risk for 

cardiovascular events as well as increased mortality in these persons. Dietary salt intake 

promotes intrinsic changes in compliance and resistance vessels which effects are intensified by 

congenital and acquired sodium retentive states. This worsens the outcome of hyperreactivity. 
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1.1. STATEMENT OF PROBLEM 

The prevalence of hypertension in Nigeria is increasing from 14.5% (Cooper et al., 1997) to 

32.8% (Ulasi et al., 2010) but the exact mechanisms are still being investigated. Salt sensitivity 

has been linked to an increased risk for the development of cardiovascular events including heart 

failure and strokes as well as increased mortality irrespective of the blood pressure status of the 

individual (Weinberger et al., 2001). Previously it had been thought that the sympathetic nervous 

system was important only in the short-term regulation of blood pressure but an adrenergic 

overdrive has been observed in some hypertensive patients (Grassi, 2009). It is however not clear 

whether the adrenergic overdrive is the hallmark of hypertension or if it is only present in certain 

conditions. It is also unclear whether the exaggerated vascular reactivity observed in 

hypertension is a cause or consequence of hypertension. The epithelial sodium channel (ENaC) 

is considered a major candidate in the development of hypertension more so that mutation in this 

channel has been shown to cause Liddle‟s syndrome, a rare form of heritable salt-sensitive 

hypertension (Bubien, 2010). Whereas ENaC mutations especially the β-T594M variant has been 

related to salt sensitive hypertension among African Americans and Blacks living in London, 

similar associations have not been recorded among South Africans of black ancestry. It therefore 

became important to carry out a study to determine whether salt sensitivity is present among 

Nigerians and the role played by autonomic potentiation in the development of hypertension. It 

was also important to demonstrate the role of the ENaC in the causation of salt sensitive 

hypertension in Nigerians (Africans) in their own native environment as well as genetic studies 

to identify the status of the ENaC among our population thereby providing a genetic basis for the 

modification of the treatment of hypertension in Nigerians. 



7 
 

 

1.2 OVERALL AIM OF THE STUDY 

The overall aim of this study is to demonstrate the role of salt sensitivity and autonomic 

nervous potentiation in hypertension among adult Nigerians and the possible role of the 

epithelial sodium channel  

 

1.3 SPECIFIC OBJECTIVES OF THE STUDY 

The specifc aims of this study were to 

1. Determine the prevalence of salt sensitivity among normotensive and hypertensive 

subjects 

2. Investigate the effect of the sympathetic nervous system on the cardiovascular system of 

normotensive and hypertensive subjects by assessing vascular reactivity  

3. Assess the role of sympathetic regulation on forearm vascular resistance among 

normotensive and hypertensive Nigerians 

4. Assess the relationship between ENaC markers and salt sensitive hypertension among 

Nigerians 

5. Identify genetic variants of ENaC and their association with salt sensitive hypertension 

among Nigerians 

 

1.4 SIGNIFICANCE OF THE STUDY 

This study demonstrates the role played by adrenergic potentiation in the development of 

hypertension among Nigerians. This is important because of the fact that hyperreactivity in 



8 
 

normotensive subjects is indicative of a high risk for developing hypertension in the future while 

systolic hyperreactivity in particular is predictive of future strokes in hypertensive subjects. This 

study also provides information on the status of the epithelial sodium channel (ENaC) among 

normotensive and hypertensive Nigerians. The outcome of this study is important in the 

development of amiloride as an anti-hypertensive drug in patients with epithelial sodium channel 

mutation. These results are therefore significant as they form a basis for the modification of the 

management of hypertension in Nigerians. The results of this study also add to the knowledge 

base on the determinants of hypertension in Nigerians.  

 

1.5.LIMITATIONS 

The renal sodium channel is inaccessible for clinical assessment therefore indirect measurements 

for the assessment of ENaC were carried out as described in the Methodology. Also short term 

effects of salt-loading were studied in the determination of salt sensitivity in Nigerians due to the 

fact that compliance is usually low in experimental studies of this nature when carried out over a 

long term in humans. It would have been interesting to study the effects of salt-loading over a 

longer period of time on the study parameters. The short duration of salt-loading is however 

acceptable as it has been used by many other workers in this field of study (Campese et al., 1991; 

Coruzzi et al., 2005; Tzemos et al., 2008). 
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1.6.    OPERATIONAL DEFINITION OF TERMS 

Normotension: Repeated supine systolic blood pressure <140mmHg systolic and/ or <90mmHg 

diastolic   

Hypertension: Repeated in supine blood pressure ≥140mmHg systolic and/ or ≥90mmHg 

diastolic; or being on pharmacological treatment for hypertension   

 Salt sensitivity: The phenomenon in which excess salt intake caused an increase of 5 mmHg or 

more in mean arterial blood pressure (MABP) 

Salt resistance: The phenomenon in which excess salt intake caused an increase in MABP that 

is less than 5 mmHg or an outright decrease in MABP 

Basal blood pressure (mmHg): The last of three almost identical blood pressure measurements 

taken at 10min intervals after a period of rest in the laboratory before exposure to the cold 

pressor test 

Peak Blood Pressure (mmHg): The highest of three 15sec serial blood pressure readings taken 

from 1 minute after exposure to the cold pressor test (CPT)  

Normoreactivity: Subjects were considered normoreactive if the difference between peak blood 

pressure after exposure to CPT and basal blood pressure was less than 15mmHg whether systolic 

or diastolic  

Hyperreactivity: Subjects were considered hyperreactive if the difference between peak blood 

pressure after exposure to CPT and basal blood pressure was 15mmHg or more whether systolic 

or diastolic  

Salt Reactivity: Subjects were considered salt reactive if they became hyperreactive only after a 

salt load  
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1.6.1. LIST OF ACRONYMS 

SOE: Simiat Olanike Elias 

OAS: Olusoga A Sofola 

FASTA: Text-based format for representing nucleotides or peptides as single-letter codes in 

Bioinformatics 

IUPAC-IUB: = Internationa Union of Pure and Applied Chemistry - International Union of 

Biochemistry 

NT = normotensive 

HT = hypertensive 

MABP = mean arterial blood pressure 

PCR = Polymerase chain reaction 

SCNN1A = Sodium channel, non-voltage-gated 1 alpha subunit of the epithelial sodium channel 

(ENaC) gene 

 

SCNN1B = Sodium channel, non-voltage-gated 1 beta subunit of the epithelial sodium channel 

(ENaC) gene 

 

SCNN1G = Sodium channel, non-voltage-gated 1 gamma of the epithelial sodium channel 

(ENaC) gene 
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CHAPTER TWO 

 

2.0 REVIEW OF LITERATURE 

2.1 Salt and Blood Pressure 

 

2.1.1.  Influence of Diet and Environment 

 

The role of salt in the pathogenesis of hypertension has generated a lot of research over the years. 

The earliest study that reported a positive correlation between salt intake and blood pressure in 

humans was published in 1904 (MacGregor and de Wardener, 1998) but was refuted in 1907 

(Graudal, 2005). There ensued thereafter a lot of controversy but by the 1940s, the validity of 

this correlation was re-established following the successful treatment of hypertensive patients 

with a low-salt diet (Taubes, 1998). There seems to be some heterogeneity in the response of 

Man to salt intake. Dahl et al., (1962b) reported that hypertension was common in societies with 

more than an average salt intake while it was rarely seen in populations that consumed diets with 

a low salt content. Communities with an average salt intake greater than 3g/day experienced an 

increase in proportion of hypertensive subjects with age; this phenomenon became more 

pronounced as the salt intake increased even further while there was no incidence of 

hypertension whatsoever among populations that ingested less than 3g/day of sodium chloride 

(Meneton et al., 2005).  
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The relation of dietary salt intake with hypertension among populations that ingest a salt level 

between 3 g/day and less than 20 g/day has been difficult to define (Meneton et al., 2005). The 

most well known communities with regard to low salt intake are the Yanomamo Indians on the 

border of Venezuela and Brazil who have been reported to ingest as little as 0.46g/day 

(20mmol/day) of sodium (Food and Nutrition Board, 2004). At the age of 50 years, the average 

blood pressure in this community is only 100/64 mmHg (Meneton et al., 2005). The Eskimos 

and the Kalahari tribesmen of South Africa also record almost no incidence of high blood 

pressure at all (Dahl et al., 1962a; Oliver et al., 1975). Some researchers have attributed the low 

blood pressure in these communities to the fact that these are simple, peaceful communities 

ingesting simple traditional meals in contrast to the Western lifestyle and diet. However, 

considering the fact that the Yanomano Indians are reported to have a culture of aggression, 

warfare and violence, this reasoning has been debunked (Chagnon, 1968). Some other 

unacculturated communities that ingest a higher salt intake than the Yanomano Indians record a 

corresponding increase in blood pressure. Blood pressure has been shown to increase with age 

among the nomadic herdsmen of Quash‟qai in Iran who consume the same amount of salt in their 

diet as most developed societies (Page et al., 1981). Individuals in the Northern Kashmir region 

who were also unexposed to a Western lifestyle but who ingested a high salt level in their diet 

also recorded a high blood pressure with age; they had a culture of adding salt to their tea (Mir 

and Newcombe, 1988).  

 

Some individuals manifest a rise in blood pressure upon changing their diet from low salt to high 

salt. From a carefully controlled study among farmers in Kenya who ingested low salt in their 

diet, migration to an urban community led to ingestion of high salt in their diet resulting in a rise 
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of 6.9 mmHg in their systolic blood pressure and 6.2 mmHg in their diastolic blood pressure 

after a few months whereas blood pressure remained unchanged among their non-immigrant 

colleagues (Poulter et al., 1985). Indeed it has been reported that hypertension is less common 

among the nomadic Bushmen compared to their contemporaries who became prisoners and 

labourers (Kaminar and Lutz, 1960). Also among the Yi people in south western China, 

migration to an urban settlement with the associated change in diet to a higher salt-containing 

one led to an increase in blood pressure with aging. With age, an increase of 0.33 mmHg/y was 

recorded in both systolic and diastolic blood pressures; this increase was not recorded among 

those who remained in their rural farming environment (He et al., 1991). On the other hand, 

communities that ingest a high salt diet like the Japanese community, north of the Japanese 

mainland that ingest as much as 27g/day of salt (with individual levels as high as 60g/day) had 

about 70% of the population aged 50 to 60 years being hypertensive with blood pressure greater 

than 150/90 mmHg (Meneton et al., 2005) whereas the Japanese in the south who ingested about 

14g/day of salt in their diet had only 10% of the population hypertensive between the ages of 50 

to 60 years. (Meneton et al., 2005). Dahl (1962a) observed that every population that ingests a 

high salt diet also has individuals who, in spite of the high salt intake did not develop 

hypertension. This led to the suggestion that the development of hypertension is a consequence 

of both environmental (e.g. salt) and genetic background of the individual (Bashyam, 2007). 

 

2.1.2. Genetic Influence 

Results from animal studies have so far backed up the hypothesis that the development of 

hypertension in individuals was influenced by both environmental and genetic factors. Dahl 
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(1960) observed that rats that were chronically fed a high salt diet developed varying degrees of 

hypertension. He went on to suggest that salt resistant animals might simply be statistical outliers 

within a genetically homogenous group; if salt sensitivity was a genetic trait, it should be 

possible to develop separate strains of salt-sensitive and salt resistant rats. This was done by 

genetic breeding and the different strains of rats responded distinctly to a diet of high salt 

content: blood pressure in Dahl salt-resistant rats (DR) remained the same while that in Dahl 

salt-sensitive (DS) rats increased dramatically (Dahl et al., 1962b). Since then, salt-dependent 

hypertension has been studied extensively in animals. Different strains of rodents with 

genetically determined hypertension have been used to study the different aspects of the 

pathogenesis of essential hypertension arising as a result of complex interactions of different 

genetic determinants and the environment (Ferrari and Buachi, 1995). Experiments in Dahl Salt 

Sensitive (DS) rats (Nishida et al., 1998; Ambrosius et al., 1999); Sprague-Dawley rats 

(Miyajima and Bunnang, 1985; Obiefuna et al., 1991a; Sofola et al., 2002) and chimpanzees 

(Denton et al., 1995) have all been used to show that high salt diet results in elevated blood 

pressure. 

 

Hypertension has been shown to be inherited in the Mendelian fashion. Genetic diseases with 

Mendelian transmission are often characterized by mutations with rare allelic frequency in 

human populations (<0.1%). On the other hand, allelic polymorphisms are more frequent and 

have an allelic frequency of >1% or 2% in human populations (Rossier and Schild, 2008). These 

allelic polymorphisms are usually single nucleotide polymorphisms (SNPs) but others such as 

copy number variations or short tandem repeats are also possibilities (Rossier and Schild, 2008). 

Genetic factors account for about 30% of the blood pressure variations in human populations 
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(Corvol et al., 1999). It has been suggested that combined action of many genes as opposed to a 

single gene determines blood pressure response to salt ingestion. Each of the genes may affect 

one or more channel, transporter, or enzymes that may be associated with neural, hormonal, 

vascular and renal control mechanisms of blood pressure (Khalil, 2006), The Epithelial Sodium 

Channel (ENaC) is only one of these genes that have been associated with human essential 

hypertension. The critical role played by this channel in the control of sodium balance, blood 

volume and blood pressure (Verrey et al., 2008b) will be discussed later. 

 

2.2. SALT SENSITIVE HYPERTENSION 

High salt has been shown to be instrumental to the pathogenesis of hypertension in salt sensitive 

individuals (INTERSALT, 1988; Stamler et al., 1991). Salt sensitivity describes the phenomenon 

in which excess salt intake causes high blood pressure in selective races and this is more evident 

in Blacks compared to Caucasians (Luft and Weinberger, 1997; Bragulat et al., 2001). It refers to 

the propensity of individuals to show meaningful changes, increases or decreases, in mean 

arterial blood pressure (MABP) to sodium repletion or restriction respectively (Sanders, 2008). 

Salt sensitivity of blood pressure provides prognostic information with regard to cardiovascular 

events; it is important in predicting target organ damage like left ventricular hypertrophy, renal 

dysfunction and increased risk of death (Titze and Machnik, 2010). The outcome of salt 

sensitivity is irrespective of the individual‟s blood pressure measurement (Weinberger et al., 

2001).  
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A number of protocols have been used to define salt sensitivity, the most extensive being that of 

Weinberger et al., (1986) who defined salt
 
sensitivity as a decrease of 10 mmHg or more in mean 

blood pressure from
 
the value measured after a 4-h infusion of 2 L normal saline

 
compared with 

the value measured the morning after one day of a
 
10-mmol Na/d diet during which 3 oral doses 

of furosemide were
 
given at 1000, 1400, and 1800 hours. Using this criterion, these researchers

 

observed that 51 percent of subjects with essential hypertension but only 26 percent of 

normotensive
 
persons were salt sensitive (Weinberger, 1996). The study population was mixed, 

including both blacks and caucasians. 

 

There have been many variations in the operational definition of salt-sensitivity. Salt sensitivity 

has been defined as an absolute change more than 5 mmHg to 10 mmHg in mean arterial blood 

pressure (MABP) or arbitrarily as an increase of at least 10 percent with a high sodium diet (250 

mmol/day) compared with a low sodium diet (10 mmol/day) over a 7-day period (Kawasaki et 

al., 1978). The different definitions result in different results. For example, using an absolute 

change of at least 5 mmHg in MABP in a study, 33.9% and 32.4% of the participants during low 

salt and high salt diets respectively were salt sensitive. On the other hand in the same study, if a 

proportional change of at least 5 percent in MABP had been used, 38.7 percent of the subjects 

during low salt intervention and 39.2 percent during high salt intervention will have been salt 

sensitive (He et al., 2009). In the same vein, the diagnosis of salt sensitivity using an absolute 

difference in mean arterial blood pressure (MABP) of more than 10 percent between a low salt 

diet and a high salt diet period and diagnosis of salt-resistant as an absolute change in MABP 

lower than 5 percent after salt loading (Weinberger, 1996) does not allow the exploration of the 
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underlying causes for this change or non-change in MABP such as an impairment of the 

cardiovascular autonomic regulation (Coruzzi et al., 2005). 

 

 The salt sensitivity index (SSI) which relates the changes in blood pressure induced by sodium 

loading with the concomitant changes in urinary sodium output without any arbitrary definition 

of threshold (Coruzzi et al., 2005) has also been used to assess salt-sensitivity. Using SSI, 

Coruzzi et al., (2005) observed a lack of correlation between the degree of salt-sensitivity and 

either baseline 24-hour blood pressure and heart rate, age or body mass index. This allowed these 

researchers to infer that increasing SSI levels observed in the study was the reason for the 

impaired autonomic control of the circulation displayed by the subjects.  

 

Weinberger et al., (1986) have also noted that salt sensitivity
 

has a typical bell-shaped 

distribution with a shift to the right
 
in those who are hypertensive. Weinberger and Fineberg, 

(1991) later observed
 
a further shift in the bell-shaped distribution with increasing age in 

normotensive persons
 
and a greater shift in hypertensive persons. A high incidence of salt 

sensitivity has been demonstrated in Nigerians using salt taste threshold as an index of salt 

sensitivity (Obasohan et al., 1992). In salt resistant persons on the other hand, ingestion of a high 

salt diet is associated with only a small increase in blood pressure in the absence of major 

endothelial cell dysfunction or alterations in vascular reactivity (Bragulat et al., 2001).  

 

2.2.1. Factors Defining Salt Sensitivity 
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Mechanisms defining salt sensitivity are complex and diverse. They include low birth weight 

with reduced nephron number, subtle renal injury and inflammation as well as changes in 

potassium intake (Ben-Dov and Bursztyn, 2011). Other possible factors include expression of ion 

channels and supporting cellular skeleton to non-modulation of the renin-angiotensin-aldosterone 

axis and ouabain-like activity (Na
+
/K

+
-ATPase inhibition) as well as diminished atrial and other 

natriuretic peptides (Ben-Dov and Bursztyn, 2011). Factors such as aging and diminished renal 

function have been associated with enhanced salt-sensitivity (Oparil et al., 1988; He et al., 2009) 

although genetic factors have also been implicated as evidenced by the familial aggregation and 

the higher prevalence of salt-sensitivity in certain ethnic groups such as the African Americans 

(Makaritsis et al., 1999). Salt-sensitivity increases with age being higher in persons 45 years and 

older (Akita et al., 2003; He et al., 2009). Earlier attempts at the explanation for the difference in 

incidence of hypertension between African Americans, Africans and Caucasians was attributed 

to the role of slavery in enhancing the survivability of individuals with the genetic ability to 

conserve salt in the slaves that survived transhipment (Wilson and Grim, 1991) but this has been 

questioned (Jackson, 1991). The prevalence of hypertension in Nigeria is about 32.8% (Ulasi et 

al., 2010) while it is as high as 50 percent among black Africans between the ages of 40 years 

and 59 years living in South London (Cappucio et al., 1997a). Other explanations adduced for 

the high incidence of hypertension among blacks include an enhanced adrenergic 

vasoconstriction and reduced dilatory responses (Stein et al., 2000) that will increase vascular 

tone and therefore blood pressure (Sofola, 2004).  

 

Hypertensive subjects are generally more salt sensitive than normotensive subjects (He et al., 

2001; Akita et al., 2003; Franco and Oparil, 2006; He et al., 2009). Salt sensitivity also increased 
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with a higher baseline blood pressure especially with regard to a higher baseline systolic blood 

pressure (Volmer et al., 2001; He et al., 2009). Although some researchers have opined that salt 

sensitivity may not be reproducible in the same individuals (Khalil, 2006); Weinberger et al., 

have reported follow-up studies showing that salt sensitivity is persistent and reproducible over 

time (Weinberger and Fineberg, 1991). Variation in a person‟s daily intake of salt as well as 

urinary excretion of salt may affect this variation in the salt sensitivity status of the individual 

(Khalil, 2006). 

 

It has also been reported that persons with low plasma renin activity tended to be salt sensitive 

(Weinberger, 1996). It is thought that blunting of the renin-angiotensin-aldosterone system may 

contribute to salt sensitive hypertension (Franco and Oparil, 2006). This system plays a pivotal 

role in the regulation of sodium excretion and balance is sensitive to changes in sodium intake 

(Rasmussen et al., 2003). In a study in normotensive and hypertensive subjects, reductions in 

MABP was observed to correlate inversely with the increase in plasma renin activity and 

aldosterone concentration that occurred when the diet was changed from high to low sodium 

content; the renin aldosterone response was shown to be blunted in the hypertensive subjects. 

The findings suggested that the fall in blood pressure with acute salt restriction in hypertensive 

persons compared with normotensive individuals may have been due partly to a less responsive 

renin-angiotensin-aldosterone system in the hypertensive subjects (Franco and Oparil, 2006). 

Blunted activity of the renin-angiotensin-aldosterone system may therefore be contributory to 

salt-sensitivity of blood pressure in man. 
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Atrial Natriuretic Peptide may also play a role in the determination of salt-sensitivity (Feng et 

al., 2003). When mice with homozygous deletion of the ANP gene (Nppa-/-) were fed a high salt 

diet, they developed hypertension but maintained a normal level of blood pressure when fed a 

low salt diet from weaning (Feng et al., 2003). Also, a loss of function polymorphism of the 

ANP gene has been observed more in black salt sensitive hypertensive individuals compared 

with normotensive persons or white hypertensive individuals (Nakayama et al., 2000). 

 

The INTERSALT Study was a prospective study that began in 1981 designed to examine the 

relationship between salt and hypertension. This study was carried out in 52 centres across 32 

countries. Twenty-four-hour urine was measured in 10,079 male and female subjects aged 20-59 

years (INTERSALT, 1988; Elliott et al., 1996; Meneton et al., 2005). For all 52 centres, there 

was a positive correlation between
 
sodium excretion and both systolic blood pressure (SBP) and 

diastolic blood pressure (DBP) and an even more significant
 
association between sodium 

excretion and the changes in blood
 
pressure with age among individuals; this association was not 

recorded across centres (Meneton et al., 2005). In this study, after correcting for confounding 

factors such as age, sex, body mass index (BMI) and alcohol intake, subjects aged 25y to 59y 

who ingested a diet lower in salt content by about 5.7g/day recorded a 9 mmHg lower rise in 

blood pressure (Meneton et al., 2005).  

 

The INTERSALT study was important in that it reported a correlation between urinary sodium 

(Na) excretion and blood pressure (INTERSALT, 1988). Urinary sodium excretion has been 

shown to be an accurate index of total sodium intake because in the steady state, it represents 

about 93% of sodium intake (He and MacGregor, 2003). Few populations were found whose 
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sodium intakes
 
were approximately 100 mmol/d. This (100mmol/d Na

+
) is the likely threshold 

above which an effect
 
of sodium on blood pressure is observed (Kaplan, 2000). In other words, 

hypertension was not observed until the sodium intake had exceeded 100mmol/d. This led to the 

suggestion of there being a sodium threshold below which hypertension is not observed.  

It has also been suggested that salt sensitivity increases at menopause (Yamori et al., 2001). The 

Cardiovascular Diseases and Alimentary Comparison (CARDIAC) study fashioned after the 

INTERTSALT study and overseen by the World Health Organization (WHO), examined the 

relationship between 24-h sodium excretion and blood pressure in at least 3,681 men and 3,653 

women from 60 centres in 25 countries worldwide. It was reported from a cross-centre 

correlation analysis that systolic blood pressure and diastolic blood pressure were positively 

associated with 24-h sodium excretion in both men and women but the association was 

significant only in men (Yamori et al., 1990). Cross centre analyses of results from 21 centres 

which had data on menopausal status however indicated that 24-h sodium excretion was 

positively associated with systolic and diastolic blood pressure in both pre- and post-menopausal 

women; the association was only significant in menopausal women (Yamori et al., 2001). 

Raising the salt intake of a normotensive individual acutely may raise the plasma sodium 

transiently without affecting the blood pressure (Khalil, 2006). On the other hand, effects of 

chronic increase in salt intake vary. Although it may be difficult to detect a small rise in plasma 

sodium, an increase less than 1% may be sufficient to stimulate the thirst centre in the 

hypothalamus (Khalil, 2006). Increased salt intake seems to result in a positive association 

between plasma sodium and systolic blood pressure of hypertensive individuals more than it 

does normotensive persons (Khalil, 2006).  
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Salt restriction has been shown to result in a modest though significant reduction in blood 

pressure (Sacks et al., 2001). The Dietary Approach to Stop Hypertension (DASH) study was a 

prospective study used to demonstrate the fact that low salt diet resulted in reduction in both 

systolic and diastolic blood pressure in both normotensive and hypertensive subjects (Sacks et 

al., 2001). In an earlier study, similar observations were made in older hypertensive individuals 

(Cappuccio et al., 1997b; He et al., 2000; Conlin, 2001). Grobee and Hoffman (1986) after 

reviewing 13 randomized trials, observed that the effect of sodium restriction was small and 

affected mainly systolic blood pressure which fell by an average of 3.6 mmHg (range -0.5 to -

10.0 mmHg) while mean diastolic blood pressure fell by 1.98 mmHg (range +3.2 to -7.0 mmHg). 

The extent of the blood pressure reduction increased with age and with higher initial pressures 

(Robertson, 2003). Similar findings by Graudal et al., (1998) from the analysis of 58 trials in 

hypertensive and 56 in normotensive individuals led to the conclusion that reduced sodium 

intake might be employed as supplementary therapy in hypertension although they stopped short 

of advising a reduced salt intake in the general population. A diet too low in salt content may 

lead to an increase in circulating plasma renin level as well as increased sympathetic nervous 

activity (Alderman, 2000). A low 24-hour sodium excretion has also been found to be associated 

with increased attacks of syncope which was corrected by ingestion of salt (El-Sayed and 

Hainsworth, 1996).  

 

Guyton (1987) postulated that modification of the pressure-natriuresis relation always 

participates in the development of blood pressure regardless of the initiating factor. This 

hypothesis has been extended by Kimura and Brenner (1993) by proposing that there are three 

renal mechanisms that may lead to hypertension: an increased preglomerular vascular resistance, 
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a decrease in whole kidney ultrafiltration and an increase in tubular sodium reabsorption. 

Whereas the first mechanism will lead to a salt-insensitive or salt resistant hypertension, the 

other two will result in salt sensitive hypertension.  

Blood pressure follows a circadian rhythm with 10 percent to 15 percent lower values recorded 

during the night than during the day (Bankir et al., 2008). This is thought to be due to the activity 

of the sympathetic nervous system although several other neurohormonal systems regulating 

blood pressure may contribute (Baumgart, 1991; Smolensky and Haus, 2001). This nocturnal 

dipping in blood pressure is however reduced or reversed in hypertension due to high sodium 

intake and salt sensitivity (Sachdeva and Weder, 2006; Uzu et al., 2006; Hoshide and Kario, 

2008). It has been suggested that the nondipping pattern of blood pressure at night observed in 

the hypertensive patients is as a result of an impaired capacity to excrete sodium during the day 

time (Fukuda et al., 2006; Kimura, 2008). This therefore suggests that to maintain 24-hour 

sodium balance, blood pressure increases at night to promote sodium excretion. The impaired 

capacity to excrete sodium may be as a result of reduced renal function as in persons with low 

glomerular filtration rate or to increased tubular sodium reabsorption as in persons with primary 

aldosteronism (Uzu et al., 1998). In a study of 325 subjects, hypertensive and non-hypertensive 

persons, Bankir et al., (2008) reported that the non-dipping blood pressure in some hypertensive 

subjects may be as a result of an inability to concentrate sodium in urine since urinary volume 

was similar in all categories of subjects studied.  

 

Based on the hypothesis that the relative increase in blood pressure observed during the night is a 

pressure-natriuresis mechanism favouring a compensatory rise in sodium excretion and the 
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maintenance of sodium balance (Fukuda et al., 2006; Sachdeva and Weder, 2006), salt sensitive 

patients have been treated with sodium restriction (Uzu et al., 1997) leading to a recovery of a 

normal nocturnal dipping. A similar response has been obtained with treatment with thiazide 

diuretics (Uzu and Kimura, 1999). Salt insensitive persons however show a normal nocturnal 

dipping that is not modified by either a low salt diet or thiazide diuretic (Uzu et al., 1997). 

 

2.2.1.2. Mechanism of Effect of Salt on Blood Pressure 

Various mechanisms contribute to the observed effect of dietary salt intake on blood pressure as 

evidenced by the many epidemiological, experimental models (human and animal), physiological 

and biochemical studies as well as clinical trials, genetic and mortality studies (Meneton et al., 

2005). These mechanisms include enhanced responsiveness to constrictor agonists like 

noradrenaline (Obiefuna et al., 1991a; Nishida et al., 1998; Sofola, et al., 2002) and reduced 

relaxation responses of the vascular smooth muscles to endothelium-dependent vasodilators like 

acetylcholine (Sofola et al., 2004; Zhu et al., 2007). Acute salt-loading impairs microvascular 

arterial functions in rats while it causes fibrosis in the long term (Boegehold, 1993; Frisbee and 

Lombard, 1999).  

 

There is increasing evidence to show that salt-loading raises blood pressure via a neurogenic 

mechanism involving an early interaction between vasopressinergic and adrenergic neurons in 

the central nervous system (CNS) leading to a persistent hyperadrenergic state (Gavras and 

Gavras, 1989). High salt diet also acts via a mechanism that affects cardiac contractility. High 

salt diet causes cardiac hypertrophy; for instance, rats fed a high salt diet were shown to develop 
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left ventricular hypertrophy independent of pressure overload (Yan and Leenan, 1991). An 

increased left ventricular mass index has also been reported in spontaneous hypertensive rats as 

an independent pathogenic factor (Frohlich et al., 1993). Attenuated relaxation response to 

acetylcholine was observed in spontaneously hypertensive rats (Kagota et al., 2001) or Dahl salt 

sensitive rats (Nishida et al., 1998) but not in non-genetically modified Sprague Dawley rats 

(Obiefuna et al., 1991b; Adegunloye and Sofola, 1997; Giardina et al., 2001). Some other 

workers have however documented the fact that high salt diet resulted in reduction of 

acetylcholine-induced vascular relaxation (Lenda et al., 2000; Oloyo et al., 2011). Salt has also 

been shown to increase the inotropic response of the heart to positive inotropic substances such 

as noradrenaline (NA) (Sofola et al., 1999).  

 

In some humans with salt sensitive essential hypertension, studies have shown reduced 

relaxation responsiveness to acetylcholine following high salt consumption (Bragulat et al., 

2001). Bragulat et al., (2001) have also reported significantly lower forearm vasodilatory 

response to acetylcholine (endothelium-dependent vasodilation) in 26 salt sensitive persons 

compared to 16 salt resistant hypertensive patients following oral salt loading. It has however not 

been very easy to demonstrate the relationship between salt loading and blood pressure in 

humans presumably due to the short duration of such studies as well as the fact that very few 

healthy subjects are willing to participate (Kaplan 2000; Sofola, 2004). The development of high 

blood pressure in humans involves abnormal and persistent changes in the mechanisms that 

control blood pressure. In the model developed by Guyton et al., there were multiple areas in 

which short-term, long-term and infinite gain systems controlling blood pressure interact 

(Guyton et al., 1972; Luft, 2001). The Guyton model helped to explain the fact that all organisms 
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that rely on salt and water metabolism to regulate their internal environment exhibit a 

relationship between salt and water intake and excretion as well as blood pressure. This 

relationship is very steep in normotensive individuals (Luft, 2001). That the kidneys play a very 

key role in handling a salt load has been proven over and again by renal cross-transplantation 

experiments between hereditary strains of hypertensive rats and normotensive strains. Cross-

transplanting the kidneys of a normotensive rat into a hypertensive rat in which nephrectomy had 

been performed does not allow the blood pressure in the latter to rise. On the other hand when 

the kidneys of a young hypertensive strain is harvested before it has developed hypertension and 

is transplanted into a bilaterally nephrectomised normotensive rat, blood pressure increases 

(Meneton et al., 2005). In the same vein, blood pressure in patients with essential hypertension 

and terminal nephrosclerosis who received healthy kidney from young normotensive donors 

became normal (Meneton et al., 2005). These confirm that although there may be functional 

abnormalities at other sites in the body leading to the observed hypertension, the fact still 

remains that the primary disturbance initiating the increase in blood pressure in hereditary form 

of essential hypertension is domiciled in the kidneys. 

  

Skrabal et al., (1989) observed an upregulation of α2-receptors and downregulation of β2-

receptors during high salt intake. This led them to hypothesize that an increased ratio between 

α2- and β2-receptors during salt-loading can promote vasoconstriction and decrease vasodilation 

in resistance vessels and increase sodium reabsorption in the proximal tubules. They further 

reported reduced number of β2-receptors and a correlation between the change in blood pressure 

with the alteration in salt intake and the number of β2–receptors in salt sensitive subjects after 

measuring blood pressure and adrenoceptor activity in cultured fibroblasts from 20 normotensive 
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subjects fed a high salt diet (Kotanko et al., 1992). However, the report of Mills et al., (1995) 

suggests that hypertensive blacks have the most sensitive β-receptors as well as the highest 

receptor density compared with white hypertensive and normotensive black and white subjects. 

2.3 Sympathetic Regulation of the Cardiovascular System 

It was previously believed that the sympathetic nervous system was only involved in the short-

term regulation of blood pressure. However, it is now believed that in selected persons with 

borderline elevation in blood pressure associated with a hyperkinetic circulation, there is 

sympathetic overdrive (Grassi, 2009). It has been difficult to confirm though whether the 

adrenergic overdrive is the hallmark of hypertension or if it is a specific feature of selected 

hypertensive states. It is also not clear if adrenergic overdrive affects all circulatory districts or is 

confined to some organs (Grassi, 2009). Some studies have shown that this sympathetic 

overdrive is observable in all stages of hypertension and that the magnitude of the overdrive goes 

in parallel with the magnitude of the blood pressure increase (Grassi et al., 1998). It has been 

suggested that a derangement in the baroreceptor reflex function may be responsible for the 

adrenergic abnormalities observed in hypertension. It has been further suggested that baroreflex 

control of vagal and sympathetic influences to the heart and the peripheral circulation undergoes 

impairment in hypertension thereby favouring the increase in resting heart rate as well as the 

potentiation of the adrenergic drive to peripheral vessels (Grassi, 2009). Whereas it seems to be 

settled that there is impairment of the vagal-heart rate control exerted by the baroreflex in 

hypertension (Ogoh, et al., 2003), there is still some controversy on the fact that there may be a 

similar impairment on the sympathetic component of the reflex which seems to be reset at a new 

normal in hypertension (Grassi, 2009; Holwerda et al., 2011).  
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2.3.1. Vascular Reactivity 

Cardiovascular reactivity refers to the blood pressure and heart rate responses to an externally 

applied stressor. It has been hypothesised that exaggerated cardiovascular reactivity is a possible 

mechanism in the development of hypertension and cardiovascular disease (CVD); hypertension 

is the single most important factor responsible for 62 percent of strokes and 49 percent of 

coronary heart disease worldwide (World Health Organization, 2002).  Vascular hyperreactivity 

is an inherited trait and reflects underlying sympathetic system activation (Everson et al., 2001). 

Cardiovascular reactivity varies with individual characteristics such as genetic predisposition to 

the disease including a family history of hypertension or other cardiovascular disease; level of 

stress that the individual is exposed to at work or from finances; personality factors and emotions 

(Everson et al, 2001). Race is equally a factor as Blacks have been shown to have a higher 

vascular reactivity to stress (Kelsey et al., 2000a; Stein et al., 2000). The racial difference in 

vasoconstrictor reactivity to cold stress may be explained by the fact that β-adrenergic 

vasodilation partially masked racial differences in α-adrenergic vasoconstriction (Kelsey et al., 

2000a). According to the Reactivity Hypothesis, exaggerated physical or psychological 

responses to stress identify subgroups with increased cardiovascular risk (Lovallo, and Gerin, 

2003). Conflicting results have been obtained from studies on the role of hyperreactivity and the 

development of hypertension but most follow-up studies carried out over a period of 5 years or 

longer have tended to support this hypothesis (Flaa et al., 2008).  Heightened reactivity or 
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delayed recovery is thought to be a process through which stress and other psychosocial factors 

promote cardiovascular disease (CVD) risk (Stewart et al., 2006). By cardiovascular recovery is 

meant the time required for cardiovascular parameters to return to baseline after termination of 

stress; it has also been defined as the extent of elevation in cardiovascular activity during the 

post-stress period (Steptoe et al, 2006) or sustained cardiovascular activation above baseline 

levels during the post-task recovery period (Chida and Steptoe, 2010). Poor stress recovery has 

been associated with impaired cardiovascular risk status (Chida and Steptoe, 2010). It has been 

suggested that the intermittent blood pressure elevations caused by such stress could lead to 

structural vascular changes however Julius et al., (1989) were not able to produce such sustained 

elevated blood pressure in a study on dogs. If the causal chain is from heightened reactivity 

and/or impaired recovery to CVD risk, different pathways might be involved. There could be a 

direct relationship between BP or haemodynamic responsivity and later CVD risk. Hyperreactive 

persons may experience repeated episodes of elevated BP or disturbed haemodynamics as they 

go about their everyday lives, so that over the course of time, their tonic BP will rise which will 

eventually lead to incident hypertension (Steptoe, 2007).  Research has also focussed on 

catecholamines as an explanation for the link between hyperreactivity and the development of 

hypertension. It is known that sympathetic stimulation causes vascular hypertrophy therefore 

frequent surges of sympathetic activity in hyperreactive individuals may cause sustained 

increased total peripheral resistance followed by hypertension (Flaa et al., 2008). Indeed the 

follow-up study of Flaa et al (2008) carried out over an 18-year period showed that arterial 

adrenaline and noradrenaline stress reactions predicted systolic blood pressure. Transient 

endothelial dysfunction may also be elicited by acute stressors along with the cardiovascular 

responses (Ghiadoni et al., 2000); this may also contribute to hypertension later in the individual. 
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2.3.2.  Cold Pressor Test 

The Cold Pressor Test (CPT) is a standardised test used to characterize sympathetic nervous 

activity (Chen et al., 2008). The test is known to cause global sympathetic activation and result 

in significant arteriolar constriction followed by an increase in blood pressure (Chen et al., 

2008). The CPT is a provocative test based on the premise that an excessive blood pressure 

response to an external stressful stimulus is indicative of future hypertension. It is a powerful 

stimulus of sympathetic activity that has been used to examine both peripheral and coronary 

circulation. Hyper-reactivity to the CPT is considered to be a useful indicator of future 

hypertension in normotensive individuals (Mathews et al., 2004; Siegrist et al., 2006; Moriyama 

and Ifuku, 2010). High pressor and heart rate reactivity have been shown to predispose an 

individual to the development of hypertension, carotid atherosclerosis and coronary artery 

disease (Everson et al, 1996).  

 

Several modifications of the original test have evolved over the decades but with the same 

general principle. These generally involve the immersion of a limb in ice water or the placement 

of a bag of ice water on the forehead (Kelsey et al., 2000b). The traditional laboratory cold 

pressor test typically involves limited regional body surface exposure to very cold and often very 

painful ice water slurries held at approximately 4
o
C. Vascular reactivity has also been tested by 
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exposing the entire human body to a cold environment. Subjects are tested in a walk-in 

refrigerated chamber held at a temperature of 8
o
C to 10

o
C and humidity between 85 percent and 

95 percent. It is a relatively naturalistic form of environmental cold stress that offers a viable 

alternative to the traditional CPT for the assessment of cardiovascular reactivity especially when 

trying to circumvent the attendant pain. This method can be related to the observed effect of 

environmental temperature on blood pressure. There have been some reports that blood pressure 

is higher during winter than any of the other seasons (Alperovitch et al., 2009). However most 

studies have reported that this seasonal variation in blood pressure affects to a larger extent 

morning blood pressure causing a BP surge in the mornings (Murakami et al., 2011). The 

morning BP surge is associated with target organ damage and increased risk for cardiovascular 

disease. Using the whole body cold exposure (CE) method, Kelsey et al., (2000a) have 

demonstrated that whole body cold exposure leads to increases in blood pressure and total 

peripheral resistance similar to those produced by the traditional CPT although the BP increases 

observed were higher with the CPT in spite of the greater vascular resistance during whole body 

cold exposure (CE). This was probably because convergent increases in total peripheral 

resistance (TPR) and cardiac output contributed to the increase in BP during CPT unlike in CE 

where an increase in TPR contributed to the increase in BP despite a drop in cardiac output 

(Kelsey et al., 2000b). Although the cardiac output responses to CPT were opposite to those 

elicited by CE, these changes were relatively small (Kelsey et al, 2000b). Similar reports have 

suggested that β-adrenergic vasodilation partially masked α-adrenergic vasoconstriction during 

CPT (Kelsey et al., 2000a).  

 



32 
 

The differences in the outcome of cardiovascular responses to the different types of cold stress 

tests remain unestablished. However, it has been suggested that the differences may emanate 

from variations in the intensity and duration of exposure (Kelsey et al., 2000a), the amount and 

location of the exposed skin surface, painfulness of the cold stimulus, body posture during 

stimulation and the proximity of the experimenter to the subject during the test (Kelsey et al., 

2000b). These are factors that may influence various mechanisms that mediate increases in BP 

including β-adrenergic and α-adrenergic vasoactive mechanisms as well as noradrenergic 

vasoactive mechanisms involving angiotensin II, endothelin-I and so on (Treiber et al, 2000). 

Indeed stepdown tests by Kelsey et al., (2000b) suggested that factors other than the changes in 

cardiac output and TPR are contributive to the BP reactivity to the CPT and CE. Some studies 

have suggested that not all individuals who show heightened reactivity to the cold stress or poor 

recovery experience accelerated progression to CVD risk. How much an individual is exposed to 

recurrent stress comes into play as well as a positive family history. Behaviours such as cigarette 

smoking, use of medications and excess adiposity also critically influence the individual‟s 

response to acute stress (Kajantie and Phillips, 2006) as well as play a role in the exacerbation of 

CVD. The cold pressor stress activates the sympathetic nervous system causing an increase in 

vascular tone of resistance arteries (Murakami et al., (2011). Evidence is also accumulating that 

the dorsomedial hypothalamic nucleus plays a major role in integrating the cardiovascular 

response to acute stress (Dampney et al., (2002). Experiments in rats have shown that this area is 

crucial to integrating the cardiovascular and autonomic responses to emotional stress (Flaa et al., 

2008). 

 

2.3.3. Vascular Resistance 
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The most prevalent cause of vascular events is hypertension (Kaplan, 2006) being responsible for 

about 50% of risk (Lawes et al., 2008). Patients with only episodic hypertension have a high risk 

for vascular events (Rothwell et al., (2010). Resistance arteries are the primary determinants of 

blood flow and blood pressure within the capillary beds. Resistance to blood flow within a 

network of vessels depends mainly on the size of the individual vessels; changes in diameter 

especially in precapillary arteries maintain adequate blood flow and blood pressure within the 

capillary beds thereby promoting maximal gas and nutrient exchange. Optimal pressure and flow 

relationship is maintained primarily by small resistance artery pressure-dependent myogenic 

reactivity (Coats, 2010). Myogenic component of vascular tone refers to the correlation between 

intraluminal pressure and pressure-dependent tone; it is commonly exhibited by small arteries 

with lumen diameter less than 150µm. Myogenic reactivity is a very important determinant of 

vascular resistance and a regulator of regional blood flow (Coats, 2010). 

 

2.3.3.1  Venous Occlusion Plethysmography  

Venous Occlusion Plethysmography  has been in use for about a hundred years (Joyner et al., 

2001) being first used to record organ blood flow in 1905 (Brodie and Russel, 1905). 

Plethysmography has been used to investigate the role of the vascular endothelium in health and 

disease (Frewin et al., 1968; Linder et al., 1990; Panza et al., 1993); studying the role of the 

autonomic nervous system in regulating limb blood flow in humans (Jie et al., 1987) and the 

vasodilator responses to different events such as exercise, ischaemia and mental stress (Joyner 

and Dietz, 1997). The principle behind venous occlusion plethysmography is that of a 

“collecting” cuff inflated around the upper arm or thigh to a pressure below the individual‟s 

diastolic blood pressure such that the arterial inflow to the limb continues while the venous 
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drainage is obstructed. Thus the limb “swells” from the increase in volume. If a vein of the limb 

is placed above the heart level, the rate of increase in limb volume is proportional to the arterial 

inflow (Joyner et al., 2001). 

 

2.4. Salt Sensitive Hypertension and the Epithelial Sodium Channel 

Salt sensitive hypertension especially in Africans has been related to low renin activity 

(Osotimehin et al., 1984; Ambrosius et al., 1999) in subjects who are amiloride sensitive (Baker 

et al., 2002). Salt sensitivity has been linked to mutation of the epithelial sodium channel (ENaC) 

gene in a T594M transmutation that occurs in about 5% of hypertensive Blacks in the United 

States of America as compared to about 1% of Caucasians in the same location (Baker et al., 

2002). Blood pressure was controlled in African American subjects with Amiloride, 20mg per 

day for 2 months implying increased activity of the epithelial sodium channel (ENaC). In another 

study in which Blacks and Caucasians participated however, the use of Amiloride 5mg per day 

for one week resulted in  an increase in blood pressure among the black subjects while the white 

subjects recorded a fall in blood pressure (Pratt et al., 2002) demonstrating a significant racial 

difference in the activity of ENaC. However, polymorphisms of the ENaC were not measured in 

the study. 

 

Hypertension can be classified as either Mendelian hypertension (monogenic form of 

hypertension) or essential hypertension (polygenic form of hypertension) based on the mode of 

inheritance (Su and Menon, 2001).  The Mendelian forms of hypertension are due to a single 

defective gene which is transmitted in a dominant or recessive manner. For example, mutations 
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within the SCNN1B and SCNN1G genes of the epithelial sodium channel are responsible for the 

Mendelian diseases characterized by high blood pressure (Hiltunen et al., 2002; Furudashi et al., 

2005) and low blood pressure (Bonny and Rossier, 2002; Thomas et al., 2004). On the other 

hand, essential hypertension does not follow Mendelian inheritance pattern.  It occurs 3.8 times 

more in persons with a positive family history of hypertension therefore suggesting a genetic 

component. A role for environmental factors like diet and stress has also been implicated in the 

development of essential hypertension.  Some individuals respond to an increase in dietary 

sodium intake with an increase in blood pressure and manifest a decrease in blood pressure with 

salt restriction (Weinberger, 2004) while there is no such change in others. This led to the 

suggestion that the development of hypertension is a consequence of both environmental (e.g. 

salt) and genetic background of the individual (Bashyam, 2007). 

 

Sodium reabsorption is carried out by transporters present along the nephron.  The transporters 

are localized to specific segments of the nephron and mediate the entry of sodium across the 

apical membrane (Figure 1).  They include the Na
+
/H

+
 exchanger of the proximal tubule, the 

Na
+
/K

+
/2Cl

-
 co-transporter of the thick ascending limbs of Henle, the Na

+
:Cl

-
 co-transporter 

(NCC) expressed exclusively at the distal convoluted tubule especially in the early DCT (DCT1) 

becoming less along the late distal tubule (DCT2) and the α -, β- and γ- subunits of the epithelial 

sodium channel (ENaC) whose expression increases gradually along DCT2 and is robust in the 

connecting tubule (CNT) and the collecting duct (CD) (Loffing and Kaissling, 2003).  This 

arrangement of the NCC and ENaC protein expression in DCT2 generates three distinctive 

segments: DCT1 where only NCC is expressed, DCT2 where NCC and ENaC are co-expressed, 

and CNT/CD where only ENaC is expressed (Loffing et al., 2001). Although the bulk of 
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reabsorption of sodium is carried out in the proximal tubule, the fine control of sodium 

reabsorption is carried out in the distal nephron and collecting duct (Figure 1).  The location of 

the epithelial sodium channel makes it an important candidate gene for its involvement in blood 

pressure control; increases in the activity of ENaC results in increased extracellular fluid volume 

and blood pressure (Drummond, 2009). Apart from their role in salt and water homeostasis, 

ENaC proteins and other related acid-sensing ion channels (ASICs) may contribute to the control 

of blood pressure through reflex regulation of the autonomic nervous system and local control of 

vascular tone (Drummond et al., 2008b).  
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Figure 1: Localization of Na
+
 transporters in the nephron  

PCT = proximal convoluted tubule; PST, proximal straight tubule; DLH = descending 

limb of Henle's loop; DCT = distal convoluted tubule; TALH = thick ascending limb of 

Henle's loop; ALH = ascending limb of Henle‟s loop; CCD = cortical collecting ducts; 

OMCD = outer medullary collecting ducts; IMCD = inner medullary collecting ducts; 

NHE3 = epithelial sodium/proton exchanger (modified from Su and Menon, 2001) 
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2.4.1 Epithelial Sodium Channel in Salt Sensitive Hypertension 

The epithelial sodium channel (ENaC) is responsible for the rate-limiting step of sodium 

reabsorption by the epithelial cells of the distal nephron. It is the final common pathway for the 

reabsorption of the final 2% of filtered sodium load in the distal nephron (Hollier et al., 2006). 

ENaC is located in apical membrane
 
of "tight" epithelia in the distal nephron, distal colon, and

 

airways (Bize and Horisberger, 2007). It is also located in the salivary glands and sweat glands.  

ENaC therefore plays an important role in the maintenance of sodium balance, extracellular fluid 

volume and blood pressure by the kidney (Verrey et al., 2008b) and the controlled fluid 

reabsorption in the airways (Chraibi and Horisberger, 1999).  The activity of ENaC is regulated 

by several hormones such as aldosterone (Kellenberger and Schild, 2002) and vasopressin; 

intracellular and non-hormonal extracellular factors also modulate this activity; indeed the 

activity of ENaC is strongly regulated by sodium itself,
 
via two distinct phenomena, feedback 

inhibition and sodium self-inhibition (Bize and Horisberger, 2007). 

 

The epithelial sodium channel (ENaC) is composed of three structurally related subunits, α-, β-, 

and γ-ENaC (Figure 2). These subunits are each 85 to 95kD in size in the unmodified state 

(Bhalla and Hallows, 2008). The α-subunit was first identified by Canessa et al., (1993) in 

expression cloning studies while the cloning of the β- and γ- subunits was accomplished by 

Canessa et al., in 1994 (Benos and Stanton, 1999). Each subunit shares about 30% to 40% 

sequence identity with the others (Canessa et al., 1994) and has two hydrophobic membrane-

spanning domains – a large extracellular loop and intracellular N- and C-termini (Kellenberger 

and Schild, 2002). The channel has characteristic features that include high cation selectivity; the 

ratio of its permeability to sodium to its permeability to potassium is over 20 (Rossier, 2004). 
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Consequently, it allows Na
+
 to enter the cell by moving down its concentration gradient but does 

not allow potassium to leak out of the cell (Snyder, 2002). This property is critical to the Na
+
-

absorptive activity of ENaC in epithelia. It has also been reported that the channel is more 

permeable to Lithium (Li
+
) than to Na

+
 (Snyder, 2002). The activity of a channel is determined 

by the amino acids that line the channel pore. In the case of ENaC, the pore is formed by 

residues from each of the three subunits (Snyder et al., 1999). The selectivity filter that 

discriminates between different cations is formed by a sequence motif (G/S-X-S) at the 

extracellular end of the second membrane-spanning segment (Sheng et al., 2000). Additional 

residues in this segment may also modulate conductance (Langloh et al., 2000). ENaC is 

voltage-independent; changes in membrane potential have minimal effect on ENaC Na
+
 currents 

(Snyder, 2002).  

 

The channel also has a small single channel conductance of 4-6 picosiemens (pS) and is typically 

found in the apical membrane of sodium-transporting epithelial cells (Malik et al., 2006). ENaC 

also exhibits gating kinetics characterised by long closing and opening times (Rossier, 2004) and 

the probability of the channel being open (Po) varies widely between individuals (Palmer and 

Frindt, 1996). Although very little is known about this heterogeneity in gating or about the 

mechanisms that control channel gating, however, two segments of the channel appear to be 

important: mutation of specific residues within the cytoplasmic N-terminus results in channels 

that are nearly always closed (low Po) (Grunder et al., (1999). Interestingly, a mutation in this 

domain causes PHA (Chang et al., 1996) consistent with an important function in vivo. 
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 Figure 2: Structural features of the epithelial sodium channel (ENaC) 

 (Bhalla and Hallows, 2008) 
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Secondly, a domain just extracellular to the second membrane-spanning segment is also involved 

in channel gating. Mutation of residues in this „DEG‟ domain increase Na
+
 current by locking the 

channel in a high Po state (Snyder et al., 2000; Sheng et al., 2001). These mutations introduce a 

bulky side chain suggesting that stearic hindrance might interfere with channel closing.  

 

In the kidney, the three subunits combine in a 1-1-1 ratio to form the functional unit channel 

(Jasti et al., 2007). Maximal ENaC activity observed by the amiloride-sensitive inward current is 

recorded only when all three subunits are present (Pochynyuk  et al., (2008): the α-subunit is 

absolutely necessary for channel activity while the β- and γ- subunits are required for maximal 

channel expression and activity at the cell surface (Schild, 2010). Neither the β- nor the γ- 

subunits expressed alone or together, produced any measurable Na
+
 current (Schild et al., 1995). 

When the α-subunit was injected into the Xenopus oocyte alone, (presumably α4 tetramers) only 

1% or 2% of maximal activity was recorded; when αβ or αγ subunits were co-injected (α2β2 or 

α2γ2 respectively), 5% to 15% of maximal activity was recorded while injection of β- or γ- 

subunit alone did not lead to any significant channel activity and β2γ2 led to about 2% activity 

being recorded after as many as seven days of incubation (Bonny et al., 1999). These results 

indicate that the α-subunit has a specific chaperone role to bring β- and γ- subunits to the cell 

surface but β- and γ- subunits are also required to bring the α-subunit to the plasma membrane.  

 

Several gene inactivation experiments have been performed in vivo from which were observed 

that each subunit of the channel is required for survival as a lethal prototype is produced from 

these knockout experiments with death occurring soon after birth (McDonald et al., 1999). When 
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the α-subunit was inactivated, the newborn mice died from failure of lung clearance and the 

inability to reabsorb fluid from the distal airways. Juxtaposing this with the data from in vitro 

studies in the Xenopus oocyte system, the α-knockout should leave the mice with only the 

possibility of making βγ channels (presumably β2γ2) with very low activity (Rossier, 2004). 

When the γ-subunit was inactivated the mice died from a severe salt-loosing syndrome and lethal 

hyperkalaemia, presumably the remaining αβ channels (α2β2) with 5% or 19% maximal activity 

were enough to prevent the severe failure in lung clearance observed in the α-knockout mice but 

not the lethal salt-loosing syndrome (Rossier, 2004). This was similar to the results obtained 

when the β-subunit was deleted (α2γ2 with 5% to 10% activity). This suggests that 5% or 10% 

ENaC activity is enough to establish a normal airway interphase but insufficient for normal 

kidney function. This is classically shown by one of the diseases resulting from a loss of function 

mutation of ENaC, Psuedohypoaldosteronism type I (PHA-I) in which there is early and severe 

salt wasting and dehydration, resulting in hypernatremia and hypotension; life threatening 

hyperkalaemia and metabolic acidosis as well as activation of the renin-angiotensin-aldosterone 

system in the presence of normal adrenal function (Kellenberger and Schild, 2002; Rossier, 

2004). Both plasma aldosterone and renin are elevated indicating a peripheral resistance of target 

tissues to the hormones. Treatment with salt supplementation and the use of potassium chelators 

are sufficient to take care of the severe hypernatremia and hyperkalaemia respectively (Rossier, 

2004). Whereas the renal symptoms of PHA-I mice models were similar to those of the PHA-I 

patients, (Kellenberger and Schild, 2002), the very severe lung phenotype is not observed in 

newborn PHA-I patients (Rossier, 2004). This led to further studies of the mucocillary clearance 

in the lungs of the patients consistent with an important inhibition of sodium and chloride 

reabsorption in the distal and proximal airways (Kerem et al, 1997). In a case of recessive 
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neonatal systemic PHA-I, the salt-loosing syndrome was accompanied by severe and recurrent 

episodes of respiratory problems at birth (Akcav et al., 2002) thereby suggesting that the 

difference between the human and mice lung phenotype appear to be quantitative and qualitative: 

the gene inactivation in the mouse demonstrates a lethal phenotype within four days of life, 

which is independent of genetic backgrounds while suggesting no redundancy between ENaC 

subunits mimicking human pathophysiology in lung and kidney (Rossier, 2004). 

 

ENaC is a member of the gene superfamily DEG/ENaC/ASIC, a large family of proteins 

expressed in a diverse range of species including the nematode Caenorhabditis elegans, 

Drosophila and mammals and cell types including neurons, epithelia and muscle cells 

(Drummond et al., 2008a). The genes were identified based on mutations that result in 

mechanosensation defects (mecs) or neurodegeneration (degs) (Corey and Garcia-Anoveros, 

1996) acid sensing ion channels (ASIC) (Chen et al., 1998) and mechanosensitive cation 

channels present in the skin and on cochlear hair cells (Benson et al., 2002). Members of the 

ENaC/DEG gene family show a high degree of functional heterogeneity which is reflected by the 

wide variety of tissues within which they are located (Kellenberger and Schild, 2002).  

    

The basic function of ENaC is to allow vectorial transcellular transport of Na
+
 in a two-step 

process as shown in Figure 3:  

 There is a large electrochemical gradient for Na
+
 across the apical membrane.  This provides the 

driving force for the entry of Na
+
 into the cell. Sodium ions are then transported actively across 

the basolateral membrane by the Na
+
/K

+
 ATPase in exchange for potassium (Bubien, 2010). 

Potassium then exits the apical membrane through potassium channels (Rossier and Stutts, 2009) 
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recycling across the basolateral through a different set of potassium channels (Bubien, 2010). 

This active transepithelial transport of Na
+
 is important for maintaining the composition and 

volume of fluid on either side of the epithelium (Kellenberger and Schild, 2002) and is crucial 

for the maintenance of blood Na
+
 and K

+
 concentration and their homeostasis in the kidney and 

the colon (Kellenberger and Schild, 2002). 

 

2.4.2      Regulation of ENaC 

The epithelial sodium channel (ENaC) is regulated by a variety of intrinsic and extrinsic factors 

via several models of channel regulation. Changes in channel gating (Po) or changes in the 

number of channels at the cell surface as well as changes in the unitary conductance of the 

channel (Rossier, 2004) are involved in the regulation of ENaC. Snyder (2002) reported that 

mechanisms that control the surface expression of ENaC are of critical importance in the 

regulation of epithelial Na
+
 absorption based on two properties of ENaC. First is the fact that the 

channel does not require a stimulus to become active; it is constitutively active (Canessa et al., 

1994). This is contrary to what happens with voltage-gated and ligand-gated channels which 

require a stimulus for activity. The Po of ENaC tends to increase at negative membrane potentials 

indicating that the gating properties are weakly voltage-dependent (Rossier, 2004). 
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Figure 3: Transepithelial ion transport in a principal cell of the cortical collecting duct 

(CCD) ENaC mediates Na
+
 entry from the tubule lumen at the apical membrane, and the Na

+
-

K
+
-ATPase extrudes Na

+
 at the basolateral side. K

+
 channels are present on the basolateral and 

apical membranes. K
+
 channels at the apical membrane mediate K

+
 secretion into the tubular 

lumen. The diagram also illustrates the action of aldosterone (Aldo) which binds to intracellular 

receptors that are translocated to the nucleus and affect the expression and subcellular 

localization of ENaC and the Na
+
-K

+
-ATPase as well as other target proteins via aldosterone-

induced transcripts (AITs) and aldosterone-repressed transcripts (ARTs).  (Kellenberger and 

Schild, 2002). 
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The Po varies greatly from channel to channel even within the same patch. Secondly, ENaC is 

regulated over a slow time frame, taking minutes to hours. This is compatible with mechanisms 

that alter the expression of a protein at the cell surface (Garty and Palmer, 1997) and differs 

significantly from those mechanisms that participate in neural transmission and contraction of 

myocytes that require milliseconds to take place (Snyder, 2000). The total number of ENaC 

subunits within the cell is relatively large compared with the number in the apical membrane 

(Malik et al, 2006). The exact point in the trafficking pathway at which ENaC subunits are 

assembled into a functional channel is unclear as is the unit stoichiometry of the assembled 

channel. Nonetheless, one of the mechanisms by which ENaC functional activity can be 

regulated is by altering the rate of delivery of assembled ENaC to the cell surface (synthesis, 

vesicle trafficking and exocytosis) and the removal of channels from the cell surface 

(endocytosis and degradation) (Snyder, 2002). It has been suggested that vasopressin and 

possibly aldosterone alter sodium transport via this mechanism (Malik et al, 2001). Malik et al 

(2006) suggest that these hormones not only affect the rate of insertion of ENaC but also appear 

to alter the number of functional channels at the apical membrane by reducing the rate of ENaC 

retrieval and degradation. The regulation of Na
+
 absorption in the aldosterone-sensitive distal 

nephron (ASDN) thus relies more on the number of active ENaC at the apical membrane of 

principal cells than on the modulation of channel gating itself (Schild, 2010).  

 

2.4.2.1 Ubiquitylation 

This is the process upon which depends the stability of ENaC at the cell surface. Ubiquitylation 

is the process by which the stability of a variety of target proteins is regulated (Schild, 2010). 

Mono or multi-ubiquitylation can serve as signal for endocytosis of transmembrane proteins, a 
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process that usually results in their degradation by the lysosome and/or the proteasome (Rotin et 

al., 2001). Nedd4 E3 protein-ubiquitin ligases that belong to the HECT family contain 3-4WW 

domains responsible for binding to canonical PY motifs of the target substrates; such PY motifs 

are found at the C-termini of the β- and γ- subunits of ENaC (Staub et al., 1997). They are 

essential for efficient ubiquitylation of specific lysine residues in the N-termini of β- or γ- ENaC 

by the HECT domain of Nedd4-2. In Xenopus oocytes, Nedd4-2 was shown to efficiently 

suppress ENaC activity by ubiquitylation of the functional channel complex at the cell surface 

which led to clathrin-mediated endocytosis and degradation (Kamynina et al., 2001). Enzymes 

such as UCH-L3 or Usp2-45 that are able to deubiquitylate ENaC, have been shown to increase 

ENaC-mediated Na
+
 current in vitro, therefore supporting the role of ubiquitylation in regulating 

ENaC stability at the cell surface (Ruffieux-Daidie et al., (2008).  

 

2.4.2.2 Extrinsic Factors 

Aldosterone (Shigaev et al., 2000) and other volume-regulatory hormones like arginine 

vasopressin (AVP) (Ecelbarger et al., 2001; Bens et al., 2006) and atrial natriuretic peptide 

(ANP) (Zeidel et al., 1988) as well as some other hormones like insulin and endothelin (Gilmore 

et al., 2001) are involved in the regulation of ENaC (Bhalla and Hallows, 2008).  

 

Hormonal regulation of ENaC is accomplished through receptor-mediated modulation of 

intracellular signalling pathways that involve several kinase cascades like stimulation of serum 

and glucocorticoid-regulated kinase 1 (SGK1) or inhibition of extracellular signal-regulated 

kinase (ERK) in the case of aldosterone (Shigaev et al., 2000; Soundararajan et al., 2005), 

protein kinase A (PKA) for AVP and ANP regulation (Snyder, 2000; Yamada et al., 2007), 
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phosphatidyl inositol 3-kinase-dependent signalling for insulin (Blazer-Yost et al., 2003) and 

SRC family kinases in the endothelin regulatory pathway (Gilmore et al., 2001). Increased apical 

targeting of ENaC subunits is usually induced primarily by aldosterone-induced 

mineralocorticoid receptor (MR) action although it may also occur through MR-independent 

mechanisms (O‟Neill et al., 2008). Aldosterone binds intracellularly to the mineralocorticoid 

receptor (MR) causing genomic activation and increased expression of the Na
+
/K

+
 ATPase. This 

process causes ENaC-mediated sodium reabsorption in all species (Loffing and Korbmacher, 

2009). The non-genomic effect of aldosterone on the channel may also be of great importance in 

the regulation of blood pressure (Bubien, 2010). It seems that the two mechanisms, genomic and 

non-genomic mechanisms, work together to increase sodium reabsorption and potassium 

excretion (Figure 4). Aldosterone regulation of ENaC at the cell surface is also partly mediated 

through inhibition of Nedd4-2-dependent ubiquitylation of ENaC that ultimately leads to an 

increase in the number of active channel at the cell surface (Fakitsas et al., 2007; Verrey et al., 

2008a). 
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Figure 4: Model of the genomic and non-genomic effects of aldosterone in renal principal  

                cells 

KEY: Left panel: This illustration identifies the cellular components that mediate the mechanism of salt 

reabsorption by principal cells in the renal cortical collecting duct. Without stimulation, this mechanism is 

relatively inactive. Thus, there is little or no reabsorption of salt and water and very little loss of 

potassium.  

Right panel:  When aldosterone (Aldo) is secreted, there are two major effects on the principal cell 

reabsorptive mechanism. There is a non-genomic activation of ENaC, and after binding to the 

mineralocorticoid receptor (MCR), there is a genomic effect that results in the increased expression of the 

Na+/K+-ATPase in the basolateral membrane of the principal cells. Both of these mechanisms work 

concurrently to increase the reabsorption of sodium and the excretion of potassium. If this mechanism is 

overstimulated because of metabolic alterations, elevated blood pressure is the result. (Bubien, 2010). 
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Vasopressin also increases ENaC activity in the ASDN. The hormone binds the V2 receptors, 

stimulating the release of CAMP which in turn increases the density of ENaC at the cell surface 

(Auberson et al., 2003). The cellular mechanism for ENaC regulation by vasopressin is provided 

by the action of Protein Kinase A (PKA). The enzyme is similar to SGK 1, and phosphorylates 

the same residues of Nedd4-2 as does SGK 1. However, additive effect of aldosterone and 

vasopressin on ENaC-mediated Na+ absorption in the ASDN cannot be wholly explained by the 

converging phosphorylation of Nedd4-2 by the two enzymes (Bugaj et al., 2009) suggesting the 

participation of other mechanisms. 

 

2.4.2.3  Proteolytic Cleavage 

The extracellular domain is important in modulating ENaC activity. Proteolytic cleavage has 

been observed at two sites in the extracellular domains of α- and β- subunit of the channel. This 

converts an inactive ENaC to active ENaC (Hughey et al., 2004a; Caldwell et al., 2004). While 

one population of channels is cleaved by furin (Hughey et al., 2004a), a second population 

reaches the cell surface uncleaved and is susceptible to cleavage and activation by proteases at 

the cell surface and in the extracellular fluid (Caldwell et al., 2004; Hughey et al., 2004b; Knight 

et al., 2006).  

 

2.4.2.4  Sodium Ion Self-Inhibition 

 Extracellular sodium ion (Na
+
) inhibits ENaC activity by a process called Na

+
 self-inhibition. 

This process serves as a negative feedback mechanism to control the Na
+
 transport (Sheng et al., 

2006). The role of Na
+
 in this regard has been predicated on the observation that mutation of 

conserved histidine residues in the extracellular domains of α- and γ- ENaC alter Na
+
 self-
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inhibition and also the observation that proteolytic cleavage of the extracellular domain prevents 

Na
+
 self-inhibition (Sheng et al., 2006). 

 

2.4.3 Mutations of the Epithelial Sodium Channel 

Improper functioning or regulation of the epithelial sodium channel is an independent cause of 

sustained severe hypertension. Mutations in the ENaC result in clearly defined syndromes 

involving dysregulation of ENaC activity with subsequent disorders of systemic blood pressure 

attributable to a primary renal mechanism (Warnock, 2001). Mutations of ENaC were originally 

described as truncations or frame shift in the β- or γ- subunit of ENaC (Meneton et al., 2001). A 

missense mutation in the β-subunit of the human ENaC gene (T594M allele of SCNN1B or β-

ENaC) has been implicated as a gain-of-function mutation as in Liddle syndrome causing 

impaired renal sodium excretion and salt sensitive hypertension (Swift and MacGregor, 2004).  

 

The demonstration of genetic linkage between Liddle syndrome and ENaC suggests the 

physiological involvement of ENaC in blood pressure regulation. Liddle syndrome results from 

mutations in the cytoplasmic C terminus of either the β- or the γ-subunit of ENaC which leads to 

constitutively increased channel activity (Rossier and Schild, 2008). It represents a small 

minority of salt sensitive hypertension (Butterworth et al., 2009). The “gain of function 

mutations” as in Liddle syndrome increase channel activity resulting in excess reabsorption of 

sodium leading to hypertension whereas the „loss of function mutations‟ as in PHA-I decrease 

channel activity causing salt wasting, dehydration and hypotension (Su and Menon, 2001; 

Rossier and Schild, 2008). Liddle syndrome and PHA-I therefore serves as important „proof of 
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principle‟ showing that altered function of the epithelial sodium channel can directly affect blood 

pressure. In addition to the Liddle and PHA-I mutations, several polymorphisms have been 

identified in the β- and γ- subunits of ENaC among which β-T594M (Swift and MacGregor, 

2004) and β-G442V are only seen in individuals of African origin (Su et al., 1996; Persu et al., 

1998). For example in the HYPERGENE data set in which sequence analysis of the β-ENaC 

subunit was carried out in 532 hypertensive probands including 101 probands with low renin 

hypertension, missense mutations were identified in seven unrelated individuals; three probands 

with low renin hypertension and three probands of African ancestry had mutations that changed 

threonine to methionine at position 594 (T594M) with an overall incidence of 6% of the 

hypertensive probands of African ancestry (Warnock, 2001). A glycine to valine (G442V) β-

subunit variant was also identified in 19 probands all but one of whom were of African origin 

and eight were from the low renin hypertension subset. None of these missense mutations or 

polymorphisms has had any demonstrable effects on the in vitro expression systems used to 

examine ENaC activity (Warnock, 2001). The HYPERGENE reports go to confirm earlier 

reports by Su et al (1996) and Persu et al (1998) that β-T594M and β-G442V are seen in 

individuals of African origin.  

 

Baker et al., (1998) reported an association of β-T594M polymorphism with hypertension among 

Blacks in London; seventeen (8%) of the hypertensive Blacks and 2% of the normotensive 

Blacks studied had the T594M mutation. These individuals had a low plasma renin activity 

(PRA) suggesting an increased sodium reabsorption and therefore further suggesting that the 

T594M polymorphism may serve to explain, to some extent, the presence of salt-sensitivity in 

Blacks (Luft, 2001). It has been observed that about 9% of Finnish hypertensive individuals 
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carry genetic variants of β- and γ- subunits of ENaC; this is thrice the prevalence of these 

variants in non-hypertensive Finns as well as random controls from the same population 

(Hannila-Handelberg et al., 2005). Although the functional importance of these variant alleles is 

still a subject of more research, however, patients with the variants showed an increase in urinary 

potassium excretion rate in relation to their renin levels (Hannila-Handelberg et al., 2005). 

Different studies have provided evidence linking hypertension and chromosome 16p12, the 

genome that encodes β- and γ- subunits of ENaC (Atwood et al, 2001; de Lange et al., 2004; 

Hamet et al, 2005). In the VHFS, more than 2900 persons were examined for genotypes and 

haplotypes related to 26 single nucleotide polymorphisms (SNPs) across SCNN1G and its 

promoter (Büsst et al., 2007). The γ-subunit of ENaC has been implicated as a candidate gene in 

the determination of systolic blood pressure and it has been suggested that it may have specific 

role in ENaC activation by a novel mechanism, that is, proteolytic cleavage of its extracellular 

domain (Büsst et al., 2007). 

 

In spite of the fact that several studies have shown that the β- and γ- subunits of ENaC are linked 

to systolic blood pressure in Blacks, some researchers have not been able to record such 

relationship between the subunits of ENaC and blood pressure (Hollier et al., 2006). As 

mentioned earlier, the β-T594M polymorphism has been associated with increased blood 

pressure in an English population of African ancestry (Baker et al., 1998) whereas no similar 

association was found in a South African population (Nkeh et al., 2003). Also a study of more 

than 300 affected sibling pairs collected in China failed to show linkage between the β- and γ- 

subunits of ENaC and hypertension indicating possible genetic heterogeneity in different ethnic 

groups for the involvement of ENaC in essential hypertension. Some workers have also not been 
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able to establish linkage between α-ENaC and hypertension (Su and Menon, 2001). This is 

however inconclusive as the power to detect linkage is affected by sample size and a large 

number of samples is required to either confirm or refute the linkage. 

 

2.4.4 AMILORIDE (3,5- diamino-6- chloro-N-(diaminomethylene) pyrazine-2-carboxamide) 

Amiloride is a guanidinium group-containing pyrazine derivative. It was first approved for use in 

1967 as MK870.  Its molecular formula is C6H8ClN7O (Figure 5) and has a molecular weight of 

229.65. 

Amiloride is a small molecule that inhibits channels formed by the epithelial sodium channel 

(ENaC)/degenerin (Deg) family of proteins (Qadri et al., 2010). It blocks the epithelial sodium 

channel in the late distal convoluted tubules, connecting tubules and collecting ducts (Loffing 

and Kaissling, 2003) thereby causing a reduction in the reabsorption of sodium and water. This 

leads to loss of sodium and water sparing potassium. Epithelial sodium channel (ENaC) also 

exhibits a high sensitivity to amiloride–inhibition constant: 0.1µM (Rossier, 2004). At 

submicromolar and low micromolar doses, amiloride is a highly selective inhibitor of ENaC 

(Drummond et al., 2008a); indeed the channel is blocked by amiloride and amiloride analogs as 

well as triamterene (Snyder, 2002). Although Amiloride is very selective for ENaC, it can inhibit 

sodium transport at sites other than ENaC. The Na
+
/K

+
 exchanger, the Na

+
/Ca

2+
 exchanger as 

well as the Na
+
/K

+
 ATPase can all be inhibited by this molecule. The IC50 (µmol/L) of amiloride 

for ENaC has been reported to be 0.35 while those for the earlier mentioned channels are 84, 

1100 and 1100 respectively (Pratt et al., 2002). Amiloride is usually used in the treatment of 

hypertension in addition to thiazides or loop diuretics (Loffing and Kaissling, 2003).  
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Figure 5: Structure of Amiloride

Culled from Creative Commons Attribution/Share-Alike License 2009
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2.4.5  Renin-Angiotensin-Aldosterone System 

The renin-angiotensin-aldosterone-system (RAAS) is a major regulator of both the 

cardiovascular system and the renal system. It is important in the homeostasis of body fluids and 

electrolytes and therefore regulates blood pressure. The RAAS is an enzymatic cascade that 

begins with the cleavage of angiotensinogen to angiotensin I by renin, a hormone produced by 

the juxta-glomerular apparatus in response to an increased osmolarity of blood. Angiotensin I 

(Ang I) is then converted to angiotensin II (Ang II) by angiotensin converting enzyme (ACE) 

produced in the lungs. Angiotensin II exerts direct effects on the renal tubular sodium 

reabsorption. The hormone also acts via receptors in the adrenal glands to stimulate the secretion 

of aldosterone from the adrenal cortex.  

 

2.4.5.1  Aldosterone 

Aldosterone was characterised in 1953 but was initially termed electrocortin due to its 

mineralocorticoid action on transepithelial electrolyte transport. The name was later changed to 

aldosterone when it was observed to have a unique and highly reactive aldehyde (CHO) group 

instead of the expected methyl (CH3) group at C18 of the steroid skeleton (Funder and Reincke, 

2010). Aldosterone is a very important factor in the control of body fluids and blood pressure. 

The plasma concentration of aldosterone varies widely from about 0.05 nM to 0.5nM. It is 

secreted from the zona glomerulosa of the suprarenal glands within seconds in response to a 

decrease in extracellular fluid volume and/or a fall in blood pressure. The main targets for 

aldosterone action are the principal cells of the renal collecting duct in which the hormone binds 

to intracellular mineralocorticoid receptors which enhances NaCl reabsorption. Evidence is 
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beginning to accumulate that aldosterone acts on target cells of the cardiovascular system 

(Funder, 2006) especially the vascular endothelium (Schiffrin, 2006). Mineralocorticoid 

receptors are expressed by endothelial cells and they functionally respond to aldosterone 

(Oberleithner et al., 2006: Rautureau et al., 2011). Prolonged exposure to aldosterone in vitro, 

changes the morphology of endothelial cells considerably and the cells from different tissues 

grow in size and stiffen (Oberleithner et al., 2006). The initial increase in cell size to aldosterone 

is probably due to an increased salt and water uptake mediated by a rise in apically expressed 

epithelial sodium channels (ENaC) (Golestaneh et al.,, 2001). This position is strongly supported 

by the inhibitory action of amiloride. 

 

When aldosterone is applied to cells, it causes a fast non-genomic response that may comprise an 

influx of inorganic ions across the plasma membrane, a process that may involve classical 

intracellular receptors. There follows an endothelial cell swelling that is observed as early as 5 

min after the application of the hormone which can be prevented by spironolactone, an 

aldosterone receptor blocker. However, this step can also be blocked by amiloride thereby 

suggesting the involvement of ENaC and the fact that sodium influx is closely related to the 

increase in cell volume (Fels et al., 2010). The volume of the endothelial cells decrease to 

normal within 20 min. Reports from studies in oocytes suggest that within this first 20 min, the 

cell genome is already activated which leads to export extrusion of mRNA from the cell nucleus 

(Schäfer et al., 2002) indicating that de novo protein synthesis has commenced and also 

emphasizing the proliferative nature of aldosterone. 
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Thus, aldosterone, on entering the cell, binds to cytosolic mineralocorticoid receptor (MR) and 

translocates into the nucleus. Here, it triggers a signal cascade and induces the transcription of a 

large repertoire of aldosterone-responsive genes and a de novo synthesis of proteins such as 

ROMK, Na
+
/K

+
 ATPase and ENaC (Kolla and Litwack, 2000). This leads to sodium retention 

and potassium excretion by the nephron. But aside from this slow (up to hours), genomic 

signalling pathway, there is also a fast non-genomic pathway which is characterised by an early 

onset (within seconds to minutes) and an insensitivity to transcription inhibitors (Fels et al., 

2010). The ENaC is also known to be expressed by vascular endothelial cells in addition to MR 

(Oberleithner et al., 2006; Wang et al., 2009) and its function here is also regulated by 

aldosterone. 

 

Aldosterone causes some rapid effect in ENaC in the kidneys and the colon (Harvey et al., 2008; 

Grossmann and Gekle, 2009) aside from the slow effects discussed above. In principal cells of 

the renal cortical collecting duct, aldosterone modifies the rapid surface expression and insertion 

of ENaC via a protein kinase D-dependent mechanism. These experiments detected a membrane 

receptor which could mediate the aldosterone effects and enable the rapid insertion of ENaC 

molecules into the plasma membrane (Wildling et al., 2009). Therefore aldosterone inserts, as a 

non-genomic short-term response, preformed ENaC molecules into the plasma membrane of 

endothelial cells which activate sodium and water influx into the cell leading to a transient 

increase in the volume and surface of the cell. 
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On the other hand, it has been reported that long term aldosterone treatment of endothelial cells 

leads to an augmented synthesis and membrane abundance of ENaC molecules. The C-terminus 

of the α-ENaC subunit interacts with F-actin in the submembraneous cytoskeleton (Mazzochi et 

al., 2006) which may be important for the proper function of endothelial cells (Golestaneh et al., 

2001). Once the number of ENaC molecules at the plasma membrane is so increased, the 

interaction with proteins of the cortical cytoskeleton could be strengthened leading to an 

increased mechanical stiffness of the cells. Mechanical stiffness of a cell is important for cell 

motility, division, tissue organisation and cellular responses to biochemical and biophysical 

signals. In terms of endothelial cell stiffness, aldosterone sensitizes the vascular endothelial cells 

to changes in plasma sodium and renders them rather insensitive to changes in plasma potassium 

(Oberleithner et al., (2009). 

 

Aldosterone also essentially increases the number of active ENaC at the cell surface. Aldosterone 

induces the phosphatidylinositide 3‟-kinase (P13K)-dependent kinase SGK-1 (serum- and 

glucocorticoid-regulated kinase 1), a Ser/Thr kinase that elevates ENaC level and activity at the 

cell surface in heterologous expression systems. SGK-1 was found to phosphorylate Nedd4-2, 

leading to a decreased interaction and ubiquitylation of ENaC subunits, and finally resulting in 

an increased ENaC activity at the cell surface (Debonneville et al., 2001). 
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

3.1.0 Ethical Clearance 

Ethical approval for this study was sought and obrained from the Medical Research Grants and 

Experimentation Ethics Committee, College of Medicine of the University of Lagos, Idiaraba 

(Appendix 1). 

3.1.1 Consent for Experiments 

The experimental procedure and requirements were explained to each subject before being 

screened for the study. Only subjects who gave verbal and written consent after the explanations 

were admitted into the study (Appendix II). 

The study was thereafter carried out in the Department of Physiology, College of Medicine of 

The University of Lagos (CMUL), Idiaraba in accordance with the Helsinki Declaration (World 

Medical Association, 2008).  

3.1.2 Ethical Consideration for Subjects 

All subjects screened for this study received free counselling on prevention and management of 

salt sensitive hypertension. Subjects who were diagnosed as hypertensive during the screening 

were made aware of their diagnosis and referred to the Medical Out-patient Clinic of Lagos 

University Teaching Hospital (LUTH), Idiaraba or the General Hospital, Randle Road, Surulere. 

All the hypertensive subjects also had their prescriptions filled by the researcher (SOE) for one 
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month while the normotensive subjects received haematinics for the same period. This is an 

acceptable method of compensating the subjects for time spent participating in the study. 

3.2. Subjects                                                                                                      

The study was carried out in a multi-stage fashion: 

Stage 1- Healthy human subjects numbering two hundred and twelve (212) were screened for 

the study. They included volunteers from among the staff and students of the College 

of Medicine of the University of Lagos, Idiaraba as well as from the communities 

surrounding the College 

Stage 2- Out of the two hundred and twelve subjects, one hundred (100) subjects were selected 

based on the calculation below to participate in the second stage of the study: 

a) Control Group –  47 Normotensive Nigerians 

b) Test Group – 53 Hypertensive Nigerians 

This number was calculated from the equation for determining sample size for a comparative 

research 

         N =      4σ
2
(Zcrit + Z pwr)

2
 ........................ Equation 1 (Eng et al., 2003) 

     D
2
 

Where N = total sample size for the two groups, normotensive and hypertensive subjects 

σ = the assumed standard deviation for each group (assumed to be equal for both groups) 

Zcrit = standard normal deviate at the chosen level of significance (α) of 0.05 

Zpwr = desired statistical power for the study 

D = minimum expected difference between the two means 

                  

Based on previous study (Pratt et al., 2002), the assumed standard deviation for this study was 

15.1. 
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The level of significance is denoted by α. In order to guard against Type 1 errors, α is usually set 

to small values; in this study, α = 0.05 at 95% confidence interval. The Zcrit is therefore 1.96. The 

desired statistical power for this study, (Type 2 Error), is 0.8. The Zpwr is thus 0.842 (Eng et al., 

2003). The minimum acceptable difference between the two means, D, was taken as 10mmHg. 

Thus, 

N =      4σ
2
(Zcrit + Z pwr)

2
 ........................ Equation 1 

        D
2 

 

=    4 x (15.1)
2
 (1.96 + 0.842)

2
 

         10
2
 

 

=    4 x (228.01) (7.96) 

         100 

 

  =  7259.84 

         100 

 

  = 72.6 or approximately 73 subjects required or 36.5 subjects per group 

 

 This was made up to 37 subjects per group of subjects to be studied  

 To take care of attrition including withdrawals, 20% extra was added to make a total of 

90 subjects. Forty-five subjects were therefore initially recruited into each group 

However, based on the fear that subjects may have to be withdrawn from the study as it 

progressed, due to the Withdrawal Criteria (Section 3.2.4) set up to safeguard the health 

and well being of the subjects, an extra 10 subjects was added to each group. Therefore a 

total of fifty-five normotensive and fifty-five hypertensive subjects were selected to 

participate in the second stage of the study 

 However, by the end of the study, following withdrawals and other reasons of attrition, 

47 normotensive and 53 hypertensive subjects completed the study 
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3.2.1 Selection of subjects 

Normotensive and hypertensive subjects were selected based on the definitions of the Joint 

National Committee Report given in Section 1.6 (JNC 7, 2003)   

3.2.1.1 Normotensive Subjects 

The normotensive subjects who participated in the study were selected by simple random 

sampling from among the pool of 124 healthy normotensive volunteers screened.  

3.2.1.2  Hypertensive Subjects 

Hypertensive subjects for the second stage of this study were selected from among the 88 

otherwise healthy hypertensive subjects screened. Their selection was based on fulfilment of the 

Inclusion Criteria set up for this study. None of them ran foul of the Exclusion Criteria (Section 

3.2.3). 

 

3.2.2 Inclusion Criteria 

The hypertensive subjects for this study were either 

 Previously undiagnosed volunteers who were diagnosed during the screening 

 Known hypertensive subjects who have never been on any orthodox treatment prior to 

being recruited for the study 

 Known hypertensive subjects who had been on some form of antihypertensive 

medication   

 but who had not taken diuretics for a minimum of 4 weeks prior to the study  

(Baker et al., 2001) 
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 and had not taken any other form of anti-hypertesive for a minimum of two weeks 

prior to the study (Baker et al., 2001) 

This was important in order to ensure that the results obtained were due to the intervention from 

this study and not from any of the previous medications.  

 

In order to obey the terms of the Helsinski Declaration (World Medical Association, 2008), the 

subjects were monitored clinically and by means of laboratory investigations. Those who were at 

risk or whose condition may be worsening were withdrawn from the study as per the Withdrawal 

Criterion set up (Section 3.2.4). 

 

3.2.3 Exclusion Criteria 

Hypertensive patients with ischaemic heart disease, cerebrovascular disease, renal impairment, 

diabetes mellitus, secondary cause of hypertension or other concurrent illness were excluded 

from the study population (Baker et al., 2001). Subjects were also excluded if plasma creatinine 

was greater than 150μmol/L or serum potassium concentration greater than 5mmol/L ab initio. 

Pregnant females were excluded for ethical reasons.  

 

3.2.4 Withdrawal Criteria 

Subjects were withdrawn from the study if they had 

 Plasma creatinine that exceeded 200μmol/L 

 Serum potassium greater than 5.5mmol/L 
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 Blood pressure consistently greater than 180mmHg systolic and 110mmHg diastolic at 

any time 

All these factors indicated worsening of the individuals‟ condition. 

 Systolic blood pressure less than 110mm Hg or diastolic blood pressure less than 

65mmHg before the amiloride tests; this was to prevent the possibility of hypotension in 

these subjects (Pratt et al., 2001) 

 

3.3 Experimental Design 

3.3.1 Study Protocol 

The study was carried out in phases after the measurement of baseline clinical parameters of 

weight, height and body mass index (BMI): 

Phase I – Identification of Salt Sensitivity in Normotensive and Hypertensive Nigerians 

Phase II – Evaluation of Effect of Autonomic Nervous System on Cardiovascular System of   

Normotensive and Hypertensive Nigerians by the Determination of Vascular 

Reactivity and Effect of Sympathetic Stimulation in Normotensive and 

Hypertensive subjects 

Phase III - Determination of Effect of Sympathetic Stimulation on Forearm Vascular 

Resistance among Normotensive and Hypertensive Subjects                                                               

Phase IV – Assessment of Relationship between ENaC Markers and Salt Sensitive  

  Hypertension 

Phase V – Identification of Genetic Variants of ENaC and their role in Salt Sensitive                  

  Hypertension among Nigerians 
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3.3.1.1  Clinical Measurements:  

Clinical measurements were carried out before salt–loading, after salt-loading and after 

combined salt-loading plus amiloride; each subject acted as his/her own control. All clinical 

measurements were carried out by the same observer (SOE) to prevent inter-observer error. 

Randomly selected subjects were also evaluated, as a cross – check, by one of the supervisors 

(OAS). On the morning of the experiments, subjects were asked to avoid alcoholic drinks, 

cigarette smoking, coffee and teas as well as exercise (Chen et al., 2008; He et al., 2009) as these 

are all activities that can individually stimulate the sympathetic nervous system. 

 

3.3.1.1.1 Measurement of Body Weight 

 

Weight (kg) was measured to the nearest 0.01kg with the aid of a Mechanical Personal Scale 

Model BR9012. The scale was assessed for accuracy by the repeatability test. This involved the 

measurement of the weight of the same individual 10 times and the x ± S.E.M. calculated. 

 

3.3.1.1.2 Measurement of Height 

 

Height (m) was measured to the nearest 0.1cm using a stadiometer. 

 

3.3.1.1.3 Determination of Body Mass Index 

Body Mass Index (kg/m
2
) was calculated from Equation 2 

  w/h
2  

......................... Equation 2 

where w = weight (kg)  

   h = height (m) 
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3.3.2 Phase I - Identification of Salt Sensitivity among Normotensive and 

Hypertensive Nigerians 

Salt sensitivity was determined after the subjects had ingested a salt-load of 200 mmol Na
+
 per 

day for 5 days. To start with, baseline clinical measurements were taken as described in the 

following sections. 

3.3.2.1  Measurement of Arterial Blood Pressure  

Arterial blood pressure measurements were carried out using a non-invasive indirect auscultatory 

method using the stethoscope and a mercury sphygmomanometer. The gold standard in the 

measurement of blood pressure is the use of the mercury sphygmomanometer and the Korotkoff 

sound technique using the auscultatory method (Pickering et al., 2005). The auscultatory method 

is the mainstay of blood pressure methods but is gradually being supplanted by other techniques 

due to increasing use of automated blood pressure measuring devices (Pickering et al., 2005). 

However, even where these newer non-mercury devices are used, the mercury 

sphygmomanometer is still used to validate the devices (Pickering et al., 2005). The mercury 

sphygmomanometer consists of a mercury column inside a vertical column to which is attached 

the Riva-Rocci inflatable cuff and an inflator. This device has changed little since it was 

designed about six decades ago except for the fact that modern versions have very little risk of 

spilling mercury if dropped. The mercury sphygmomanometer is unique in its simplicity and 

there is negligible difference in the accuracy of different brands of the instrument (Pickering et 

al., 2005).  

 

Baseline blood pressure (mm Hg) was determined following the standardized protocol developed 

by the International Collaborative Study of Hypertension in Blacks (ICSHIB) (Ataman et al., 
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1996) and the American Heart Association (AHA) Recommendations for Blood Pressure 

Measurement in Humans (Pickering et al., 2005). 

 

Procedure for Measuring Arterial Blood Pressure 

All blood pressure measurements were carried out with subjects in the sitting position, their 

backs supported by the back of the chair and their feet flat on the floor. Subjects were allowed a 

5-minute period of rest in this position before the commencement of blood pressure 

measurements. Subjects were not allowed to wear constrictive clothing on the upper arm in order 

to avoid tourniquet effect above the Riva-Rocci cuff. Subjects‟ arms were supported at heart 

level and the Riva-Rocci cuff of the sphygmomanometer placed in a way to encircle at least 80% 

of the arm circumference.  

 

Arterial blood pressure measurements were taken from the brachial artery pulsation of the right 

arm with the arm in the supine position; systolic blood pressure (SBP) and diastolic blood 

pressure (DBP) were recorded as the first and fifth Korotkoff phases respectively (Ataman et al., 

1996; Pickering et al., 2005). The cuff was deflated at the rate of 2mmHg/s (Ataman et al., 

1996). Measurements were taken to the nearest 2 mmHg to avoid digit preference. Digit bias or 

digit prejudice is a situation in which the observer records an inappropriate excess of “zero” as 

the last digit in blood pressure recording or depending on the subject‟s circumstance, the 

observer records the blood pressure just below or just above a cut-off point (Wingfield et al., 

2002). After initial measurement to avoid “White Coat” effect, three readings were taken with 

one minute interval in between for the subjects to relax; the average of the three measurements 

was recorded. The measurements were carried out by the same observer using the same 
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Accoson® sphygmomanometer to avoid inter-observation variations. Random cross-checks were 

carried out by OAS. Neither the subjects nor the observer talked during the procedure to ensure 

accuracy of the blood pressure measurement. 

 

Pulse pressure (mmHg) was calculated as the difference between SBP and DBP. Mean Arterial 

Blood Pressure (MABP) (mm Hg) was calculated from Equation 3. 

DBP + 1/3 PP  ...................................... Equation 3 (Guyton and Hall, 1996) 

                       where DBP = Diastolic blood pressure (mm Hg) 

          PP = Pulse Pressure (mmHg) 

 

3.3.2.2  Salt-Loading 

After control parameters had been determined, subjects were given a salt-load at a dose of 

200mmol/day Na
+
 as NaCl Analar Grade (BDH, United Kingdom) for 5 days (Corruzi et al., 

2005; Tzemoz et al., 2008). The NaCl had a 99.9% purity (BDH, United Kingdom). The salt was 

administered in two divided doses and given with 500ml of orange squash after subjects had 

eaten in the morning and in the evening. The treatment was well tolerated by all subjects. 

 

3.3.2.2.1 Determination of Salt Sensitivity 

Mean arterial blood pressure (MABP) of subjects was calculated before and after salt-loading. 

Subjects who showed a difference in MABP that was 5mmHg or more after salt-loading were 

considered salt sensitive (SS) while those who showed a difference in MABP that was less than 

5mmHg after salt-loading were considered salt resistant (SR) (Cooper and Hainsworth, 2002; 
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Schmidlin et al., 2007; McNeely et al., 2008). Subjects were also considered salt resistant if they 

showed a fall in MABP following salt-loading (Weinberger, 1996). 

3.3.2.2.2 Collection of 24-Hour Urine Sample  

i. Before Salt-Loading 

Subjects were given verbal and written instructions on how to collect a 24-hour urine sample: 

At 7.00am on the first day of collection, subjects were asked to empty the bladder completely 

into a waste. Thereafter, 24-hour urine collection was commenced with the urine collected into a 

5-Litre plastic container with toluene as preservative. The last collection was timed for 7.00am 

the next day (Day 2). The volume of the 24-hour urine sample was measured with the use of a 

measuring cylinder. 

ii.  After Salt-Loading 

Salt-Loading was carried out over a period of 5 days. At 7.00am on Day 5, subjects were asked 

to empty the bladder completely into a waste. Thereafter, 24-hour urine collection was 

commenced with the urine collected into a 5-Litre plastic container with Toluene as preservative. 

The last collection was timed for 7.00am the next day (Day 6). 

 On day 6, subjects reported to the laboratory at about 9.00am. They were allowed a 10- minute 

period of rest following which their blood pressure was determined as earlier described (Section 

3.3.2.1.).  

The volume of the 24-hour urine sample was measured with the use of a measuring cylinder. 
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3.3.2.2.3 Determination of Urine Sodium Concentration 

Stored urine samples were removed from the freezer and allowed to thaw at room temperature. 

The concentration of sodium [Na
+
] in the 24-hour urine samples was analysed using a Coring 

Flame Photometer (Model 410C). The flame photometer was standardised before each 

measurement by setting the readout to zero using distilled water as blank and subsequently using 

appropriate Na
+
 standard. The urine samples were diluted as appropriate and read against a 

“16.0” readout of 160 mmol/L Na
+
 standard. The observed values for the samples were then 

multiplied by 10 and expressed as mmol/L Na
+
. 

 

3.3.2.2.4 Determination of Urinary Sodium Excretion 

Urinary sodium excretion was also calculated before and after salt-loading (He et al, 2009; 

Castiglioni et al., 2011). Urinary sodium excretion (UNa.V) has been shown to provide an 

accurate index of total sodium intake as it represents approximately 93% of intake at steady-state 

condition (He and MacGregor, 2003). 

UNa.V(mmol/min)  ............................. Equation 4 

where UNa  = Urine Na concentration (mmol/L) 

V = Urine flow rate (ml/min) 

 

3.3.2.2.5 Determination of Salt Sensitivity Index 

The degree of salt sensitivity was determined among the normotensive and hypertensive subjects 

by means of the Salt Sensitivity Index (Coruzzi et al., 2005; Castiglioni et al., 2011). This index 

relates the changes in blood pressure induced by sodium loading with the concomitant changes in 

urinary sodium output without any arbitrary definition of thresholds (Coruzzi et al., 2005).  
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Salt Sensitivity Index (SSI) was calculated as the ratio between change in mean arterial blood 

pressure (ΔMABP) (mmHg) and the difference between urinary sodium excretion rates 

(ΔUNaV) (mmol/day) before and after salt loading (Coruzzi et al., 2005). The ratio was 

multiplied by a factor of 1000 to facilitate easy readability of the results. 

 

SSI [mmHg/(mmol/d)] =  ΔMABP (mm Hg)  X 1000 

       ΔUNaV (mmol/d)        ........................ Equation 5  

(Coruzzi et al., 2005; Castiglioni et al., 2011) 

 

where  ΔMABP = difference in Mean Arterial Blood Pressure 

ΔUNaV = difference in Urinary Sodium Excretion 

 

3.3.2.2.6 Determination of Sodium Clearance 

Sodium clearance (ml/min) was calculated from Equation 6 

CNa = UNa.Q/PNa ………………………………… Equation 6  

where CNa = Sodium clearance (ml/min)  

UNa = Urine sodium concentration (mmol/L)   

Q = Urine Flow (ml/min)  

PNa = Plasma sodium concentration (mmol/L)  
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3.3.3 Phase II – Evaluation of Effect of Sympathetic Nervous System on 

Cardiovascular System of Normotensive and Hypertensive Nigerians 

     

3.3.3.1 Determination of Effect of Sympathetic Activation on Blood Pressure in 

Normotensive and Hypertensive Subjects   

The effect of sympathetic stimulation on blood pressure was examined by means of the cold 

pressor test (CPT). 

Subjects were allowed 30 minutes rest in the laboratory in the sitting position before 

commencement of tests. Basal blood pressure (mmHg) (defined in Section 1.6) was determined 

before exposure to the CPT. With the sphygmomanometer left in place in readiness for 

determining blood pressure, the subject‟s foot was immersed for 1 minute up to the ankle, in ice 

slurry composed of equal parts water and crushed ice and maintained at 4
o
C, (Rubenfire et al., 

2000; Stein et al., 2000; Siegrist et al., 2006; Kawano et al., 2007; Flaa et al., 2008). Subjects 

were asked to be still, breathe normally and to avoid muscle contractions as well all forms of 

Vasalva manoeuvre (Kawano et al., 2007) as all these will modify their response to the cold 

pressor test. At the end of 1 minute and with the foot still immersed up to the ankle, peak blood 

pressure (mm Hg) was determined as the highest of three 15 sec serial blood pressure readings 

(Wood et al., 1984; Stein et al., 2000).  

 

The foot was used in this study in order to obtain maximal haemodynamic and sympathetic 

responses to the CPT (Kawano et al., 2007). 
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3.3.3.2 Determination of Effects of Sympathetic Activation on Blood Pressure in 

Normotensive and Hypertensive Subjects after Salt-Loading and after Co-

Administration of Salt and Amiloride  

After a 5-day period of salt-loading as described earlier (Section 3.3.2.2), the cold pressor test 

(CPT) was carried out to determine the effect of salt-loading on the subjects‟ blood pressure 

response to CPT.  

3.3.3.3 Co-Administration of Salt and Amiloride  

A wash-out period of one week was allowed during which no test was performed. This was to 

ensure that subjects returned to their baseline levels before further intervention was carried out. 

Blood pressure was measured to ascertain the subjects have returned to the baseline levels. 

 

Subjects with systolic blood pressure less than 110mmHg or diastolic blood pressure less than 

65mmHg were withdrawn from the study at this point to avoid potential for hypotension when 

amiloride is ingested (Pratt et al., 2001). 

 

Thereafter, subjects were again given a salt-load of 200 mmol/day of Na
+
 for 5 days. In addition 

to this, 5mg of Amiloride was administered daily for 5 days (Pratt et al., 2002). 

 

Cold pressor test (CPT) was then carried out to determine the effect of combined salt-loading 

plus amiloride on the subjects‟ blood pressure response to CPT. 
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3.3.3.4` Determination of Vascular Reactivity and Effect of Salt-Loading in 

Normotensive and Hypertensive Subjects 

To determine vascular reactivity, basal blood pressure was determined as defined in Section 1.6. 

This was followed by exposure of the subjects to the cold pressor test (Section 3.3.3.1.)  At the 

end of the 1 minute of the cold pressor test but with the foot still immersed in the ice slurry, peak 

blood pressure (mm Hg) was determined as the highest of three 15 sec serial blood pressure 

readings taken after 1 minute with the foot still immersed (Wood et al.,1984; Stein et al., 2000).  

 

Subjects were considered hyperreactive if peak SBP or DBP minus basal SBP or DBP 

respectively was 15mmHg or higher, while they were considered normoreactive if the difference 

between peak SBP or DBP and basal SBP or DBP was less than 15mmHg SBP or DBP 

respectively following the CPT (Moriyama and Ifuku, 2010). 

 

3.3.3.4.1 Effect of Salt-Loading on Vascular Reactivity 

Following salt-loading with 200 mmol/day of Na
+
 for 5 days (described in Section 3.3.2.2.), the 

effect of salt-loading on vascular reactivity was determined by re-exposing the subjects to the 

CPT as described above (Section 3.3.3.1). Basal and Peak Blood Pressures were determined as 

earlier described.  

 

3.3.3.5   Determination of Heart Rate and Effect of Sympathetic Stimulation                                                                                                               

Heart rate (beats/min) was determined from an electrocardiograph record which was obtained by 

using a portable electrocardiogram (Cardiosunny Electrocardiogram Model 5010, Fukuda 

Medical Electronics, Tokyo, Japan) at a paper speed of 25mm/sec. The machine was 



76 
 

standardized to show a deflection of 10mm/mV. Only the bipolar limb leads were recorded for 

10 seconds (Jaja and Etemire, 2006). 

 

Heart rate (beats/min) was calculated from R-R interval of Lead I or Lead III of the ECG using 

the formula 25/R-R x 60 (beats/min). 

 

3.3.3.5.1 Determination of Effect of Sympathetic Stimulation on Heart Rate 

This was carried out by means of the cold pressor test (CPT). The effect of the CPT on heart rate 

of subjects was determined by leaving the ECG Leads in place during the test. Heart rate was 

determined from the R-R interval of either Lead I or Lead III of the ECG as earlier described. 

 

3.3.3.5.2    Determination of Effect of Salt-Loading on Heart Rate 

Heart rate of the subjects was also determined after salt-loading as earlier described (Section 

3.3.2.1). 

 

3.3.3.5.3        Effect of Cold Pressor Test on Heart Rate after Salt-Loading and After  

Co- administration of Salt Plus Amiloride 

The cold pressor test as described in Section 3.3.3.1 was repeated after a 5-day period of  

salt-loading described in Section 3.3.2.2. Thereafter, a washout period of one week was allowed  

followed by 5 days of salt-loading plus amiloride as described in Section 3.3.3.3. 

 

 



77 
 

3.3.4 Phase III - Determination of Vascular Resistance and Effect of Sympathetic 

Stimulation in Normotensive and Hypertensive Subjects   

 

3.3.4.1  Test of Forearm Vascular Resistance 

To determine vascular resistance, blood pressure of the subjects as well as rate of blood flow to 

the forearm were measured.  

Blood pressure was measured using the auscultative method described above (Section 3.3.2.1.).  

 

3.3.4.1.2 Measurement of Blood Flow 

Measurement of blood flow was carried out by means of Venous Occlusion Plethysmography. 

The plethysmograph comprises a Perspex chamber sealed with a rubber cuff but with space 

through which subjects‟ forearm could be inserted. The plethysmograph was coupled to a Grass 

polygraph (Model 7D, Grass instruments, Mass, USA) via a volume transducer (Model PT5A) 

inserted in a side vent. The transducer was connected to the polygraph through a pre-amplifier 

and driver amplifier to an ink stylus. The transducer was calibrated every time before the 

plethysmograph was put to use. The polygraph and its writer amplifier were calibrated as well.  

 

Calibration of Grass Polygraph 

A polarity switch position for recording flow rate was selected. A convenient baseline and driver 

sensitivity were then selected. The driver amplifier was then switched to “use”. The preamplifier 

was then calibrated by selecting an appropriate balance voltage. A sensitivity level of 1 mV/cm 

was selected; this was changed to 0.5mV/cm or 0.02mV/cm where necessary. Thereafter, the 

volume transducer was connected to the polygraph. 
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Calibration of Volume Transducer  

This was carried out by taking consistent recordings of air displaced from the plethysmograph 

while infusing water in steps of 1ml from a burette connected to a Marriott bottle and connected 

to the transducer; water was then allowed to drop into the Marriott bottle in steps of 1 ml and the 

volume of air displaced from the plethysmograph was recorded on a tracing paper and measured. 

 

Venous Occlussion Plethysmography 

The subject‟s forearm was inserted into the plethysmograph and an airtight environment 

maintained (Figure 6). The cuff of the sphygmomanometer was then wrapped around the upper 

arm. With the polygraph set at a speed of 10mm/s and patient at rest, the sphygmomanometer 

was inflated to 60mmHg (venous occlusion) and kept there until the rate of rise of the stylus got 

to a plateau. Then the polygraph was stopped and the sphygmomanometer deflated rapidly.  
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Figure 6: Set up for Venous Occlusion Plethysmography 



80 
 

Rate of forearm blood flow (ml/s) was calculated from the initial rate of rise of the slope of the 

tracing obtained. A typical trace is shown in Figure 7. 

 

3.3.4.2  Calculation of Forearm Vascular Resistance 

Forearm Vascular Resistance (FVR) (mmHg/ml/s) was calculated as the ratio between mean 

arterial blood pressure (MABP) (mmHg) and the rate of forearm blood flow (ml/s) as shown in 

Equation 7. 

Forearm Vascular Resistance (FVR)  =  MABP (mmHg) 

   (mmHg/ml/s)           Rate of Blood Flow (ml/s) ................. Equation 7  

 

(Arosio et al., 2006) 
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Figure 7: Typical blood flow tracing obtained from venous occlusion plethysmography 

  (Waveform = Respiratory Excursions) 
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3.3.4.3 Determination of Effect of Salt-Loading on Forearm Vascular Resistance 

The tests for vascular resistance were repeated after the subjects had been salt-loaded with 200 

mmol/day Na
+
 daily for 5 days as described above (Section 3.3.2.2.).  

 

Briefly, blood pressure (mmHg) was measured with the aid of an Accosson (TM) mercury 

sphygmomanometer using the auscultation method earlier described (Section 3.3.2.1.). 

Thereafter, with the subject sitting in a comfortable position, the rate of blood flow (ml/s) was 

determined using Venous Occlusion Plethysmography described above (Section 3.3.5.1.) after 

salt-loading. Forearm vascular resistance was then calculated from Equation 7 as before. 

 

3.3.4.3.1  Determination of Effect of Sympathetic Stimulation on Forearm Vascular 

Resistance 

The effect of sympathetic stimulation on forearm vascular resistance (FVR) was carried out by 

means of the cold pressor test (Section 3.3.3.1). This was determined before salt-loading, after 

salt-loading and after salt-loading plus amiloride. 

 

Briefly, subjects reported to the laboratory on the morning of experiments. They were allowed a 

30-minute period of rest following which their blood pressure was measured as described earlier 

(Section 3.3.21.) using the Accosson sphygmomanometer and the auscultatory method of blood 

pressure determination. Thereafter, the subject‟s rate of blood flow to the fore-arm was 

determined using the Venous Occlusion Plethysmography as described earlier (Section 

3.3.4.1.2). Forearm vascular resistance was calculated as above (Equation 7).  
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Subjects were then exposed to the cold pressor test by immersing their right foot for 1 minute in 

ice slurry composed of equal parts of water and crushed ice maintained at 4
o
C (Section 3.3.3.1). 

Thereafter, blood pressure was measured as described earlier (Section 3.3.2.1) and the rate of 

blood flow to the fore-arm was also determined as earlier described (Section 3.3.4.1). Forearm 

vascular resistance was again calculated (Equation 7).  

 

Following this baseline measurement, the subjects were then salt-loaded with 200 mmol/day Na
+
 

dissolved in orange squash and taken in two divided doses for 5 days (Section 3.3.2.2). On the 

morning of day 6, subjects reported to the laboratory and the tests for forearm vascular resistance 

and effect of cold pressor test on forearm vascular resistance were repeated as described above. 

 

Subjects were then allowed a wash-out period of one week following which salt-loading was 

repeated. In addition, 5mg of amiloride was taken per oral daily for 5 days (Section 3.3.3.2). The 

tests for forearm vascular resistance were then repeated as outlined above.  
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3.3.5    Phase IV - Assessment of Relationship Between ENaC Markers and Salt  

                       Sensitive Hypertension  

3.3.5.1     Studies on the Epithelial Sodium Channel 

Amiloride 5mg was used as blocker of the epithelial sodium channel (ENaC) for this phase of the 

study. 

 

3.3.5.1.1 Co-administration of Salt plus Amiloride 

After the initial salt-loading (Section 3.3.2.2), a wash-out period of one week was allowed during 

which no test was performed. As explained earlier (Section 3.3.3.3), subjects with systolic blood 

pressure less than 110mmHg or diastolic blood pressure less than 65mmHg were withdrawn 

from the study at this point. Thereafter, subjects were again given a salt-load of 200 mmol/day of 

Na
+
 in addition to which 5mg of Amiloride was administered daily for 5 days (Pratt et al., 2002). 

 

The series of tests were repeated to determine the effect of blockade of the ENaC on the 

parameters. 

 

3.3.5.1.2 Determination of Effect of Amiloride on Blood Pressure  

Blood pressure response to Amiloride was used as an indirect assessment of ENaC activity. 

Blood pressure was determined as described in Section 3.3.2.1. This was carried out before salt-

loading, after salt-loading and after salt-loading plus amiloride. A reduction in the blood pressure 

measured after amiloride ingestion gave an indication of the activity of the ENaC (Baker et al., 

2002). 
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3.3.5.1.3 Potassium Handling 

Both plasma potassium and 24-hour urinary potassium excretion may be indicative of genetic 

variation in ENaC (Gaukrodger et al., 2008).  

 

i. Determination of Plasma Potassium 

Plasma potassium was measured from stored plasma before salt-loading, after salt-

loading and after salt plus amiloride-loading. 

 

Protocol for Collection of Venous Blood 

Subjects were counselled for venesection. With the subjects comfortably seated in the laboratory, 

blood was collected from a peripheral vein after cleaning the site with methylated spirit. Venous 

blood was collected into lithium heparinised bottle. The blood was centrifuged at 3000 

revolutions per minute for 12 minutes. Thereafter plasma was pipetted into safe-lock Eppendorf 

bottles. These were stored at -20
o
C until analyses. 

 

Determination of Plasma Potassium Concentration 

Stored plasma was removed from the freezer and allowed to thaw at room temperature. The 

concentration of potassium [K
+
] in plasma samples was analysed using a Coring Flame 

Photometer (Model 410C). The flame photometer was standardised before each measurement by 

setting the readout to zero using distilled water as blank and subsequently using appropriate K
+
 

standards.  
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ii. Determination of 24-Hour Urine Potassium Excretion 

This was estimated from stored aliquots of the 24-hour urine sample collected as described 

earlier (Section 3.3.2.2.3). 24-hour urine samples were collected at the end of every experiment 

before salt-loading, after salt-loading and after combined salt plus amiloride ingestion. 

 

Determination of Urine Potassium Concentration 

Stored urine samples were removed from the freezer and allowed to thaw at room temperature. 

The concentration of potassium [K
+
] in the 24-hour urine samples were analysed using a Coring 

Flame Photometer (Model 410C). The flame photometer was standardised before each 

measurement by setting the readout to zero using distilled water as blank and subsequently using 

appropriate K
+
 standards.  

 

3.3.5.4  Hormonal Assays 

Plasma Renin Activity (PRA) and Serum Aldosterone were analysed with the use of enzyme-

linked immunosorbent assay (ELISA) kits after each experiment. 

 

3.3.5.4.1 Determination of Plasma Renin Activity 

Plasma renin activity (PRA) was analysed with the use of Human Renin ELISA kit (Biotech Co. 

Ltd., China). 

 

Plasma samples were collected in cryo-vials and stored at -20
o
C until ready for assay. These 

frozen samples were removed from the freezer and allowed to thaw at room temperature. The 
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thawed samples were then centrifuged at 1000 revolutions per minute (r.p.m.) for 15 minutes 

before the assay.  

 

100µL each of standard (supplied in kit), blank (deionized water) and samples were pipetted into 

the labelled wells of the microplate reader taking care to ensure there was no contact between the 

inner wall of the wells and the pipette. The wells were then covered with adhesive strips and 

incubated for two hours at 37
o
C. Following this, liquid of each well was removed without 

washing. Thereafter, 100uL of Biotin-antibody working solution (supplied in Kit) was added to 

each well and incubated for one hour at 37
o
C. Each well was then aspirated and washed as 

follows: 

Each well was filled with 200µL Wash Buffer (supplied with Kit) and allowed to stand for 2 

minutes; then the liquid was removed by flicking the plate over a sink. In order to ensure good 

results, the remaining drops of were removed by patting the plate on a paper towel. This washing 

was repeated twice to make a total of three washes. 

 

Following the third wash, 100µL of HRP-avidin working solution (supplied with Kit) was added 

to each well. The wells were then covered with a new adhesive strip and incubated for 1 hour at a 

temperature of 37
o
C. Each well was then aspirated as before and washed 5 times with the Wash 

Buffer. Thereafter, 90µL of TMB Substrate (supplied with Kit) was added to each well and 

incubated for 30 minutes at 37
o
C keeping the plates away from droughts and other temperature 

fluctuations. Then 50µL of Stop Solution (supplied with Kit) was added to each well after the 

first four wells containing the highest concentration of standards had developed obvious blue 
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colour. Finally, the optical density of each well was determined within 30 minutes using the 

microplate reader set to wavelength of 450nm. 

 

The assays were carried out in duplicate for each standard, sample and blank. The average of the 

two results was calculated and the average zero standard optical density was subtracted from 

this. A standard curve was then drawn by reducing the data using computer software “Curve 

Exert 1.3” to generate a four parameter logistic (4-PL) curve-fit (Human Renin ELISA Kit User 

Manual, Cusabio Biotech Co., Ltd). 

 

3.3.5.4.2 Determination of Serum Aldosterone 

Aldosterone was assayed with the use of Aldosterone ELISA Kit (ALPCO Diagnostics, USA). 

Serum samples were collected in cryo-vials and stored at -20
o
C until ready for assay. These 

frozen samples were removed from the freezer and allowed to thaw at room temperature. The 

thawed samples were then centrifuged at 1000 r.p.m. for 15 minutes before the assay.  

 

50µL each of standard (supplied in kit), blank (deionized water) and serum samples was pipetted 

into the correspondingly labelled Rabbit Anti-Aldosterone Antibody-coated microwells taking 

care to ensure there was no contact between the inner wall of the wells and the pipette. The wells 

were then covered with adhesive strips and incubated for two hours at 37
o
C. Following this, 

liquid of each well was removed without washing. Thereafter, 100uL of the Aldosterone Biotin-

Avidin Horseradish-Peroxidase (HRP) conjugate working solution (supplied in Kit) was added to 

each well and incubated on a plate shaker working at approximately 200 r.p.m. for one hour at 

room temperature. Each well was then aspirated and washed three times as follows: 
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Each well was filled with 300µL of diluted Wash Buffer (supplied with Kit) and allowed to stand 

for 2 minutes; then the liquid was removed by flicking the plate over a sink. In order to ensure 

good results, the remaining drops were removed by patting the plate on a paper towel.  

Thereafter, 150µL of TMB Substrate (supplied with Kit) was added to each well and incubated 

at room temperature for 10-15 minutes or until a dark blue colouration was observed. Then 50µL 

of Stop Solution (supplied with Kit) was added to each well. Then the optical density of each 

well was determined within 20 minutes using the microplate reader set to a wavelength of 450nm 

(Aldosterone ELISA Kit User Manual, ALPCO Immunoassays). 

 

The assays were carried out in duplicate for each standard, sample and blank. The mean of the 

two results was calculated. A standard curve was then drawn plotting the mean optical densities 

of the standards on the y-axis and the concentrations of the standards on the x-axis. The optical 

density of each sample was then determined. The value of aldosterone (pg/ml) was then read off 

the standard curve.   
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3.3.6  Phase V - Genetic Studies 

This phase of the study was carried out at the Department of Laboratory Medicine, College of 

Medicine, University of Capetown (UCT), South Africa and the Division of Women‟s Health, 

School of Medicine, King‟s College, London.  

 

For this phase, whole blood samples were obtained from the cubital vein in potassium 

ethylenediaminetetraacetic acid (K-EDTA) anticoagulated sample bottles and stored on a filter 

paper which was then stored in the refrigerator until analysis. 

 

3.3.6.1  Isolation of DNA  

Isolation of DNA from the dried blood spots was carried out using MegaZorb
(R)

 DNA Mini-Prep 

Kit (Promega, USA). The process was carried out in stages as indicated in the kit manual 

i. Lysis 

All reagents were brought to room temperature prior to commencing the reactions. The 

Proteinase K (PK) solution and the Lysis Buffer supplied in the kit were gently mixed by 

swirling by hand taking care not to produce bubbles. The blood spots were cut into smaller 

pieces and added to a clean microcentrifuge. Thereafter, 300μL of TE Buffer (10mM Tris-

HCl, 1mM EDTA, pH 8.0) was added to the tube. The mixture was incubated for 30 minutes 

at room temperature, mixing once every 5-10 minutes by manual swirling. Then 20μL of the 

well-mixed PK solution was added to the bottom centre of the tube while avoiding touching 

the side of the tube with the pipette to avoid contamination. The mixture was then mixed by 

gentle vortexing for about 15 seconds. Thereafter, 20μL of 20mg/ml RNAse A stock solution 

was added to the microcentrifuge tube. The cap of the tube was closed and the content mixed 
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gently by vortexing for 15 seconds followed by incubation at room temperature for 5 

minutes. Care was taken to prevent the mixture from getting caught up in the cap of the 

microcentrifuge tube. Then 200μL of well-mixed, clear Lysis Buffer was added to the 

mixture and the tube placed on the vortex for 15 seconds. It was then incubated in a 56
o
C 

water bath for 10 minutes using a foam float. After removing from the water bath, the liquid 

was pipetted from the tube into a clean 2ml microcentrifuge tube and the original tube was 

discarded. 

ii. Binding 

Before commencing the binding process, the buffer was mixed by pulse vortexing. The 

MegaZorb
(R)

 Reagent was mixed by vortexing until all the particles were uniformly 

suspended.  Then 500μL of the well-mixed Binding Buffer was added to the sample in the 

2ml microcentrifuge tube. This was mixed thoroughly by pulse-vortexing until a 

homogenous mixture was obtained. The tube was then pressed against a magnetic rack for 

about 60-90 seconds in order to sediment the particles.  

iii. Wash 

The Wash Buffer was mixed by manual swirling before beginning this process. Then 1ml of 

the well-mixed Wash Buffer was added to the tube. The tube was removed from the magnet 

and mixed well by inverting several times to ensure the particles were completely dispersed. 

The tube was again returned to the magnetic rack to sediment the particles. The tube was 

inverted a few times while still being held against the magnet in order to “rinse” the tube cap 

with the supernatant. The supernatant was then removed by aspiration while holding the tube 

firmly against the magnet to ensure the magnetic particles in the tube are tightly attached to 
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the magnet. Thereafter, the Wash process was repeated to perform a second wash from which 

a clearer supernatant was obtained and discarded.  

iv. Elution 

The Elution Buffer was mixed by pulse-vortexing. Then 200μL of the well-mixed Elution 

Buffer was added to the tube containing the MegaZorb
(R)

 particles. The magnet was removed 

and the mixture swirled gently to mix. The tube was then incubated for 10 minutes at room 

temperature by occasional manual mixing. The particles were again sedimented by placing 

the tube in the magnetic rack as above. The supernatant therefrom was then carefully 

transferred into a clean tube. This supernatant contained the purified DNA. This was stored at 

-20
o
C until analysis. 

3.3.6.2  Polymerase Chain Reacton Studies 

All frozen reagents were thawed before use. All reagents were thoroughly mixed and centrifuged 

briefly before starting the polymerase chain reaction (PCR) tests.  

The forward and reverse primers were designed from the SCNN 1B gene sequence on Exon 13 

(Table 1 and Figure 8) following the method of Rayner et al., (2003). The designed primers were 

tested in the Primer Test Suite (PCR Primer Stats; 

http://www.bioinformatics.org/sms2/pcr_primer_stats.html) to ensure they are of good quality 

with regard to the parameters examined. 

Thereafter, the primers were checked in the Primer Basic Local Alignment Search Tool 

(BLAST) Suite http://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

 

http://www.bioinformatics.org/sms2/pcr_primer_stats.html
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 1: Primer Pairs for β-ENaC Polymerase Chain Reaction 

 

TYPE OF PRIMER 

 

SEQUENCE 

 

FORWARD PRIMER* 

 

 

 

5‟-ATC GAG TTT GGG GAG ATC ATC–3‟ 

REVERSE PRIMER# 

 

 

 

 

5‟-CAA CAG TCT TGG CTG CTC AGT-3‟ 

(Reverse Complement of actual sequence highlighted 

in green in Figure 8) 

 

*= yellow highlight in Figure 8  

#= green highlight in Figure 8  

   (Rayner et al., 2003) 
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GAAGGGAATTGTCAAGCTCAACATCTACTTCCAAGAATTTAACTATCGCACCATTGAAGA 

ATCAGCAGCCAATAAC 

gtgagtttaggagtctcccaataccccagccctgccctgccctgacccctgcaccctgag 

ggtgggggaagggttctgagccctatgaaggaattaggaagatccctaagacagtcccaa 

gttattcccctgggccaagatggtcaccccctcccgttcccacccaagaatcacctccca 

ggaagctgtgaggctgggctagaggcaagaatgtgtggcctgagctcaccccagctccct 

gttccccacag 

                                                             

ATCGTCTGGCTGCTCTCGAATCTGGGTGGCCAGTTTGGCTTCTGGATGGGGGGCTCTGTG 

CTGTGCCTCATCGAGTTTGGGGAGATCATCATCGACTTTGTGTGGATCACCATCATCAAG 

CTGGTGGCCTTGGCCAAGAGCCTACGGCAGCGGCGAGCCCAAGCCAGCTACGCTGGCCCA 

CCGCCCACCGTGGCCGAGCTGGTGGAGGCCCACACCAACTTTGGCTTCCAGCCTGACACG 

   

GCCCCCCGCAGCCCCAACACTGGGCCCTACCCCAGTGAGCAGGCCCTGCCCATCCCAGGC 

ACCCCGCCCCCCAACTATGACTCCCTGCGTCTGCAGCCGCTGGACGTCATCGAGTCTGAC 

AGTGAGGGTGATGCCATCTAACCCTGCCCCTGCCCACCCCGGGCGGCTGAAACTCACTGA 

GCAGCCAAGACTGTTGCCCGAGGCCTCACTGTATGGTGCCCTCTCCAAAGGGTCGGGAGG 

   
GTAGCTCTCCAGGCCAGAGCTTGTGTCCTTCAACAGAGAGGCCAGCGGCAACTGGTCCGT 

TACTGGCCAAGGGCTCTGTAGAATCACGGTGCTGGTACAGGATGCAGGAATAAATTGTAT 

CTTCACCTGGTTCCTACCCTCGTCCCTACCTGTCCTGATCCTGGTCCTGAAGACCCCTCG 

GAACACCCTCTCCTGGTGGCAGGCCACTTCCCTCCCAGTGCCAGTCTCCATCCACCCCAG 

AGAGGAACAGGCGGGTGGGCCATGTGGTTTTCTCCTTCCTGGCCTTGGCTGGCCTCTGGG 

GCAGGGGTGGTGGAGAGATGGAAGGGCATCAGGTGTAGGGACCCTGCCAAGTGGCACCTG 

ATTTACTCTAGAAAATAAAAGTAGAAAATACTGAGTCCA 

 

Figure 8: SCNN1 B EXON 13  

(Ensembl www.ensenmbl.org/Homo_sapiens/Transcriot/Sequence) 

KEY: Red = position of the β-T594M mutation 

rs = Reference Sequence or Ascension number of the mutation in the Ensembl project 

Yellow = Sequence of Forward Primer 

Green = Sequence of Reverse Primer  

 

 

 

 

rs1799979 

Position: 16:23391980  

Alleles: C/T  

Types: 
 Non-synonymous 
Coding 

β-T594M 

coding 

 

http://www.ensenmbl.org/Homo_sapiens/Transcriot/Sequence
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PCR Primer Stats results 

General properties: 

------------------- 

                    Primer name: Fwd 

                Primer sequence: ATCGAGTTTGGGGAGATCATC 

                Sequence length: 21 

                    Base counts: G=7; A=5; T=6; C=3; Other=0; 

                 GC content (%): 47.62 

     Molecular weight (Daltons): 6501.30 

                      nmol/A260: 4.76 

                micrograms/A260: 30.94 

           Basic Tm (degrees C): 52 

   Salt adjusted Tm (degrees C): 47 

Nearest neighbor Tm (degrees C): 62.46 

 

PCR suitability tests (Pass / Warning): 

------------------------------------ 

               Single base runs: Pass 

         Dinucleotide base runs: Pass 

                         Length: Pass 

                     Percent GC: Pass 

          Tm (Nearest neighbor): Warning: Tm is greater than 58;  

                       GC clamp: Pass 

                 Self-annealing: Pass 

              Hairpin formation: Pass 

General properties: 

------------------- 

                    Primer name: Rev 

                Primer sequence: CAACAGTCTTGGCTGCTCAGT 

                Sequence length: 21 

                    Base counts: G=5; A=4; T=6; C=6; Other=0; 

                 GC content (%): 52.38 

     Molecular weight (Daltons): 6397.21 

                      nmol/A260: 5.20 

                micrograms/A260: 33.28 

           Basic Tm (degrees C): 54 

   Salt adjusted Tm (degrees C): 49 

Nearest neighbor Tm (degrees C): 65.40 

 

PCR suitability tests (Pass / Warning): 

------------------------------------ 

               Single base runs: Pass 

         Dinucleotide base runs: Pass 

                         Length: Pass 

                     Percent GC: Pass 

          Tm (Nearest neighbor): Warning: Tm is greater than 58;  

                       GC clamp: Pass 

                 Self-annealing: Pass 

              Hairpin formation: Pass 

------------------------------------------------------------ 
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Primer-BLAST Primer-Blast results  

Specificity of primers 

Target templates were found in selected database: Genome database (reference assembly only) 

for selected species (Organism limited to Homo sapiens) 

Primer pair 1 

 

Sequence (5'->3') Length Tm GC% 
Self 

complementarity 

Self 3' 

complementarity 

Forward 

primer 
ATCGAGTTTGGGGAGATCATC 21 51.38 47.62 5.00 5.00 

Reverse 

primer 
CAACAGTCTTGGCTGCTCAGT 21 54.98 52.38 5.00 2.00 

Products on target templates 

>NT_010393.16 Homo sapiens chromosome 16 genomic contig, GRCh37.p5 Primary Assembly  

product length = 367 

Features associated with this product: 

   amiloride-sensitive sodium channel subunit beta 

 

Forward primer  1         ATCGAGTTTGGGGAGATCATC  21 

Template        23331811  .....................  23331831 

 

Reverse primer  1         CAACAGTCTTGGCTGCTCAGT  21 

Template        23332177  .....................  23332157 

 

>NT_007819.17 Homo sapiens chromosome 7 genomic contig, GRCh37.p5 Primary Assembly  

 

product length = 3384 

Features associated with this product: 

   BMP-binding endothelial regulator protein precursor 

 

Forward primer  1         ATCGAGTTTGGGGAGATCATC  21 

Template        34094916  TGA........CC........  34094936 

 

Forward primer  1         ATCGAGTTTGGGGAGATCATC  21 

Template        34098299  .GAA.A............T..  34098279 

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=224514941
http://www.ncbi.nlm.nih.gov/nucleotide/224514941?from=23299921&to=23332122&report=gbwithparts
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=224514859
http://www.ncbi.nlm.nih.gov/nucleotide/224514859?from=33935226&to=34182885&report=gbwithparts
http://www.ncbi.nlm.nih.gov/
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3.3.6.2.1 Preparation of Master Mix for PCR 

The Master Mix was then prepared with content as follows: 

       Volume  Final Concentration 

a. PCR Grade water     variable   50μL 

b. PCR reaction buffer with MgCl2
 
10x   1μ     2mM MgCl2 

c. PCR Grade Nucleotide Mix 10mM   1μ      200μm 

                    (all nucleotides) 

 

d. Forward Primer    variable   200nM 

e. Reverse Primer              same as forward  200nM 

f. Fast Start Taq DNA Polymerase   0.4μL    2μ 

 (GoTaq) 

 

The contents of the Master Mix were mixed thoroughly and then transferred to a PCR tube. 

Equal volumes of this Master Mix were thereafter pipetted into separate 0.2ml thin PCR tubes. 

The mixture was mixed gently to produce a homogenous reaction mixture. Template DNA was 

added to the individual tubes cotaining Master Mix using the following guidelines: 

Volume 

DNA or cDNA Template    Variable  10pg-500ng complex 

DNA 

           

FINAL VOLUME      50μL   1x Reaction Mix 
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The Master Mix was then transferred to a PCR tube. Equal volumes of this Master Mix were 

then pipetted into separate 0.2ml thin PCR tubes. The mixture was mixed gently to produce a 

homogenous reaction mixture. The PCR tubes were then placed immediately thereafter in the 

thermocycler (Perkin Elmer 2400, Wasrrington, UK). 

Polymerase chain reaction was thereafter carried out following the method of Rayner et al., 

(2003) after heating the lid of the thermocycler to 100
o
C in order to keep the mixture in the tube: 

I. DENATURATION/ACTIVATION 

This is also known as “Hot Start”. It was carried out at 95
o
C for 5 minutes. 

II. AMPLIFICATION 

This was carried out for 35 cycles. Each cycle was made up of the following processes: 

i. Denaturation which was carried out at 95
o
C for 30seconds 

ii. Annealing which was carried out at 56.5
o
C for 30 seconds 

iii. Elongation which was carried out at 72
o
C for 45 seconds. At this stage, the reaction 

was looped to return to the Denaturation stage for 35 cycles 

III. FINAL ELONGATION 

After completing the Amplification stage, a final elongation stage was carried out at 72
o
C for 7 

minutes. 

 

3.3.6.2.2 Sizing of PCR Products 

Size and quality of PCR products were verified by electrophoresis on a 2% agarose gel with 

ethidium bromide staining (Baker et al, 1998). The gel casting trays and combs were selected. 1g 

of agarose was weighed into a conical flask and 100ml Tris/Acetate/EDTA (TAE) buffer added 
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to it. The mixture was mixed gently following which it was heated in a microwave while 

checking regularly to ensure the solution did not boil over. It was thereafter allowed to cool 

slightly to about 65
o
C following which ethidium bromide (5mg/ml) was added to make the bands 

visible. The mixture was then poured into a gel casing with a comb in place. The agarose was 

allowed to set for 10 to 15 minutes. Thereafter, it was removed gently from the casing and the 

comb also removed leaving intact wells. The gel was then placed in a submarine (horizontal) 

electrophoresis tank filled with TAE buffer enough to cover the gel by 0.5mm.  Then 10 to 15μL 

of  PCR products was mixed with 6-8μL loading buffer/dye GoTaq flexibuffer in a mixing tray. 

This is to allow the amplicons to sink to the bottom of the wells. A marker-ladder was placed in 

the gel as well to confirm the correct fragment size. The samples were then loaded gently into the 

gel wells. The electrophoresis machine was switched on and run at 70 to 110 Volts for about 120 

minutes to allow the DNA to migrate towards the anode. The machine was switched off and the 

gel tray removed. The gel was then observed under the ultra-violet (UV) light and a picture taken 

of the gel.  

 

3.3.6.2.3 Purification of DNA Fragments 

This was carried out using a QIAQUICK Purification Kit (QIAQUICK, Catalogue No. 28104 

(50)). The PE Buffer supplied with kit was dissolved in 96-100% ethanol. This served as the 

Wash Buffer. Then 5 volumes of the PB Buffer (supplied with kit) was added to 1 volume of 

PCR sample. This was mixed gently. The sample was then aplied to a QIAQUICK spin column 

placed into a 2ml collection tube supplied with the kit. This was placed in the centrifuge for 30 to 

60 seconds at 13000 rpm. The flow-through was discarded and the spin column placed back in 

the same collection tube. Thereater, 750μL of PE Buffer was added to the column to wash and 
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the tube returned to the centrifuge for 30 to 60 seconds at the same revolution as above. The 

flow-through was again discarded and the spin column returned to the collection tube. It was 

then centrifuged for 1 minute to completely remove the ethanol. The spin column was then 

placed in a clean 1.5ml microcentrifuge tube. 

 

3.3.6.2.4 Elution of PCR Products for Sequencing 

To elute the PCR products for sequencing, 30μL of distilled water (dH2O) was added to the 

centre of the membrane. The sample was then allowed to stand for 1 minute. The concentration 

of the purified PCR product was then checked by means of the Nanodrop spectrophotometer. 

Purified PCR products were stored at -20
o
C till sequenced. 

 

3.3.6.2.5 Single Nucleotide Polymorphism (SNP) Genotyping Assay 

This was carried out at the Division of Women‟s Health, School of Medicine, King‟s College, 

London made possible by an International Junior Research Grant of The Physiological Society of 

Great Britain. TaqMan
(R)

 SNP Genotyping Assay Kit (Life Technologies, United Kingdom) for 

the β-T594M mutation using the ENSEMBL Reference Sequence number, rs1799979, for the 

single nucleotide polymoprhism (SNP) was procured for use in identifying the presence of the 

mutation.  A master mix containing 5µL of Sybr Green for PCR and 0.5µL each of the 

TaqMan
(R)

 SNP Genotyping Assay and molecular grade water was added to 4µL of the gDNA of 

each subject. Two samples of “No Template Control” (NTC) prepared by replacing gDNA with 

4µL of tRNA were included in each SNP Genotyping PCR run as control. The samples were 

aliquoted by means of the Corbett Robotics
(R)

 into PCR tubes. These were then placed in the 

RotorGene
(R) 

for real time PCR with Two-Step PCR conditions as below: 
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1. Initial denaturation at 95
o
C for 3 minutes 

2. Cycling: Denaturation at 95
o
C for 20 seconds 

        Annealing/Extension at 60
o
C for 15 seconds 

Cycling was carried out for 60 cycles for optimum results 

 

3.3.6.2.6 Identification of β-ENaC Variants by DNA Sequencing 
 

DNA sequencing was carried out at the DNA Sequencing core facility of the University of 

Stellenbosch, Cape Town, South Africa. The subjects‟ DNA samples were analysed for β-ENaC 

variants. Big Dye Terminator Cycle Sequencing kits (Applied Biosynthesis, Foster City, 

California, USA) were used according to the manufacturer‟s instructions. The sequencing 

reactions were carried out on double-stranded DNA with the same primers used for PCR in dye 

terminators cycle sequencing. Extension products were then purified by ethanol precipitation. 

The reactions were loaded onto an automated sequencer and run under standard conditions. DNA 

sequences were confirmed by sequencing both strands. A second set of sequencing to confirm 

the results of the TaqMan
(R)

 SNP Genotyping Assay was carried out at the core facilities of 

Source Bioscience (United Kingdom). 

 

3.4 Analysis of Data 

Univariate and multivariate analysis of data were carried out as appropriate. The Graph Pad 

Statistical software was used. Data is presented as Mean±Standard Error of Mean (X±S.E.M.). 

Paired and unpaired Student t tests were used for within group and between group comparisons 

respectively. Mann-Whitney test was carried out for comparison of means when a Gaussian 

distribution could not be assumed. Analysis of variance (ANOVA) was also used with 

appropriate Post Hoc tests carried out to determine differences among means. Results are 
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presented as mean ± standard error of mean (X ± S.E.M.). Differences between means were 

accepted as significant at 95% confidence level; exact confidence intervals were calculated for 

each analysis. 
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CHAPTER FOUR 

4.0  RESULTS 

4.1 Biodata of Subjects 

Two hundred and twelve (212) subjects were screened for this study after informed consent was 

obtained from them. One hundred and twenty-four (124) of this subject population were 

normotensive with a mean age of 35.17±1.0y and the remaining eighty-eight (88) subjects were 

hypertensive with a mean age of 44.88 ± 1.0y which was significantly higher (p <0.001) than the 

age of the normotensive subjects (Table 2a). The normotensive subjects had a mean weight of 

66.16±1.17 kg while the hypertensive subjects had a mean weight of 78.38±1.30 kg. This was 

significantly higher (p<0.001) than that of the normotensive subjects (Table 2a). Table 2a also 

shows that the body mass index (BMI) calculated in the normotensive subjects was significantly 

lower (p <0.001) than that of the hypertensive subjects at 24.08±0.46 kg/m
2
 and 29.14±0.50 

kg/m
2
 respectively. 

Following the application of the selection criteria set out for the second stage of this study in 

which subjects were selected to participate in Phase I through V, a total of one hundred (100) 

age-matched subjects completed the study: forty-seven (47) normotensive subjects with mean 

age of 41.23±1.40y and fifty-three (53) age-matched hypertensive subjects with mean age 

44.42±1.30y (p > 0.05). The normotensive subjects had a mean weight of 66.53±1.80 kg. This 

was significantly lower (p <0.001) than the mean weight of 78.31±1.68 kg recorded in the 

hypertensive subjects (Table 2b). The mean body mass index (BMI) in normotensive subjects 

was 23.66±0.68 kg/m
2
. This was significantly lower (p < 0.001) than the mean BMI of 

28.69.1±0.70 kg/m
2
 recorded in the hypertensive subjects (Table 2b). 
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Table 2: Biodata of subjects  

Table 2a: Biodata of all subjects screened 

 Normotensive (NT) Hypertensive (HT) p value 

n 124 88  

Age (year) 35.17 + 1.10 

(18-65) 

44.88 ± 1.0 

(25-70) 

<0.001* 

Weight (kg) 66.16 ± 1.17 

(45 - 103) 

78.38 ± 1.3 

(56-109) 

<0.001* 

 

Height (m) 1.66 ± 0.01 

(1.43 – 1.97) 

1.64 ± 0.02 

(1.47 – 2.1) 

>0.05 N.S. 

BMI (kg/m
2
) 24.08 ± 0.46 

(15.24 – 38.72) 

29.14 ± 0.5 

(17.1 - 41.3) 

<0.001* 

* = Significant; N.S. = Not significant 

 

 

Table 2b: Biodata of selected normotensive and hypertensive subjects
#
 

 Normotensive (NT) Hypertensive (HT) p value 

n 47 53  

Age (year) 41.23 + 1.40 

(27-65) 

44.42 ± 1.30 

(25-65) 

>0.05 N.S. 

Weight (kg) 66.53 ± 1.80 

(45.00 – 103.00) 

78.31 ± 1.68 

(56.00-109.00) 

<0.001* 

 

Height (m) 1.68 ± 0.02 

(1.43 – 1.97) 

1.65 ± 0.01 

(1.47 – 2.10) 

>0.05  N.S. 

BMI (kg/m
2
) 23.66 ± 0.68 

(16.50 – 38.72) 

28.69 ± 0.70 

(17.12 - 41.29) 

<0.001* 

 * = Significant; N.S. = Not significant 

# These are subjects who took part in the second stage of the study 
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4.2  Salt Sensitivity in Normotensive and Hypertensive Subjects 

4.2.1 Baseline Blood Pressure 

Mean systolic blood pressure (SBP) was 117.1±1.49 mmHg among the normotensive subjects at 

baseline. This was significantly lower (p < 0.001) than baseline SBP of 145.50±2.60 mmHg 

recorded among the hypertensive subjects (Table 3).  

 

Table 3 also shows the mean diastolic blood pressure (DBP) of 78.45±0.94 mmHg recorded 

among the normotensive subjects at baseline. This was significantly lower (p < 0.001) than the 

mean DBP of 96.07±1.54 mmHg recorded among the hypertensive subjects at baseline. 

 

The mean arterial blood pressure (MABP) of 91.31±0.94 mmHg recorded among the 

normotensive subjects at baseline was also significantly lower (p < 0.001) than the 112.7±1.59 

mmHg recorded among the hypertensive subjects at baseline (Table 3). 
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Table 3: Baseline blood pressure in normotensive and hypertensive subjects 

 

 Normotensive  

(n = 47) 

Hypertensive  

(n = 53) 

p value 

SBP (mmHg) 117.10 ± 1.49 

(100.0 – 130.0) 

145.4 ± 2.60 

(110.0 – 190.0) 

<0.001 

DBP (mmHg) 78.45 ± 0.94 

(70.0 – 89.0) 

96.07 ± 1.54 

(70.0 – 116.0) 

<0.001 

MABP (mmHg) 91.31 ± 0.94 

(80.0 + 101.3) 

112.7 ± 1.56 

(90.0 – 136.7) 

<0.001 

 

KEY: 

SBP = systolic blood pressure; DBP = diastolic blood pressure; MABP = mean arterial blood 

pressure 

 

 

 

 

 

 

 

 

 

 

 



107 
 

4.2.2  Salt Sensitivity   

Among the normotensive subjects, 16 subjects responded to the salt-load with an increase in 

mean arterial blood pressure (MABP) that was greater than or equal to 5 mmHg. Thus salt 

sensitivity was observed in 34.0% (16/47) of the normotensive (NT) subjects while the 

remaining 66.0% (31/47) were salt resistant (Figure 9).  

Salt sensitivity was higher in hypertensive subjects (HT) among whom 54.7% (29/53) responded 

to the salt-load with a change in MABP (ΔMABP) that was 5mmHg or more compared with the 

baseline value (Figure 9). The remaining 45.3% (24/53) were salt resistant.  
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Figure 9a: Salt sensitivity among normotensive (NT) and hypertensive (HT) subjects 
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Figure 9b: Percentage change in mean arterial blood pressure (MABP) among         

        normotensive and hypertensive subjects after salt-loading 

 

*p < 0.05 compared with Salt Resistant (SR) Normotensive 
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4.2.4 Urine Sodium Excretion in Normotensive and Hypertensive Subjects  

As shown on Table 4, urine excretion of sodium (UNaV) was 114.6±10.1 mmol/min among the 

normotensive subjects before salt-loading. This was significantly higher (p < 0.05) than the 

baseline level of 84.4±8.7 mmol/min recorded among the hypertensive subjects. 

 Following salt-loading for 5 days, UNaV increased significantly (p < 0.01) to 163.0±16.7 

mmol/min among the normotensive subjects. In the same vein, UNaV increased significantly (p 

<0.01) to 118.20±13.11 mmol/min among the hypertensive subjects following salt-loading 

(Table 4). 

After combined ingestion of the salt-load and amiloride, UNaV reduced significantly (p < 0.01) in 

NT subjects to 123.1±19.6 mmol/min compared with the level after salt-loading alone (Table 4). 

This value after the combined ingestion of the salt-load and amiloride was slightly higher (p > 

0.05) than the 114.3±10.1 mmol/min recorded among the NT subjects at baseline. Among the 

HT subjects on the other hand, salt plus amiloride caused a slight increase (p > 0.05) in UNaV to 

122.9±18.6 mmol/min. However, this value was significantly higher (p < 0.01) than the 84.4±8.7 

mmol/min recorded among the HT subjects at baseline (Table 4). 
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Table 4: Urine sodium excretion in normotensive and hypertensive subjects 

 

Data are expressed as X±S.E.M. 

*  p <0.05 NT Before Salt versus HT Before Salt 

** p < 0.01 Before Salt NT versus After Salt NT 

 

‡‡ p < 0.01 After Salt NT versus After Salt+ Amil NT 

 

†† p < 0.01 Before Salt HT versus After Salt HT 

‡‡‡ < 0.01 Before Salt HT versus After Salt+Amil HT 

 

 

 

 

Groups 

 

 

Intervention 

Normotensive (NT) 

UNaV (mmol/min) 

n = 28   

 

Hypertensive  (HT) 

UNaV (mmol/min) 

n = 30 

 

 

Before Salt 

 

114.6±11.0 

 

 

84.4±8.7* 

 

After Salt 

 

 

 

After Salt + Amil 

163.0±16.7** 

 

123.1±19.6 ‡‡ 

118.2±13.1 †† 

 

122.9±18.6 ‡‡‡ 
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4.2.5  Salt Sensitivity Index  

Mean salt sensitivity index was 0.09±0.02 mmHg/mol/day in the normotensive subjects. This 

was significantly lower (p < 0.01) than the 0.25±0.04 mmHg/mol/day recorded among the 

hypertensive subjects (Table 5). 
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Table 5: Salt Sensitivity Index in normotensive and hypertensive subjects 

 

 

PARAMETER 

 

NORMOTENSIVE 

 

HYEPRTENSIVE 

ΔUNaV  

(mmol/day) 

 

180158 ± 27443 

 

86870 ± 11932 

 

ΔMABP  

(mmHg) 

 

11.70 ± 1.70 

 

12.38 ± 1.56 

 

SSI  

(mmHg/mol/day) 

 

0.09 ± 0.02 

 

0.25 ± 0.04* 

 

 

** p < 0.01 Significant difference in Salt Sensitivity Index (SSI) NT versus HT 

KEY: 

NT = normotensive; HT = hypertensive 
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4.2.6 Plasma Sodium Concentration in Normotensive and Hypertensive Subjects  

Plasma sodium (Na
+
) concentration was determined in the subjects before salt-loading, after salt-

loading and after salt-loading plus amiloride. 

Before salt-loading, the normotensive subjects had a mean plasma Na
+
 concentration of 

135.60±1.38 mmol/L. This was slightly lower (p > 0.05) than the plasma Na
+
 level of 

138.20±1.39 mmol/L in the hypertensive subjects. 

Following salt-loading, plasma Na
+ 

concentration increased significantly among the 

normotensive subjects from 135.60±1.38 mmol/L to 142.80±1.39 mmol/L (p < 0.001). Similarly 

there was a significant increase in plasma Na
+ 

concentration among the hypertensive subjects 

from 138.20±1.39 mmol/L to 143.50±1.12 mmol/L (p < 0.001). 

There was a significant fall in plasma Na
+ 

concentration in the normotensive subjects following 

salt  plus amiloride-loading from the 142.80±1.39 mmol/L recorded after salt-loading alone to 

132.40±3.59 mmol/L (p < 0.01).  However, when compared with the plasma Na
+ 

concentration 

recorded in the normotensive subjects at baseline, there was only a slight difference (p>0.05). 

Plasma Na
+ 

concentration in the hypertensive subjects also fell significantly (p < 0.001) from the 

143.50±1.12 mmol/L after salt-loading alone to 135.10±1.61 mmol/L. This level of Na
+
 

following salt-loading plus amiloride was similar to the baseline concentration of 138.20±1.39 

mmol/L (p>0.05). 
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Table 6: Plasma sodium concentration in normotensive and hypertensive subjects 

 

 

Data are expressed as Mean±S.E.M. 

*** p < 0.001 Significant increase when compared with before salt NT and HT 

**p < 0.01 Significant decrease when compared with after salt NT 

‡‡‡ p < 0.001 Significant decrease when compared with after salt HT  

 

 

 

 

 

Groups 

 

 

Intervention 

Normotensive (NT) 

(mmol/L) 

n = 30   

 

Hypertensive  (HT) 

(mmol/L) 

n = 33 

 

 

Before salt 

 

135.60±1.38 

 

 

138.20±1.39 

 

After salt 142.80±1.02*** 

 

143.50±1.12 *** 

 

After salt+amiloride  132.40±3.59** 

 

135.10±1.61‡‡‡ 
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4.2.7  Sodium Clearance in Normotensive and Hypertensive Subjects Before Salt-Loading, 

After Salt-Loading and After Co-administration of Salt Plus Amiloride  

 

Sodium clearance (CNa) was 0.65±0.1 mmol/min in the normotensive subjects before salt-

loading.   Following salt-loading, sodium clearance increased significantly (p<0.05) to 1.02±0.1 

mmol/min.  When the subjects were given the combined salt-loading and amiloride, CNa fell to 

0.86±0.2 mmol/min from the level after salt-loading alone (Figure 10).  

 

Sodium clearance (CNa) among the hypertensive subjects was 0.61±0.1 mmol/min before salt-

loading. This was marginally lower (p > 0.05) than that recorded among the normotensive 

subjects at baseline. There was a significant increase (p < 0.05) in CNa among the hypertensive 

subjects following salt-loading from 0.60±0.1 mmol/min before salt-loading to 0.92±0.1 

mmol/min. Combined salt-loading plus amiloride led to a decrease in CNa to 0.71±0.1 mmol/min 

which was lower (p > 0.05) than the CNa after salt-loading alone (Figure 10). 
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Figure 10: Sodium clearance in normotensive (NT) and hypertensive (HT) subjects before 

    salt-loading, after salt-loading and after salt-loading plus amiloride 

NT n = 28; HT n =30 

* p <0.05 Significant increase when compared with B4 Salt NT 

† p < 0.05 Significant increase when compared with B4 Salt HT 

 

KEY: 

B4 = before; AFT = after; Amil = amiloride 
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4.3 Effect of Sympathetic Nervous System on Cardiovascular System of Normotensive 

and Hypertensive Subjects 

4.3.1. Blood Pressure Response to the Cold Pressor Test in Normotensive and 

Hypertensive Subjects  

4.3.1.1 Systolic Blood Pressure Response to Cold Pressor Test in Normotensive and     

Hypertensive Subjects  

In normotensive subjects, exposure to the cold pressor test (CPT) before salt-loading led to an 

increase (p < 0.001) in systolic blood pressure (SBP) from 117.5±1.54 mmHg at baseline to 

132.20±2.63 mmHg, (Figure 11a). This was a 12.28±1.6% increase in SBP following exposure 

to the CPT at baseline. Also as shown in Figure 11a, when hypertensive subjects were exposed to 

the CPT before salt-loading, there was a significant increase (p < 0.001) in SBP from the 

baseline level of 145.60±2.60 mmHg to 164±3.23 mmHg. This was a percentage difference of 

13.57±1.6%. 

 

Following salt-loading, exposure of the normotensive subjects to the CPT led to an increase (p < 

0.001) in SBP from 121.10±2.05 mmHg before CPT to 137.9±2.69 mmHg. The percentage 

increase was 14.01±1.5% and this was not significantly higher (p > 0.05) than that recorded at 

before salt-loading. The figure also shows that when exposed to the CPT after salt-loading, there 

was a significant increase (p < 0.001) in SBP in hypertensive subjects from 152.40±3.03 mmHg 

to 171.20±3.28 mmHg. This was a percentage increase of 12.91%. 

 



118 
 

When normotensive subjects were exposed to the CPT after salt plus amiloride-loading for 5 

days, SBP increased (p < 0.001) from 115.2±1.80 mmHg to 131.5±2.75 mmHg (Figure 11a); a 

percentage increase of 14.23±1.9%. This was not significantly higher (p > 0.05) than the 

percentage increases recorded before and after salt-loading respectively.  On the other hand, 

there was a significant increase (p < 0.001) in SBP in hypertensive subjects following exposure 

to the CPT following ingestion of salt plus amiloride from 132.80±2.81 mmHg before CPT to 

156.60±3.81 mmHg causing a percentage increase in SBP of 20.06±2.1%. This was significantly 

higher (p < 0.01) than the percentage increase recorded before salt-loading and significantly 

higher (p < 0.01) than that recorded after salt-loading. 

 

4.3.1.2. Diastolic Blood Pressure Response to Cold Pressor Test in Normotensive 

and Hypertensive Subjects 

In normotensive subjects before salt-loading, CPT caused an increase (p < 0.001) in diastolic 

blood pressure (DBP) from the baseline value of 79.74±0.86 mmHg to 93.49±1.75 mmHg 

(Figure 11b). This was an increase of 17.33±1.9%. When hypertensive subjects were exposed to 

the CPT before salt-loading, DBP increased significantly (p < 0.001) from 96.07±1.49 mmHg to 

110.6±1.83 mmHg (Figure 11b). This was a percentage increase in DBP of 14.84±1.6%. 

 

Following salt-loading, there was a significant increase (p < 0.001) in DBP among the 

normotensive subjects from 80.56±1.54 mmHg to 94.15±1.82 mmHg following exposure to the 

CPT (Figure 11b). This was a 17.49±2.5% increase. Figure 10b also shows that there was a 

significant increase (p < 0.001) in DBP among hypertensive subjects from 100.7±1.61 mmHg to 
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112.40±1.82 mmHg after salt-loading. The percentage increase of 11.35±1.3% was significantly 

less (p < 0.05) than that recorded before salt-loading.  

The figure also shows the increase in DBP in normotensive subjects exposed to the CPT after 

salt plus amiloride-loading from 90.74±1.70 mmHg to 107.80±2.33 (p < 0.001). This was a 

16.2±3.1% increase. 

The percentage increases in DBP in normotensive subjects before salt-loading, after salt-loading 

and after salt plus amiloride-loading were similar (p > 0.05). Similarly, following salt plus 

amiloride-loading, exposure to the CPT led to a significant increase (p < 0.001) in DBP among 

the hypertensive subjects from 90.74±1.70 mmHg to 107.80±2.33 mmHg (Figure 11b). This was 

a percentage increase in DBP of 19.38±1.9% which was significantly higher (p < 0.01) than the 

percentage increase recorded after salt-loading. 
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Figure 11a: Systolic blood pressure (SBP) response to the cold pressor test in normotensive  

and hypertensive subjects before salt, after salt-loading and after salt plus 

amiloride-loading 

  *** p < 0.001 between peak and basal SBP 
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Figure 11b: Diastolic blood pressure (DBP) response to the cold pressor test in  

normotensive and hypertensive subjects before salt, after salt-loading and after 

salt-loading plus  amiloride 

    *** p < 0.001 between peak and basal DBP 
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4.3.2 Vascular Reactivity among Normotensive and Hypertensive Subjects  

4.3.2.1. Systolic Vascular Reactivity among Normotensive and Hypertensive Subjects  

When exposed to the cold pressor test (CPT), 43.6% (17/39) of the normotensive subjects 

responded with systolic hyperreactivity before salt-loading. The mean difference in systolic 

blood pressure (∆SBP) in the hyperreactive subjects was 24.5±1.9 mmHg and this was 

significantly higher (p<0.001) than the 7.4±1.6 mmHg recorded among the normoreactive 

subjects (Figure 12a). 

Among the hypertensive subjects on the other hand, 49.0% (25/51) responded with systolic 

hyperreactivity to the cold pressor test. The mean difference in systolic blood pressure (∆SBP) in 

the hyperreactive subjects was 31.0±3.1 mmHg and this was significantly higher (p<0.001) than 

the 8.2±1.0 mmHg recorded among the normoreactive hypertensive subjects (Figure 12a). 

 

Also, when the normotensive subjects were exposed to the cold pressor test (CPT) after salt-

loading, systolic hyperreactivity increased from the 43.6% before salt-loading to 64.1% (25/39). 

The mean difference in systolic blood pressure (∆SBP) in the hyperreactive subjects after salt-

loading was 22.6±1.7 mmHg and this was significantly higher (p<0.001) than the 6.6±1.7 mmHg 

recorded among the normoreactive normotensive subjects (Figure 12a). 

Among the hypertensive subjects on the other hand, there was a decrease in systolic 

hyperreactivity from the 49.0% recorded before salt-loading to 33.3% (17/51) after salt-loading. 

The mean difference in systolic blood pressure (∆SBP) in the hyperreactive subjects was 
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22.0±1.1 mmHg after salt-loading and this was significantly higher (p<0.001) than the 6.8±0.9 

mmHg recorded among the normoreactive hypertensive subjects (Figure 12a). 

 

Following the co-administration of the salt-load plus amiloride, systolic hyperreactivity reduced 

to 52.4%  (11/21) among the normotensive subjects from the 64.1% recorded after salt-loading 

alone. The mean ∆SBP of 23.8±2.5 mmHg among these hyperreactive subjects was significantly 

higher (p < 0.001) than the 9.4±0.9 mmHg recorded among the normoreactive normoreactive 

subjects following salt plus amiloride-loading. 

On the other hand, when hypertensive subjects were exposed to the cold pressor test after salt-

loading plus amiloride, 67.5% (27/40) of these subjects responded with systolic hyperreactivity. 

This was a significant increase (p < 0.001) over the 33.3% recorded after salt-loading alone. It 

was also significantly higher (p < 0.001) than the number of normotensive subjects responding 

with systolic hyperreactivity following salt-loading plus amiloride. The mean ∆SBP of 36.2±2.9 

mmHg was significantly higher (p < 0.001) than the 7.4±1.1 mmHg recorded among the 

normoreactive hypertensive subjects. 
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4.3.2.2 Diastolic Vascular Reactivity among Normotensive and Hypertensive 

Subjects 

While 38.5% (15/39) of the normotensive subjects responded with diastolic hyperreactivity to 

the cold pressor test, 41.2% (21/51) of the hypertensive subjects responded with diastolic 

hyperreactivity before salt-loading. The mean difference in diastolic blood pressure (∆DBP) 

among the hyperreactive normotensive subjects was 22.5±1.8 mmHg which was significantly (p 

< 0.001) higher than the mean ∆DBP of 7.8±1.5 mmHg recorded among the normoreactive 

normotensive subjects (Figure 12b). Also, the ∆DBP of 24.0±2.0 mmHg recorded among the 

hypertensive subjects that responded with diastolic hyperreactivity to the cold pressor test was 

significantly higher (p < 0.001) than the 7.3±0.9 mmHg recorded among the normoreactive 

hypertensive subjects (Figure 12b).  

 

There was a reduction in the number of normotensive subjects that responded with diastolic 

hyperreactivity following salt-loading to 35.9% (14/39) compared with the 38.5% recorded 

before salt-loading. The mean difference in diastolic blood pressure (∆DBP) among the 

hyperreactive normotensive subjects was 25.00±2.2 mmHg which was significantly (p < 0.001) 

higher than the mean ∆DBP of 6.80±1.1 mmHg recorded among the normoreactive 

normotensive subjects after salt-loading (Figure 12b). 

 

Similarly, diastolic hyperreactivity reduced among the hypertensive subjects from the 41.2% 

before salt-loading to 31.4% (16/51) after salt-loading. The mean ∆DBP of 21.0±1.6 mmHg 

recorded among the hypertensive subjects that responded with diastolic hyperreactivity to the 
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cold pressor test was however significantly higher (p < 0.001) than the mean ∆DBP of 6.9±0.9 

mmHg recorded among the normoreactive hypertensive subjects (Figure 12b). 

 

Also, following exposure to the cold pressor test after salt plus amiloride-loading; daistolic 

hyperreactivity reduced to 33.3% (7/21) among the normotensive subjects from the 35.9% 

recorded following salt-loading alone. The mean ∆DBP of 24.6±3.3 mmHg among these 

hyperreactive normotensive subjects was higher (p < 0.001) than the 7.1±1.1 mmHg recorded in 

their normoreacitve counterparts (Figure 12b).  

 

On the other hand, diastolic hyperreactivity increased among the hypertensive subjects following 

salt plus amiloride-loading to 57.5% (23/40) from the 31.4% recorded after salt-loading alone. 

The mean ∆DBP of 25.2±1.4 mmHg recorded among these hyperreactive subjects was higher (p 

< 0.001) than the 6.6±1.1 mmHg recorded among their normoreactive counterparts (Figure 12b). 
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Figure 12a: Systolic vasular reactivity among normotensive (NT) and hypertensive (HT) 

           subjects before salt, after salt-loading and after salt plus amiloride-loading 

         

Hyperreactive = ∆SBP ≥ 15mmHg 

  

NT: n = 17/39 (44%) B4 SALT; 25/39  (64%) AFT SALT; 11/21 (52%) AFT SALT+AMIL 

 HT: n = 25/51 (49%) B4 SALT; 17/51 (33%) AFT SALT; 27/40 (68%) AFT SALT+AMIL 

 

 ***p < 0.001 hyperreactive versus normoreactive 

† p < 0.05 NT aft salt+ amil versus HT; ξ = p < 0.001 (HT) aft salt versus aft salt+amil  

 

KEY: 

B4 SALT = before salt-loading; AFT SALT = after salt-loading; AMIL = amiloride 
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Figure 12b: Diastolic vascular reactivity in  normotensive (NT) and hypertensive  

  (HT) subjects before salt, after salt and after salt-loading plus amiloride 

 Hyperreactive DDBP ≥15mmHg:  

  NT: n = 15/39 (39%) B4 SALT; 14/39 (36%) AFT SALT; 7/21 (33%) AFT SALT+AMIL 

       HT: n = 21/51 (41%) B4 SALT; 16/51 (31%) AFT SALT; 23/40 (58%) AFT SALT+AMIL 

   ***p < 0.001 normoreactive versus hyperreactive 

KEY: 

B4 SALT = before salt-loading; AFT SALT = after salt-loading; AMIL = amiloride 
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4.3.2.3 Salt Reactivity among Normotensive and Hypertensive Subjects 

 

Salt reactivity, the phenomenon in which ingestion of a salt load leads to a hitherto 

normoreactive person becoming hyperreactive, was higher among the normotensive subjects 

compared with the hypertensive subjects. 

As shown on Table 7, 33.3% of the normotensive subjects showed systolic salt reactivity while 

systolic salt reactivity was recorded among 17.7% of the hypertensive subjects.  

Similarly, while 15.4% normotensive subjects demonstrated diastolic hyperreactivity, only 9.8% 

of the hypertensive subjects showed diastolic salt reactivity.  
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Table 7: Salt Reactivity in normotensive and hypertensive subjects 
 

 

 Normotensive 

Subjects (n = 39) 

Hypertensive 

Subjects (n = 51) 
 

Systolic Salt Reactivity 

 

13 (33.3%) 

 

9 (17.7%) 

 

Diastolic Salt Reactivity 6 (15.4%) 5 (9.8%) 
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4.3.2.4  Salt Sensitivity and Vascular Reactivity  

Salt sensitivity was positively and significantly correlated with systolic vascular reactivity 

among normotensive subjects before salt-loading (r = 0.47; p < 0.01) (Figure 13a). In the same 

vein, Figure 13b shows that salt sensitivity in normotensive subjects was negatively and 

significantly correlated with diastolic vascular reactivity before salt-loading (r = -0.38; p < 0.05).  

 

Among hypertensive subjects on the other hand, salt sensitivity was negatively correlated with 

both systolic vascular reactivity (r = -0.008; p > 0.05) (Figure 14a) and diastolic vascular 

reactivity (r = -0.06; p > 0.05) before salt-loading (Figure 14b). 

 

As shown in Figure 15a, after salt-loading, salt sensitivity remained slightly positively correlated 

with systolic reactivity among normotensive subjects (r = 0.25; p > 0.05) while it was 

significantly negatively correlated (r = -0.40; p < 0.05) with diastolic reactivity (Figure 15b).  

 

Among the hypertensive subjects on the other hand, salt sensitivity varied negatively with regard 

to systolic reactivity (r = -0.07; p > 0.05) (Figure 16a) and diastolic reactivity (r = -0.22; p > 

0.05) (Figure 16b) after salt loading. 
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Figure 13a: Correlation between salt sensitivity (∆MABP) and systolic reactivity in  

         normotensive subjects before salt-loading 

    n = 40 

    *p < 0.01 

KEY: 

∆SBP = change in systolic blood pressure; systolic reactivity = ∆SBP ≥15mmHg;  

∆MABP = change in mean arterial blood pressure 
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Figure 13b: Correlation between salt sensitivity and diastolic reactivity in normotensive 

          subjects before salt-loading 

  n = 35 

  * p < 0.05 

KEY: 

∆DBP = change in diastolic blood pressure; diastolic reactivity = ∆DBP ≥15mmHg;  

∆MABP = change in mean arterial blood pressure 
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Figure 14a: Correlation between salt sensitivity and systolic reactivity in hypertensive (HT)       

         subjects before salt loading 

    n = 50 

NS = not significant 

KEY: 

∆SBP = change in systolic blood pressure; systolic reactivity = ∆SBP ≥ 15mmHg; 

 ∆MABP = change in mean arterial blood pressure 
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Figure 14b: Correlation between salt sensitivity and diastolic reactivity in hypertensive  

         (HT) subjects before salt-loading 

    n = 50 

KEY: 

NS = not significant; ∆DBP = change in diastolic blood pressure;  

diastolic reactivity = ∆DBP ≥15mmHg; 

 ∆MABP = change in mean arterial blood pressure   
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Figure 15a: Correlation between salt sensitivity (∆MABP) and systolic reactivity in  

         normotensive subjects after salt-loading 

 

   n = 39 

KEY: 

NS: not significant; ∆SBP = change in systolic blood pressure;  

systolic reactivity = ∆SBP ≥15mmHg;  

∆MABP = change in mean arterial blood pressure 

 

 



136 
 

 

-20 -10 10 20

-20

20

40

60

r = -0.4*

MABP (mmHg)


 D

B
P

 (
m

m
H

g
)

 

Figure 15b: Correlation between salt sensitivity and diastolic reactivity in normotensive  

          (NT) subjects after salt-loading 

n = 38 

* p < 0.05 

KEY: 

∆DBP = change in diastolic blood pressure;  

diastolic reactivity = ∆DBP ≥15mmHg;  

∆MABP = change in mean arterial blood pressure 
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Figure 16a: Correlation between salt sensitivity and systolic reactivity in hypertensive  

         subjects after salt-loading 

    n = 50 

    NS = not significant 

KEY: 

∆SBP = change in systolic blood pressure; 

 systolic reactivity = ∆SBP ≥15mmHg;  

∆MABP = change in mean arterial blood pressure 
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Figure 16b: Correlation between salt sensitivity and diastolic reactivity in hypertensive 

(HT) subjects after salt-loading 

    n = 50 

    NS = not significant 

KEY: 

 ∆DBP = change in diastolic blood pressure; diastolic reactivity = ∆DBP ≥15mmHg;  

∆MABP = change in mean arterial blood pressure 
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4.3.3 Effect of Sympathetic Nervous System on Heart Rate of Normotensive and 

Hypertensive Subjects 

4.3.3.1 Baseline Heart Rate in Normotensive and Hypertensive Subjects  

Mean heart rate at baseline was 75.79±1.95 beats/min in the normotensive subjects which was 

significantly lower (p < 0.05) than the mean heart rate of 81.68 ± 1.77 beats/min recorded in the 

hypertensive subjects. 

4.3.3.2 Heart Rate Response to Salt-Loading and Salt-Loading plus Amiloride in 

Normotensive and Hypertensive Subjects   

Following salt-loading heart rate decreased slightly (p > 0.05) from 73.74±1.98 beats/min to 

73.56±1.90 beats/min in normotensive subjects. Also heart rate reduced slightly (p > 0.05) 

among the hypertensive subjects from 81.17±1.73 beats/min to 79.37±1.72 beats/min following 

salt-loading (Figure 17).  

 

Following ingestion of salt and amiloride for 5 days, heart rate in normotensive subjects fell to 

71.28±2.49 beats/min (Figure 16). This was slightly lower than the heart rate when the subjects 

ingested salt alone (73.56±1.90 beats/min) for 5 days and also slightly lower (p > 0.05) than their 

heart rate at baseline (73.74±1.98 beats/min).   

Ingestion of salt and amiloride caused a slight fall (p > 0.05) in heart rate from 79.37±1.72 

beats/min in hypertensive subjects following salt-loading alone to 77.26±1.91 beats/min (Figure 

17). When compared with baseline heart rate in these hypertensive subjects, the fall in heart rate 

caused by amiloride, from 81.17±1.73 beats/min to 76.89±1.91 beats/min was significant (p 

<0.05). 
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Figure 17: Heart rate response to salt-loading and salt-loading plus amiloride in 

normotensive (NT) and hypertensive (HT) subjects  

NT n = 47; HT n = 53 

  ** p < 0.05 - NT before salt versus HT before salt 

  * p < 0.05 HT B4 salt versus after salt + Amil in HT 

 KEY:  

HR = heart rate; B4 = before salt-loading; Aft = after; Amil = amiloride 
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4.3.3.3  Heart Rate Response to the Cold Pressor Test in Normotensive and 

Hypertensive Subjects Before Salt-Loading, After Salt-Loading and After 

Salt-Loading Plus Amiloride  

Before Salt-Loading  

When exposed to the cold pressor test (CPT), heart rate increased slightly in normotensive 

subjects from 73.74± 1.98 beats/min to 74.24±2.19 beats/min before salt-loading. However, 

exposure to the CPT in hypertensive subjects before salt-loading led to a slight fall (p > 0.05) in 

heart rate from 81.17±1.73 beats/min to 80.28±1.85 beats/min (Figure 18). 

After Salt-Loading and After Salt-Loading Plus Amiloride  

 After salt-loading, exposure of the normotensive subjects to the CPT caused a slight increase in 

heart rate from 73.56±1.90 beats/min to 75.50±1.84 beats/min (Figure 18).  

In the same vein, following salt-loading for 5 days, exposure of the hypertensive subjects to the 

CPT led to a slight increase (p > 0.05) in heart rate from 79.37±1.72 beats/min to 80.71±1.73 

beat/min.   

Figure 18 also shows that following ingestion of the salt plus amiloride load, exposure of the 

normotensive subjects to the CPT led to a slight increase (p > 0.05) in heart rate from 71.28±2.49 

beats/min to 72.06±2.59 beats/min.  The figure also shows that following salt plus amiloride-

loading, exposure to the CPT however caused a significant increase (p < 0.01) in heart rate from 

77.26± 2.05 beats/min to 81.76±2.03 beats/min in the hypertensive subjects. 
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Figure 18: Heart rate response to the cold pressor test in normotensive (NT) and   

hypertensive (HT) subjects after salt-loading and after salt-loading plus 

amiloride 

     NT n = 41; HT n = 53 

 ** = p < 0.01 - significant increase HT AFT Salt + Amil versus HT AFT Salt+Amil+CPT 

  KEY: 

 B4 = before; AFT = after; CPT = cold pressor test; AMIL = amiloride 
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4.4 Effect of Sympathetic Nervous System on Forearm Vascular Resistance of 

Normotensive and Hypertensive Subjects 

Forearm vascular resistance is calculated as stated in Equation 7 

Forearm Vascular Resistance (mmHg/ml/s) = MABP (mmHg) 

   Blood Flow (ml/s)  ............... Equation 7 

 

where MABP = mean arterial blood pressure 

 

4.4.1 Forearm Blood Flow in Normotensive and Hypertensive Subjects Before 

Salt-Loading, After Salt-Loading and After Salt-Loading Plus Amiloride  

Mean baseline forearm blood flow among the normotensive subjects was 1.14 ± 0.1 ml/s and this 

was slightly higher than the baseline forearm blood flow in the hypertensive subjects in whom 

mean baseline blood flow was 1.02 ± 0.09 ml/s.  

Following salt-loading in normotensive subjects, forearm blood flow reduced slightly (p > 0.05) 

from mean baseline value of 1.14 ± 0.09 ml/s to 1.10 ± 0.12ml/s. There was also a slight 

lowering (p > 0.05)  of blod flow among the hypertensive subjects from 1.014 ± 0.09 ml/s to 1.00 

± 0.08 ml/s after salt-loading (Figure 19). 

Following ingestion of salt and amiloride, forearm blood flow in normotensive subjects reduced 

slightly (p > 0.05) from 1.10±0.12 ml/s to 1.03±0.09 ml/s. Similarly, forearm blood flow in 

hypertensive subjects reduced slightly (p > 0.05) after salt and amiloride ingestion from 

1.00±0.08 ml/s after salt-loading only, to 0.94±0.07 ml/s (Figure 19). 
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Figure 19: Forearm blood flow responses to salt-loading and salt-loading and amiloride  

      in normotensive (NT) and hypertensive (HT) subjects 

    

KEY: 

B4 = before; AFT = after; AMIL = amiloride 

 

 



145 
 

 

4.4.1.2 Forearm Blood Flow Response to the Cold Pressor Test  

Exposure to the cold pressor test (CPT) before salt-loading led to a significant reduction (p < 

0.001) in forearm blood flow in normotensive subjects from 1.14±0.09 ml/s to 0.81±0.07 ml/s 

(Figure 20a). This was a percentage difference in blood flow of -25.48±3.9% (Figure 20b). 

Percentage diference in forearm blood flow was calculated as the percentage difference of the 

forearm blood flow after CPT and blood flow before CPT. It signifies the actual effect of the 

CPT on forearm blood flow. 

Figure 20a also shows forearm blood flow  reduced significantly (p < 0.001) in the hypertensive 

subjects when exposed to the CPT before salt-loading from 1.02±0.09 ml/s to 0.76±0.07 ml/s 

causing a percentage difference in forearm blood flow of -23.98±3.72% (Figure 20b). This was 

marginally lower (p > 0.05) than that in the normotensive subjects. 

 

After salt-loading with 200mmol Na
+
/day for 5 days, exposure to the cold pressor test (CPT) led 

to a significant reduction (p < 0.001) in forearm blood flow in normotensive subjects from 

1.10±0.12 ml/s to 0.86±0.10 ml/s (Figure 20a).  This led to a percentage difference in forearm 

blood flow of -21.42 ± 4.26% (Figure 20b). 

Figure 20a also shows that forearm blood flow reduced significantly (p < 0.001) in the 

hypertensive subjects when exposed to the CPT after salt-loading from 1.02±0.08 ml/s to 

0.74±0.05 ml/s. This was a percentage difference in forearm blood flow of -24.04±2.60% that 

was slightly higher (p > 0.05) than that recorded among the normotensive subjects (Figure 20b). 

After salt-loading with 200mmol Na
+
/day and 5mg amiloride daily for 5 days, exposure to the 

cold pressor test (CPT) led to a significant reduction (p < 0.001) in forearm blood flow in  
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normotensive subjects from 1.03±0.09 ml/s to 0.82±0.12 ml/s (Figure 20a). This led to an effect 

of  -26.45±7.52% as percentage difference in blood flow (Figure 20b). 

As shown in the same figure (Figure 20a), forearm blood flow also reduced significantly (p < 

0.001) in the hypertensive subjects when exposed to the CPT after salt-loading plus amiloride 

from 0.95±0.07 ml/s to 0.71±0.06 ml/s. The percentage difference in forearm blood flow was -

26.43±2.70% which was similar (p > 0.05) to that in the normotensive subjects (Figure 20b). 
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Figure 20a: Forearm blood flow responses to the cold pressor test (CPT) in normotensive   

(NT) and  hypertensive (HT) subjects after salt-loading and salt-loading plus 

amiloride 

 

   ***p <0.001 Significant difference before CPT versus after CPT 

     

KEY: 

B4 = Before salt; AFT = after salt; AMIL = amiloride; PEAK = after CPT 
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Figure 20b: Effect of the cold pressor test on rate of forearm blood flow in  

normotensive (NT) and hypertensive (HT) subjects 

KEY:  

DIFF = difference; B4 = before; AFT = after; AMIL = amiloride 
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4.4.2 Forearm Vascular Resistance in Normotensive and Hypertensive Subjects  

The mean forearm vascular resistance in the normotensive subjects before intervention was 

106.20±10.5 mmHg/ml/s (n = 38). This was significantly lower (p < 0.05) than the 149.30±13.4 

mmHg/ml/s recorded among the hypertensive subjects at baseline (n = 51) (Figure 21). 

As shown in the same figure, forearm vascular resistance increased slightly (p > 0.05) among 

normotensive subjects following salt-loading from the baseline value of 115.5±14.00 

mmHg/ml/s to 117.70±10.0 mmHg/ml/s. On the other hand, there was a slight reduction (p > 

0.05) in forearm vascular resistance among hypertensive subjects following salt-loading from 

149.6±13.4 mmHg/ml/s to 136.30±9.1 mmHg/ml/s.  

Results of this study show that in normotensive subjects, salt plus amiloride-loading caused a 

significant fall (p < 0.01) in forearm vascular resistance from 117.70±10.0 mmHg/ml/s recorded 

after salt-loading alone to 92.22±8.0 mmHg/ml/s. However, this value was only slightly less (p > 

0.05) than the baseline value of 115.5±14.00 mmHg/ml/s (Figure 21). 

Among the hypertensive subjects on the other hand, forearm vascular resistance increased 

slightly (p > 0.05) from 136.3±9.1 mmHg/ml/s recorded after salt-loading alone to 138.9±12.8 

mmHg/ml/s. This forearm vascular resistance recorded after salt and amiloride ingestion was 

only slightly less (p > 0.05) than the baseline value of 149.6±13.4 mmHg/ml/s. 
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Figure 21: Effect of salt and amiloride on forearm vascular resistance in  

       normotensive (NT) and hypertensive (HT) subjects 

    NT n = 39; HT n = 51 

         *** p < 0.001 NT versus HT all groups 

         ### p < 0.001 Baseline versus after salt+amiloride NT 

        ††† p < 0.001 after salt-loading alone versus after salt+amiloride NT 

 KEY: B4 = before; Aft = after 
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4.4.3 Response of Forearm Vascular Resistance to the Cold Pressor Test Before 

Salt-Loading, After Salt-Loading and After Salt-Loading Plus Amiloride  

Exposure to the cold stress resulted in significant increase (p < 0.001) in forearm vascular 

resistance among the normotensive subjects from 106.20±10.5 mmHg/ml/s before salt-loading to 

176.20±18.0 mmHg/ml/s (Figure 22a) with a percentage increase (%∆) of 74.93±11.3% (Figure 

22c). 

Similarly, forearm vascular resistance increased significantly (p < 0.001) in the hypertensive 

subjects from 149.30±13.4 mmHg/ml/s at baseline, to 264.20±29.0 mmHg/ml/s on exposure to 

the CPT before salt-loading (Figure 22b) giving a %∆ of 78.33±13.6%. These percentage 

increases were however similar (p > 0.05) in both groups of subjects (Figure 22c). 

There was a significant increase in vascular resistance among the normotensive subjects from 

118.00±9.75 mmHg/ml/s after salt-loading alone, to 202.90±26.97 mmHg/ml/s (p < 0.001) 

following exposure to the CPT after salt-loading (Figure 22a). This represented a percentage 

increase of 61.85±8.6% in vascular resistance and was less than (p > 0.05) the 74.93±11.3% 

observed before salt-loading among the normotensive subjects (Figure 22c). 

Figure 22b also shows the response of the hypertensive subjects to the CPT after salt-loading. 

There was an increase (p < 0.001) in vascular resistance from 142.40±10.82 mmHg/ml/s to 

227.70±18.75 mmHg/ml/s. This led to a percentage increase of 76.46±16.6% in vascular 

resistance following salt-loading which was slightly less (p > 0.05) than the 78.33±13.6% 

recorded before salt-loading (Figure 22c). 

As shown also in Figure 22a, there was a significant increase in vascular resistance among the 

normotensive subjects from 89.92±7.91 mmHg/ml/s after salt plus amiloride-loading alone to  
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167.90±19.46 mmHg/ml/s (p < 0.001) on exposure to the CPT after salt plus amiloride-loading. 

This was a percentage increase of 91.78±18.4% in vascular resistance which was significantly 

higher (p < 0.05) than the 61.85±8.6% recorded after salt-loading alone but marginally different 

(p > 0.05) from the 74.93±11.3% recorded before salt-loading in these normotensive subjects 

(Figure 22c). 

Figure 22b also shows that the hypertensive subjects also responded with an increase in vascular 

resistance from 144.60±13.70 mmHg/ml/s after salt plus amiloride-loading only to 270.20±32.10 

mmHg/ml/s on exposure to the CPT after salt plus amiloride-loading (p < 0.001). The percentage 

increase in vascular resistance was 79.14±10.3% was not significantly different (p > 0.05) from 

the 76.46±16.6% and the 78.33±13.6% recorded in these subjects after salt-loading and before 

salt-loading respectively (Figure 22c). 
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Figure 22a: Vascular resistance response to the cold pressor test (CPT) in normotensive 

subjects before salt-loading, after salt-loading and after salt-loading plus  

amiloride 

 

   n = 39 

*** p < 0.001 = significant effect of CPT before salt, after salt-loading and after salt plus 

amiloride-loading 

  

KEY: 

Vasc Resist = vascular resistance; B4 = before; Amil = amiloride; PEAK = after CPT 
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Figure 22b: Vascular resistance response to the cold pressor test (CPT) in hypertensive  

subjects before salt-loading, after salt-loading and after salt-loading plus 

amiloride 

   n = 52 

*** p < 0.001 = significant effect of CPT before salt, after salt-loading and after salt plus 

amiloride-loading 

 

KEY: 

Vasc Resist = vascular resistance; B4 = before; Amil = amiloride; PEAK = after CPT 
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Figure 22c: Effect of the cold pressor test on vascular resistance in normotensive (NT) and  

 hypertensive (HT) subjects before salt-loading, after salt-loading and after salt- 

loading plus amiloride  

 

NT n =39; HT n = 52 

# p < 0.05 %∆ Aft Salt+Amil compared with Aft Salt only (NT) 

KEY: B4 = before; Aft = after; Amil = amiloride 
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4.5  Relationship between ENaC Markers and Salt Sensitive Hypertension 

4.5.1 Blood Pressure Response to Salt-Loading and Salt-Loading Plus Amiloride  

4.5.1.1 Blood Pressure Response to Salt-loading 

After five days of salt-loading with 200mmol Na
+
, systolic blood pressure (SBP) increased 

significantly in both groups of subjects. In normotensive subjects, systolic blood pressure (SBP) 

increased significantly (p < 0.05) from the baseline value of 117.50±1.54 mmHg to 121.10±2.05 

mmHg (Figure 23a). The figure also shows that in hypertensive subjects, SBP increased 

significantly (p < 0.001) from 145.50±2.64 mmHg at baseline to 152.40±3.03 mmHg after salt-

loading. 

Following the same intervention, diastolic blood pressure (DBP) increased slightly among the 

normotensive subjects from 79.94±0.86 mmHg to 80.56±1.54 mmHg after salt-loading 

(Figure23b) while a more significant increase (p < 0.001) in DBP was recorded among the 

hypertensive subjects from 96.07±1.54 mmHg at baseline to 100.7±1.61 mmHg (Figure 23b).  

In normotensive subjects, salt-loading led to a slight increase in mean arterial blood pressure 

(MABP) from 92.34±0.86 mmHg to 94.39±1.54 (Figure 23c). However in hypertensive subjects 

also shown in Figure 23c, MABP was significantly raised (p < 0.001) by salt-loading from 

112.7±1.56 mmHg to 118.30±1.80 mmHg. 
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4.5.1.2. Blood Pressure Response to Salt-loading Plus Amiloride 

When the subjects were given 5mg amiloride in addition to the 200 mmol/day Na
+
, as shown in 

Figure 23a, SBP in normotensive subjects fell to 115.20±1.80 mmHg which was significantly 

less (p < 0.05) than the SBP at baseline and also lower (p < 0.001) than that after salt-loading 

alone. Amiloride also caused significant reductions in SBP in hypertensive subjects to 

132.8±2.81 mmHg which was less than that at baseline (p < 0.001) and also less (p < 0.001) than 

that after salt-loading alone  (Figure 23a). 

As shown in Figure 23b, ingestion of salt and amiloride for 5 days resulted in a significant fall in 

DBP in normotensive subjects. Mean DBP fell to 77.45±1.46 mmHg which was lower (p < 0.05) 

than their DBP at baseline and also lower (p < 0.01) than their DBP after salt-loading alone. The 

figure also shows a significant reduction in DBP in hypertensive subjects following salt and 

amiloride ingestion to 90.74±1.70 mmHg. This new DBP was significantly lower (p < 0.001) 

than their DBP at baseline and lower (p < 0.001) than the DBP following salt-loading alone.  

In normotensive subjects, mean arterial blood pressure (MABP) fell significantly (p < 0.01) from 

the baseline levels of 92.03±083 mmHg to 89.65±1.23 mmHg after salt plus amiloride ingestion 

(Figure 23c). This level of MABP after salt plus amiloride was significantly lower (p < 

0.001)than the 94.39 mmHg recorded after salt-loading alone (Figure 23c). Also, in hypertensive 

subjects, salt plus amiloride led to a fall in MABP to 104.2±1.86 mmHg which was significantly 

lower (p < 0.001) than the 112.7±1.56 mmHg recorded at baseline and also significantly lower (p 

< 0.001) than the118.3±1.80 mmHg recorded after salt-loading alone (Figure 23c). 
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Figure 23a: Systolic blood pressure (SBP) response to salt-loading and salt-loading plus  

                    amiloride in normotensive (NT) and hypertensive (HT) subjects        

NT n = 47; HT n = 53 

*** p <0.001 NT B4 salt versus HT B4 salt 

‡‡ p < 0.01 NT aft salt versus NT B4 salt  

† p < 0.05 NT aft salt + Amil versus NT B4 salt 

** p < 0.01 NT aft salt + Amil versus NT aft salt  

††† p < 0.001 aft salt + Amil HT versus B4 salt HT  

††† p < 0.001 aft salt + Amil HT versus aft salt HT 

 

KEY: 

 B4 = before salt; aft = after salt; Amil = Amiloride 
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Figure 23b: Diastolic blood pressure response to salt-loading and salt-loading plus  

         amiloride in normotensive (NT) and hypertensive (HT) subjects            

NT n = 47; HT n = 53 

*** p <0.001 NT B4 salt versus HT B4 salt 

† p < 0.05 NT aft salt+Amil versus NT B4 salt 

** p < 0.01 NT aft salt+Amil versus NT aft salt  

††† p < 0.001 HT aft salt+Amil versus HT B4 salt  

††† p < 0.001 HT aft salt+Amil versus HT aft salt  

KEY: 

B4 = before salt; aft = after salt; Amil = Amiloride 
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Figure 23c: Mean arterial blood pressure (MABP) response to salt-loading and  

salt-loading plus amiloride in normotensive (NT) and hypertensive (HT)      

subjects            

NT n = 47; HT n = 53 

** p <0.01 NT B4 salt versus NT Aft Salt+Amil 

† p < 0.001 NT Aft Salt versus NT Aft Salt+Amil 

** p < 0.01 NT Aft Salt+Amil versus NT Aft Salt  

*** p < 0.001 HT B4 Salt versus HT Aft Salt+Amil  

‡ p < 0.001 HT Aft Salt versus HT Aft Salt+Amil  

KEY: 

B4 = before salt; aft = after salt; Amil = Amiloride 
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4.5.2.  Effect of Amiloride on Response to Salt-Loading  

4.5.2.1. Effect of Amiloride on Mean Arterial Blood Pressure 

The effect of amiloride on mean arterial blood pressure (MABP) was determined from the 

percentage difference in the MABP response to salt-loading alone and to salt-loading plus 

amiloride compared with baseline. 

%MABP = MABP Salt+amiloride – MABP Salt  x  100 

     MABP Salt 

 

 

As shown in Figure 24, whereas salt-loading alone caused an increase of 2.83±1.34% in MABP 

of normotensive subjects (% Diff salt minus B4 salt), amiloride reduced the MABP significantly 

(p < 0.001) by -8.17±1.96% from that recorded after the salt load alone [(% Diff salt minus B4 

salt) – (%Diff Salt+Amil – Salt)]. When the effect of amiloride was compared with the baseline 

MABP (% Diff Salt+Amil – B4 Salt), there was a significant reduction (p< 0.001) in MABP of -

3.64±1.31%.  

 

As shown in the same figure, when amiloride was given with the salt load in hypertensive 

subjects, it caused a significant reduction (p < 0.01) of -11.08±1.06% in MABP compared with 

the increase of 4.79±1.01% caused by the ingestion of salt alone (% Diff salt minus salt + 

amiloride). Amiloride also had an effect of significantly reducing MABP by -6.91±1.21% (p 

<0.001) from that recorded at baseline in hypertensive subjects (% Diff Amil+salt – B4 Salt).  

Figure 24 also shows however, that the magnitude of the effect of amiloride on MABP was 

similar among the normotensive and hypertensive subjects. 
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Figure 24: Effect of salt-loading plus amiloride on mean arterial blood pressure (MABP) in  

        normotensive (NT) and hypertensive (HT) subjects 

   NT n = 22; HT n = 43 

*** p < 0.001 effect of salt + amiloride  versus effect of salt alone (NT) and (HT) 

††† p < 0.01 effect of amiloride alone versus effect of salt + amiloride (NT) and (HT) 

‡ ‡ ‡ p < 0.01 effect of amiloride alone versus effect of salt alone (NT) and (HT) 

 

KEY: 

B4 = before salt-loading; AFT = after salt-loading; Amil = amiloride; %∆ = percentage change 

Effect of salt alone = %∆ (Aft salt - B4 Salt) 

Effect of salt + amiloride = %∆ (Salt+Amil - B4 Salt) 

Effect of Amiloride alone = %∆ (Salt+Amil - Aft Salt) 



163 
 

 

 

4.5.3. Plasma Potassium Concentration in Normotensive and Hypertensive Subjects      

Before Salt, After Salt-Loading and After Salt-Loading Plus Amiloride  

  

Plasma potassium (K
+
) concentration was 3.96±0.09 mmol/L in the normotensive subjects at 

baseline. In the hypertensive subjects, plasma K
+
 concentration was 3.70±0.10 mmol/L before 

salt-loading. This was significantly lower (p < 0.05) than that in the normotensive subjects 

(Table 8).  

Following salt-loading, plasma K
+
 concentration reduced significantly from the baseline level to 

3.73±0.10 mmol/L in the normotensive subjects, p < 0.05. Among the hypertensive subjects, 

there was a marginal reduction in plasma K
+
 concentration to 3.40±0.08 mmol/L following salt-

loading (Table 8). 

When normotensive subjects ingested salt and amiloride, plasma K
+
 concentration increased 

slightly (p > 0.05) from the 3.73±0.10 mmol/L recorded after salt ingestion alone to 3.79±0.14 

mmol/L. This was slightly higher (p > 0.05) than the 3.96±0.09 mmol/L recorded at baseline 

(Table 8).  

Among the hypertensive subjects on the other hand, plasma K
+
 concentration increased 

significantly (p < 0.001) from the 3.40±0.08 mmol/L recorded following salt-loading alone to 

3.92±0.08 mmol/L after salt+amiloride ingestion. The plasma K
+
 concentration measured after 

salt+amiloride ingestion was also significantly higher than that at baseline in the hypertensive 

subjects (p < 0.05) (Table 8). 
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Table 8: Plasma potassium concentration in normotensive and hypertensive subjects 

 

 

Data are expressed as Mean±S.E.M. 

*p < 0.05 HT before salt compared with NT before salt 

# p < 0.05 compared with before salt (NT) 

† p < 0.05 compared with before salt (HT) 

*** p < 0.001 compared with after salt (HT) 

 

 

 

 

 

Groups 

 

 

Intervention 

Normotensive (NT) 

(mmol/L) 

n = 29   

 

Hypertensive  (HT) 

(mmol/L) 

n = 33 

 

 

Before salt 

 

3.96±0.09 

 

 

3.70±0.08* 

After salt 3.73±0.10# 

 

3.40±0.08 

 

After salt+amiloride  3.79±0.14 

 

3.92±0.08 † *** 
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4.5.4 Urine Potassium Concentration in Normotensive and Hypertensive Subjects  

Normotensive subjects had a mean urine potassium concentration [K
+
] of 13.70±1.75 mmol/L 

before salt-loading. This reduced marginally to 13.25±1.74 mmol/L following salt-loading. 

However, upon salt+amiloride-loading, urine potassium excretion reduced significantly (p < 

0.01) to 7.68±1.40 mmol/L when compared with the baseline level (Figure 25). 

 

On the other hand, the hypertensive subjects had a mean urine [K
+
] of 10.05±0.95 mmol/L 

before salt-loading. On ingestion of the sodium load, urine [K+] reduced slightly to 9.89±1.20 

mmol/L. When given the salt plus amiloride for 5 days, mean urine [K+] fell further to 7.74±0.99 

mmol/L (Figure 25). This was significantly lower (p < 0.05) than the baseline level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



166 
 

 

0

5

10

15

20

*

 [NT] B4 SALT

 [NT] AFT SALT

 [NT] AFT SALT+ AMIL

 [HT] B4 SALT

 [HT] AFT SALT

 [HT] AFT SALT+ AMIL

***

NORMOTENSIVE     HYPERTENSIVE

U
ri

n
e

 [
K

+
] 

 (
m

m
o

l/
L

)

 

Figure 25: Urine potassium concentration in normotensive (NT) and hypertensive (HT)  

subjects before salt-loading, after salt-loading and after salt-loading plus 

amiloride 

  NT n = 24; HT n = 30 

*** p <0.01 compared with B4 SALT 

* p <0.05 compared with AFT SALT 

KEY: 

B4 = before; AFT = after 
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4.5.5 Effect of Salt-Loading and Salt-Loading Plus Amiloride on Plasma Renin 

Activity and Aldosterone 

4.4.5.1  Effect of Salt-Loading and Salt-Loading Plus Amiloride on Plasma Renin 

Activity  

At baseline, Plasma Renin Activity (PRA) was 22.67±5.13 mIU/L among normotensive subjects. 

This was significantly higher (p < 0.05) than the 11.68±2.58 mIU/L measured among the 

hypertensive subjects (Figure 26).  

 

Following salt-loading, PRA of the normotensive subjects increased significantly (p < 0.05) from 

the baseline value to 37.24±5.92 mIU/L, (Figure 26). As shown in the same figure, salt-loading 

also caused a significant increase (p< 0.05) in PRA among the hypertensive subjects to 

19.12±4.02mIU/L. 

 

Following salt plus amiloride-loading, PRA decreased significantly (p < 0.05) to 26.07±3.37 

mIU/L in the normotensive subjects from the level after salt-loading alone. Among hypertensive 

subjects, ingestion of salt plus amiloride resulted into a significant increase (p < 0.05) in PRA to 

28.60±2.96 mIU/L from the level after salt-loading alone. This was also significantly higher (p < 

0.001) than the baseline level in these hypertensive subjects (Figure 26). 
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Figure 26: Effect of salt-loading and salt plus amiloride loading on Plasma Renin Activity  

       (PRA) in normotensive (NT) and hypertensive (HT) subjects 

   NT n = 11; HT n = 22 

* p <0.05 - significantly lower compared with NT B4 Salt 

‡ p < 0.05 - compared with after salt-loading in NT 

† p < 0.05 - compared with before salt-loading in NT and HT 

†† p <0.001 - compared with B4 salt in HT 

ξ p < 0.05 - compared with Aft salt-loading in HT 

 

KEY: 

B4 = before; Aft = after; amil = amiloride 
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4.5.5.2  Effect of Salt-Loading and Salt-Loading plus Amiloride on Serum 

Aldosterone  

Before salt-loading, serum aldosterone level was 428.20±46.29 pg/ml among the normotensive 

subjects. Following salt-loading, serum aldosterone reduced slightly (p > 0.05) to 360.00±53.95 

pg/ml. On ingestion of salt and amiloride for 5 days, serum aldosterone reduced significantly (p 

< 0.001) to 232.90±34.57 pg/ml from the level after salt-loading alone. The serum aldosterone 

concentration after salt plus amiloride ingestion was also significantly lower (p < 0.01) than that 

before salt-loading (Figure 27).  

 

Among the hypertensive subjects, serum aldosterone level was 545.90±69.05 pg/ml before salt-

loading. Following salt-loading, serum aldosterone reduced significantly to 419.50±48.95 pg/ml 

(p < 0.05). On loading with salt and amiloride for 5 days, serum aldosterone increased (p > 0.05) 

to 442.10±67.06 pg/ml. This was slightly less (p > 0.05) than the baseline value before salt-

loading (Figure 27).  
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Figure 27: Serum aldosterone in normotensive (NT) and hypertensive (HT) subjects before  

       salt-loading, after salt-loading and after salt-loading plus amiloride 

 NT n = 11; HT n = 15 

** p < 0.01 - compared with before salt-loading NT 

ξ p < 0.001 - compared with after salt-loading NT 

* p < 0.05 - compared with before salt-loading HT 

KEY:  

B4 = before; Aft = after; Amil = amiloride 
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4.6.0 Genetic Variants of ENaC and Salt Sensitive Hypertension 

 4.6.1 Results of Polymerase Chain Reaction Tests 

The agarose gel electrophoresis of the amplicons showed that the DNA fragments had between 

350 base pairs (bp) and 400bp (Figure 28), averagely 375bp.  

The concentration of the DNA in the PCR products as determined by the Nanodrop 

Spectrophotometer ranged between 98.9 ng/ul to 100.1 ng/Ul. However, the ratio of the 

absorbance at 260nm to 280nm varied typically as shown in Table 9. A typical tracing from the 

Nanodrop Spectrophotometer is shown in Figure 29. 

Figure 30 shows the scatter plot obtained from data analysis of the TaqMan
(R)

 SNP Genotyping 

assay. In this particular run, four (4) of the samples had the T594M polymorphism.  
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Figure 28: Picture of a typical gel of the polymerase chain reaction (PCR) products 

KEY: 

 Blk = blank; bp = base pairs; PCR = Polymerase Chain Reaction 

 

 

Pcr 

blk 

400bp

350bp 

50 bp marker 



173 
 

 

 

Table 9: DNA Concentration from some subjects 
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Figure 29: A typical tracing from the Nanodrop Spectrophotometer 
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Scatter Analysis data for Cycling A.Green, Cycling A.Yellow 

Scatter Graph for 

Cycling A.Green, Cycling A.Yellow 

 

 

Figure 30: Scatter analysis data and graph of TaqMan
(R)

 SNP Genotyping Assay of   

        subjects for the β-T594M Mutation of the epithelial sodium channel 
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4.6.2 Results of DNA Sequencing  

Normotensive subjects as well as hypertensive subjects had the T594M mutation of β-ENaC 

subunit while other polymorphisms and new mutations were also observed in the two groups of 

subjects.  

 

As shown in Table 10a, five (5.0%) of the subjects had the β-T594M polymorphism in which 

threonine was replaced by methionine due to the mutation of cytosine to threonine (ACG>ATG). 

The mutation is also written as T594M according to the IUPAC notation for amino acids 

(IUPAC-IUB Joint Commission on Biochemical Nomenclature, 1984). Out of these five, there 

were three hypertensive subjects constituting 5.7% (3/53) of the hypertensive subjects while the 

remaining two  were normotensive constituting 4.2 percent (2/47) of the  normotensive subjects. 

Typical chromatograms and FASTA sequences of the T594M polymorphism are shown in 

Figure 30 (normotensive) and Figure 31 (hypertensive).  

 

As shown in Table10b, another polymorphism, Thr577thr polymorphism in which cytosine was 

replaced by thymidine, was observed in four subjects (4.0%). Three out of the four subjects were 

hypertensive (3/53) constituting 5.6% while one was normotensive (1/47) constituting 2.1%  of 

the normotensive subjects. This polymorphism is also written as T577t (IUPAC-IUB Joint 

Commission on Biochemical Nomenclature, 1984). A typical chromatogram and FASTA 

sequence of this mutation is shown in Figure 33. 
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Table10c shows four previously unreported mutations. Of these, there were two glutamic acid to 

valine (Glu>Val) mutations  at positions 632 and 636, (Glu632Val; E632V) and (Glu636Val;  

 

E636V) (IUPAC-IUB Joint Commission on Biochemical Nomenclature, 1984)  respectively. 

These constituted 3.8% of the hypertensive subjects. Figure 34 shows the chromatogram of a 

typical Glu>Val mutation. 

Another hypertensive subject (1/53; 1.9%) showed an aspartic acid to tyrosine (Asp>Tyr) 

mutation at position 638 (Asp638Tyr; D638Y), (IUPAC-IUB Joint Commission on Biochemical 

Nomenclature, 1984) . This is shown in Figure 35. 

 

There was also a leucine to glutamine acid (Leu>Gln) mutation at position 628 (Leu628Gln; 

L628Q)  (IUPAC-IUB Joint Commission on Biochemical Nomenclature, 1984). This was  

recorded in one normotensive patient (2.1%). The chromatogram is as shown in Figure 36. 
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TABLE 10: DNA SEQUENCING RESULTS 

Table 10a: β-T594M mutations among normotensive and hypertensive subjects 

SAMPLE NO MUTATION IUPAC-IUB CODE BLOOD PRESSURE 

34 ACG>ATG   Thr594Met T594M Normotensive 

45 ACG>ATG   Thr594Met T594M Hypertensive 

76 ACG>ATG   Thr594Met T594M Hypertensive 

107 ACG>ATG   Thr594Met T594M Hypertensive 

532 ACG>ATG   Thr594Met T594M Normotensive 

 

 

 

Table 10b: β-T577t polymorphisms among normotensive and hypertensive subjects 

SAMPLE NO POLYMORPHISM IUPAC-IUB CODE BLOOD PRESSURE 

90 ACC>ACT  Thr577thr T577t Normotensive 

108 ACC>ACT  Thr577thr T577t Hypertensive 

309 ACC>ACT  Thr577thr T577t Hypertensive 

329 ACC>ACT  Thr577thr T577t Hypertensive 

 

KEY:  

T577t is a synonymous or unmutated change 

 

 

Table 10c: New mutations recorded among normotensive and hypertensive subjects 

SAMPLE 

NO 

MUTATION IUPAC-IUB CODE BLOOD 

PRESSURE 

55 GAG>GTG  Glu636Val E636V Hypertensive 

52 GAG>GTG  Glu632Val E632V Hypertenisve 

33 GAT>TAT  Asp638Tyr D638Y Hypertensive 

50 CTG>CAG  Leu628Gln L628Q Normotensive 
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>64_se_532_enac_4r sequence exported from B10_64_se_532_enac_4r_078.ab1 
>64_se_532_enac_4r sequence exported fromB10_64_se_532_enac_4r_078.ab1 

TTTATYGAGTTTTKGGGAGATCATCATCGACTTTGTGTGGATCACCATCATCAAGCTGGT 

GGCCTTGGCCAAGAGCCTACGGCAGCGGCGAGCCCAAGCCAGCTACGCTGGCCCACCGCC 

CACCGTGGCCGAGCTGGTGGAGGCCCACACCAACTTTGGCTTCCAGCCTGACAYGGCCCC 

CCGCAGCCCCAACACTGGGCCCTACCCCAGTGAGCAGGCCCTGCCCATCCCAGGCACCCC 

GCCCCCCAACTATGACTCCCTGCGTCTGCAGCCGCTGGACGTCATCGAGTCTGACAGTGA 

GGGTGATGCCATCTAWCCCTGCTCCTGCCATCCAGTCGTCC 

 

Figure 31: Chromatogram and DNA Sequence (FASTA Format) of a normotensive subject  

        with β-T594M mutation 

KEY: 

Y = Point of missense or non-synonymous Mutation; 

Y = Cytosine or Thymine (see IUPAC Codes, Appendix 3);  

Thus mutation =  ACG>ATG; ACG = Threonine, ATG = Methionine  
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>18_se_45_enac_4r sequence exported from D04_18_se_45_enac_4r_026.ab1 

>18_se_45_enac_4r sequence exported from 

D04_18_se_45_enac_4r_026.ab1 

TAATYGAGTTTGGGGAGATCATCATCGACTTTGTGTGGATCACCATCATCAAGCTGGTGG 

CCTTGGCCAAGAGCCTACGGCAGCGGCGAGCCCAAGCCAGCTACGCTGGCCCACCGCCCA 

CCGTGGCCGAGCTGGTGGAGGCCCACACCAACTTTGGCTTCCAGCCTGACAYGGCCCCCC 

GCAGCCCCAACACTGGGCCCTACCCCAGTGAGCAGGCCCTGCCCATCCCAGGCACCCCGC 

CCCCCAACTATGACTCCCTGCGTCTGCAGCCGCTGGACGTCATCGAGTCTGACAGTGAGG 

GTKATGCCATCTAACCCTGYTCCTRCTMTSKACTYWTCCTCG  

 

Figure 32: Chromatogram and DNA Sequence (FASTA Format) of a hypertensive subject  

        with β-T594M mutation 

KEY: 

Y = Point of missense or non-synonymous Mutation; 

Y = Cytosine or Thymine  (see IUPAC Codes Appendix 3);  

Thus mutation =  ACG>ATG; ACG = Threonine, ATG = Methionine  

 

 

 



181 
 

 

 
 

>29_se_90_enac_4r sequence exported from G05_29_se_90_enac_4r_035.ab1 

TMATYGAGTTTGGGGAGATCATCATCGACTTTGTGTGGATCACCATCATCAAGCTGGTGG 

CCTTGGCCAAGAGCCTACGGCAGCGGCGAGCCCAAGCCAGCTACGCTGGCCCACCGCCCA 

CYGTGGCCGAGCTGGTGGAGGCCCACACCAACTTTGGCTTCCAGCCTGACACGGCCCCCC 

GCAGCCCCAACACTGGGCCCTACCCCAGTGAGCAGGCCCTGCCCATCCCAGGCACCCCGC 

CCCCCAACTATGACTCCCTGCGTCTGCAGCCGCTGGACGTCATCGAGTCTGACAGTGAGG 

GTGWTGCCATCTAATCCTRCTMCTRYKMGMCWYTMTTSCGTGGGAG 

 

Figure 33: Typical Chromatogram and DNA sequence (FASTA Format) of Subject with  

        β- T577t Polymorphism 

KEY:  

Y = Point of unmutated or synonymous change;   

Y = Cytosine or Thymine ((see IUPAC Codes Appendix 3);  

Thr>thr or ACC>ACT; ACC = Threonine, ATC = threonine  
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>23_se_52_enac_4r sequence exported from A05_23_se_52_enac_4r_047.ab1 

TMATYGAGTTTTGGGGAGATCATCATCGACTTTGTGTGGATCACCATCATCAAGCTGGTG 

GCCTTGGCCAAGAGCCTACGGCAGCGGCGAGCCCAAGCCAGCTACGCTGGCCCACCGCCC 

ACCGTGGCCGAGCTGGTGGAGGCCCACACCAACTTTGGCTTCCAGCCTGACACGGCCCCC 

CGCAGCCCCAACACTGGGCCCTACCCCAGTGAGCAGGCCCTGCCCATCCCAGGCACCCCG 

CCCCCCAACTATGACTCCCTGCGTCTGCAGCCGCTGGACGTCATCGWRTCTGACAGTGAG 

GGTGATGCCATCTAACCCTGCTMTCTRTAKSATRSTCMTKGCATCC 

 

Figure 34: Chromatogram and DNA sequence (FASTA Format) of Subject with        

        GAG>GTG Glu632Val Mutation 

KEY:  

W = point of missense or non-synonymous change;  

W = Adenine or Thymine (IUPAC code); R = Adenine or Guanine 

Hence mutation = GAG>GTG = Glu>Val 

Glu also represented as GAR (see IUPAC Codes Appendix 3) 
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>34_se_33_enac_4r sequence exported from 

D06_34_se_33_enac_4r_042.ab1 

TAATYGAGTTTKGGGAGATCWTCWTCGACTTTGTGTGGATCACCATCATCAAGCTGGTGG 

CCTTGGCCAAGAGCYTACGGCAGCGGCGAGCCCAAGCCAGYTACGCTGGCCCACCGCCCA 

CCGTGGCCGAGCTGGTGGAGGCCCACACCAACTTTGGCTTCCAGCCTGACACGGCCCCCC 

GCAGCCCCAACACTGGGCCCTACCCCAGTGAGCAGGCCCTGCCCATCCCAGGCACCCCGC 

CCCCCAACTATGACTCCCTGCGTCTGCAGCCGCTGGACGTCATCGAGTCTGACAGTGAGG 

GTKATGCCATCTAACCCTGCCTCTRCTMTCMCTAGTCSTCCGAT 

Figure 35: Chromatogram and DNA sequence (FASTA Format) of Subject with                        

        GAT>TAT Asp638Tyr Mutation 

KEY:  

K = point of missense or non-synonymous change;  

K = Thymine or Guanine ((IUPAC Codes Appendix 3);  

Hence mutation = GAT>TAT = Asp>Tyr 
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>60_se_50_enac_4r sequence exported from F09_60_se_50_enac_4r_069.ab1 

TTGATGAAGGWMGAYAGYAGTAGCAGGGTTAGATGGCATCACCCTCACTGTCAGACTCGA 

TGACGTCCWGCGGCTGCAGACGCAGGGAGTCATAGTTGGGGGGCGGGGTGCCTGGGATGG 

GCAGGGCCTGCTCACTGGGGTAGGGCCCAGTGTTGGGGCTGCGGGGGGCCGTGTCAGGCT 

GGAAGCCAAAGTTGGTGTGGGCCTCCACCAGCTCGGCCACGGTGGGCGGTGGGCCAGCGT 

AGCTGGCTTGGGCTCGCCGCTGCCGTAGGCTCTTGGCCAAGGCCACCAGCTTGATGATGG 

TGATCCACACAAAGTCGATGATGATCTCCCMAAACTCRATT 

Figure 36: Chromatogram and DNA sequence (FASTA Format) of Subject with  

        CTG>CAG Leu628Gln Mutation 

KEY:  

W = point of missense or non-synonymous change;  

W = Adenine or Thymine ((IUPAC Codes Appendix 3);  

Hence mutation = CTG>CAG = Leu>Gln 
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CHAPTER 5 

 

5.0 DISCUSSION 

 

5.1 Discussion of Methods 

 

In determining blood pressure in this study, appropriate Riva-Rocci cuff sizes were used based 

on the middle upper arm circumference of each subject in order to prevent miscuffing (Pickering 

et al., 2005; Doshi et al., 2010). Blood pressure measurements are probably best done in subjects 

who are unaware of their blood pressure status because in most patients, just by being aware of 

their hypertensive status, the blood pressure, heart rate and responses to stress tests are 

heightened (Flaa et al., 2008). However, in this study it was required that subjects be sorted into 

normotensive and hypertensive groups.  

 

In this study, blood flow was determined by means of the venous occlusion plethysmography 

which is a very powerful tool for the measurement of limb blood flow in humans. Forearm 

vascular resistance (mmHg/ml/s) was calculated as the ratio between mean arterial blood 

pressure (MABP) (mmHg) and the rate of forearm blood flow (ml/s). This formula has also been 

used to determine local resistance to blood flow in carotid and humeral arteries (Arosio et al., 

2006). 

 

The cold pressor test (CPT) is a provocative test designed by Hines (Hines and Brown, 1936) to 

predict future hypertension (Wood et al., 1984). The test was used to determine vascular 

reactivity in this study. Usually the non-dominant hand is inserted up to the wrist in cold water 

and the blood pressure recording taken from the other hand (Weinberger, 2008; Moriyama and  
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Ifuku, 2010). In this study, the foot was immersed in the cold slurry in order to obtain maximal 

haemodynamic and sympathetic responses to the CPT (Kawano et al., 2007); subjects‟ blood 

pressure and heart rate were determined simultaneously with the foot still immersed.  This 

method differed from that used by Mei et al., (2009) in which the hand was inserted into ice 

water for 2 min and blood pressure measured after the hand had been removed from the water. It 

was however similar to the method of Roy-Gagnon et al., (2008) in which blood pressure was 

measured with the subjects‟ hand still immersed. The difference in methodology did not however 

affect the result of the studies. 

 

Salt sensitivity was determined from the difference in mean arterial blood pressure before and 

after the ingestion of the salt load for 5 days. Unlike the diagnosis of hypertension, the 

determination of salt sensitivity status is usually a long and arduous task both for the patient and 

the physician. The protocols involved are usually time-consuming and depend on significant 

blood pressure changes at the end of a period of high-salt diet (five days to one week) compared 

with the baseline blood pressure or to the blood pressure at the end of an equal period of 

consumption of a low salt diet. A newer method which if validated will make the diagnosis of 

salt sensitivity easier and faster has been suggested by Castiglioni et al., (2011). This involves 

the use of 24-hour ambulatory blood pressure monitoring without implementing controlled diets 

or monitoring salt intake. When in general use, this method is expected to be useful in 

determining the salt sensitivity status of persons with mild to moderate hypertension (Castiglioni 

et al., 2011). 
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5.2      DISCUSSION OF RESULTS 

 

 

5.2.1 Age of Subjects 

 

The age of the subjects ranged from 25 years to 65 years. This was to avoid the effect of the 

extremes of life on renal function. This is because whereas renal function in the child is 

immature, there is a decline with age in the kidney‟s capacity to excrete sodium even in healthy 

humans and smaller increases in salt intake induce an increase in arterial blood pressure (Luft et 

al., 1987; Meneton et al., 2005). Glomerular filtration rate (GFR) also begins to decline from 

about the fourth decade of life there being only about 60 percent GFR remaining by the age of 80 

years (Meneton et al., 2005). There are of course individual variations as one-third of some 

individuals followed up for 8 years showed no decline in GFR (Meneton et al., 2005) but the 

overall deterioration in GFR seems to be more marked in black persons (Mimran et al., 1992). 

 

5.2.2 Salt Sensitivity in Normotensive and Hypertensive Nigerians 

Blood pressure was significantly lower among the normotensive subjects in this study; this is as 

expected based on the entry criteria for the study. However, on ingestion of 200mmol/day of salt 

daily for five days, systolic blood pressure increased significantly among both normotensive 

subjects and hypertensive subjects. Whereas both diastolic blood pressure and mean arterial 

blood pressure increased significantly among the hypertensive subjects in this study, 

normotensive subjects showed only a slight increase in these parameters of blood pressure after 

salt-loading. One of the consequences of ingesting a high salt diet is an increase in blood 

pressure. This has been clearly illustrated in animal models such as in chimpanzees (Denton et 

al., 1995) and Sprague Dawley rats (Sofola et al., 2002). However, while large-scale studies 
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have established a link between chronic salt intake and blood pressure, individual responses to a 

salt-load varies in man. The result of this study differs from that of Sofola et al., (1998) who  

 

reported no significant pressor response to a salt load in young normotensive Nigerians. The 

present results may be related to the longer duration of salt-loading over a period of 5 days 

compared with the 2 days of Sofola et al., (1998). The present results tally with those of 

Farquhar et al., (2005) who reported an increase in blood pressure in a group of young 

normotensive subjects in a study using acute intravenous hypertonic saline infusion. On the other 

hand, like Sofola et al., (1998), Andersen et al., (2002) and Stachenfeld et al., (2002) using 

hypertonic saline infusion did not record any appreciable increase in blood pressure.  

 

Increasing the dietary salt in normotensive individuals on their normal salt diet has rarely led to 

significant pressor changes. In four of such five studies in which dietary salt was increased for a 

period of four weeks in young and middle-aged normotensive subjects, there was no increase in 

blood pressure (de Wardener and MacGregor, 2001). Interestingly, using this model in this study 

led to significant increases in blood pressure parameters in both the normotensive and 

hypertensive subjects; the only exception being that the increase in diastolic blood pressure and 

mean arterial blood pressure was marginal in normotensive subjects following the acute salt-

load.  

 

There have been suggestions that the initial blood pressure rise following a salt-load is as a result 

of volume-induced increase in cardiac output followed by a secondary increase in peripheral 

vascular resistance through an autoregulatory mechanism related to increased flow occurring at 
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 the local tissues. Experimental studies in dogs have shown that high salt diet over a period of 6 

weeks resulted in increased blood volume (Hainsworth et al., 2003). According to this scheme, 

the eventual increase in blood pressure starts from a positive Na
+
 balance, plasma volume 

expansion, a transient increase in cardiac output and a sustained increase in systemic vascular 

resistance (Schmidlin et al., (2007). In the first three days following the increase in dietary salt 

intake, cardiac output alone causes the initial rise in blood pressure while systemic vascular 

resistance remains within normal limits initially to rise later as salt-loading is continued 

(Schmidlin et al., (2007). Although cardiac output was not measured in the present study, 

forearm vascular resistance increased in normotensive and hypertensive subjects after 5 days of 

salt-loading which indicates that increased vascular resistance is causative in the development of 

hypertension in response to the salt load. 

 

In the present study, salt sensitivity was higher among the hypertensive subjects (55%) compared 

with the normotensive subjects (34%). This report in normotensive subjects is lower than the 

original report by Weinberger et al., (1986) in African Americans among whom 36% of the 

normotensive and 73% of the hypertensive subjects were salt sensitive (Weinberger et al., 1986). 

What is evident however is that salt sensitivity occurs in both normotensive and hypertensive 

Nigerians. This is significant in that there have been reports that notwithstanding the blood 

pressure status of an individual, salt sensitivity confers greater risk for cardiovascular diseases 

and their sequelae on the person (Weinberger et al., 2001). For instance, reports from a 10-year 

follow up study of mixed group of subjects showed a greater increase in blood pressure with age 

among those initially salt sensitive compared with their salt resistant counterparts (Weinberger 

and Fineberg, 1991). Weinberger et al., (2001) have also demonstrated a similar cumulative risk 

of mortality in salt sensitive normotensive and hypertensive patients in a 30-year follow up study 
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 of an initial cohort. Another study in 199 older normal and hypertensive white and black women 

involving salt loading and restriction demonstrated a similar prevalence of salt sensitivity in both 

races among the normotensive subjects but showed greater changes in blood pressure among the 

hypertensive black subjects (Wright et al., 2003). It is also quite pertinent to note here that salt 

sensitivity status does not change over time (Weinberger and Fineberg, 1991) and that salt 

sensitive normotensive subjects develop hypertension more rapidly than their salt resistant 

counterparts. According to the “nephrogenic” formulation, dietary salt loading differs in effect 

between the salt sensitive and salt resistant in that the former would experience greater renal 

reclamation of salt and therefore experience greater sequential increases in sodium balance, 

plasma volume and cardiac output (Lifton et al., 2001; Cruz et al., 2001). 

 

Malfunctioning of the neural and hormonal mechanisms that take part in blood pressure 

regulation contributes to this phenomenon with the kidneys playing a central role in long-term 

pressure homeostasis (Farquhar et al., 2005). Salt sensitivity may occur with either hereditary or 

acquired defects in renal function. It may occur as a result of alterations in renal function that 

requires higher arterial pressure to maintain “steady state” homeostasis; this is reflected in a 

“resetting” or shifting to the right, of the pressure-natriuresis curve (Rodriguez-Iturbe and Vaziri, 

2007). This means that a higher pressure is required to excrete a given amount of dietary sodium. 

Equally, a relationship between salt and impaired left ventricular dysfunction has been 

demonstrated in normotensive and hypertensive subjects (Tzemos et al., 2008). A possible 

mechanism is that suggested by the Baustein hypothesis (Lim et al., 2001) that excess salt intake 

leads to increased intracellular calcium which then impairs myocardial relaxation.  
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In the 30-year follow-up study mentioned earlier (Weinberger et al., 2001), salt sensitivity was 

found to be associated with similar and higher mortality in normotensive as well as hypertensive 

subjects aged 25years or older when first studied. If being salt sensitive indeed confers on a 

normotensive subject a higher risk of developing hypertension in the future, and the results of the 

present study in which salt sensitive normotensive subjects responded with elevated blood 

pressure to an increased dietary salt intake confirm this suggestion, then of course, dietary 

intervention may be targeted at such an individual to slow down the progress to hypertension. On 

the contrary, increasing potassium in the diet has been shown to reduce salt sensitivity in 

normotensive and hypertensive subjects (Appel et al., 1997); however, this was not studied in the 

present experiments. 

 

Salt sensitivity index was higher among the hypertensive subjects when compared with the 

normotensive subjects. This index is important in that it supplies a measure of the sodium output 

without requiring information on the actual sodium intake so that the accuracy of the index is not 

dependent on the subjects‟ full compliance with the dietary salt-load (Coruzzi et al., 2005). The 

advantage of determining a salt sensitivity index over plain salt sensitivity is that it relates the 

changes in blood pressure induced by salt-loading with the concomitant changes in urinary 

sodium output without any arbitrary definition of thresholds (Kimura and Brenner, 1997; Corruzi 

et al., 2005). In this study, the index has been able to show that salt sensitivity is higher among 

the hypertensive than the normotensive subjects. 

 

In this study, plasma sodium (Na
+
) increased significantly in both the normotensive and 

hypertensive subjects after salt-loading. Plasma sodium level may play a role in the development  
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of hypertension since a small increase in plasma sodium (1-3mM) has been documented in 

hypertensive subjects (de Wardener et al., 2004; He et al., 2005). This triggered the suggestion 

that the vascular endothelium may participate in a sodium-mediated blood vessel dysfunction. 

The result of this study also suggests that there is impaired ability to excrete salt in the 

hypertensive subjects. At baseline and following the salt-load, plasma Na
+
 was higher in the 

hypertensive subjects while Na
+
 clearance and urine Na

+ 
excretion was lower among the 

hypertensive subjects compared with the normotensive subjects. In individuals such as those in 

this study who develop hypertension in response to a high dietary salt intake, the kidney has a 

limited ability to excrete the daily salt intake and may therefore retain the salt in skin and other 

extracellular compartments (Titze et al., 2003). This internal sodium “escape” mechanism is 

probably insignificant in humans with high blood pressure indicating that external sodium 

balance plays a role in blood pressure regulation (Titze et al., 2002).  

 

5.2.3 Effect of Sympathetic Nervous Activation on Cardiovascular Functions  

In order to examine the autonomic influences on the cardiovascular control in the subjects, the 

cold pressor test (CPT) was employed as a sympathetic stimulus in this study. Although very few 

reports have been concerned on the representativeness of this laboratory test of everyday stress 

undergone by human beings, yet laboratory stress responses have been observed to correspond 

very well with reactivity to challenges of daily life during ambulatory blood pressure monitoring 

(Kamarck et al., 2003).  
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The blood pressure response to the CPT is primarily mediated through the activation of the 

sympathetic nervous system (Weinberger, 2008). The magnitude and duration of the blood 

pressure response is influenced by a number of factors including the basal blood pressure of the 

individual (Weinberger, 2008). The result of this study showed that all blood pressure responses 

to the CPT in the hypertensive subjects were higher than that recorded in the normotensive 

subjects at baseline. This was similar to a study among the Chinese in which a higher pressor 

response to the CPT  was recorded in persons with higher baseline blood pressure and higher 

sodium ingestion (Chen et al., 2008). However, after a second challenge was introduced in the 

form of salt-loading in this present study, vascular hyperreactivity was higher in the 

normotensive subjects probably indicating the higher effect of salt-loading on the vascular 

responsiveness of the normotensive subjects, or an uncovering of the greater endothelial 

dysfunction present in the hypertensive subjects ab initio since impaired endothelial function and 

arterial stiffening occur in the presence of cardiovascular disease (Najjar et al., 2005). The 

ingestion of amiloride again restored the baseline response pattern observed in these subjects.  

 

Vascular reactivity was higher in the hypertensive subjects at baseline compared with the 

normotensive subjects in this study. Heightened reactivity to the cold pressor test as shown by 

these hypertensive subjects indicates some vascular dysfunction in them. There have been some 

reports that hypertension is associated with increased cardiovascular and sympathoadrenal 

activity to physical stress such as the cold pressor test (Flaa et al., 2008). Vascular 

hyperreactivity in normotensive subjects is said to indicate the risk of the development of 

hypertension in the future. It is also possible that heightened reactivity is a marker of other 

physiological processes that are more directly involved in cardiovascular pathology. However, 

there have been conflicting reports from studies attempting to show a strong association between  
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hyperreactivity and future hypertension. Thus there is a lot of controversy as to whether this 

relationship is causal or consequential, especially as there are so many mechanisms that 

contribute to the development of high blood pressure. However, results of the normotensive 

subjects in this present study in which normotensive subjects responded with greater 

hyperreactivity as well as salt hyperreactivity to the salt load indicate a causal role for heightened 

reactivity in the development of hypertension. This is similar to some earlier reports that have 

shown hyperreactivity to the cold pressor test is an indicator of future development of 

hypertension (Carroll et al., 2003; Mathews et al., 2004).  Hasselund et al., (2010) have 

demonstrated the stability of the cardiovascular and sympathetic responses to the cold pressor 

test; a condition required to consider hyperreactivity as being involved in the development of 

hypertension and cardiovascular disease. It is possible that intermittent blood pressure increases 

lead to structural changes in the vasculature. This intermittent blood pressure change in these 

individuals is accompanied by increased sympathetic activity and sympathetic tone is a trophic 

factor for vascular hypertrophy (Flaa et al., 2008). However, attempts at producing irreversible, 

sustained blood pressure increases purely as a consequence of transient elevations in blood 

pressure in dogs have not been successful (Julius et al., 1989). In established hypertension, there 

may be normal sympathetic activity but catecholamine receptor sensitivity and vascular 

hypertrophy may be increased (Flaa et al., 2008). It is pertinent also to keep in focus the fact that 

underlying genetic and developmental processes may stimulate alterations in cardiovascular 

response as well as accelerate cardiovascular disease progression.  

 

Systolic hyperreactivity was consistently higher than diastolic hyperreactivity in both the 

normotensive and hypertensive subjects before and after salt-loading. This finding is important  
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in that systolic hyperreactivity has been documented to confer greater risk for developing 

cardiovascular accidents compared with diastolic hyperreactivity (Everson et al., 2001). In this 

study, systolic hyperreactivity increased among the normotensive subjects following salt-loading 

also suggesting a causal role for heightened hyperreactivity in the development of hypertension 

in Nigerians.  There are suggestions that the absolute values of systolic blood pressure during the 

cold pressor test are better predictors of future hypertension compared with the changes in 

systolic blood pressure caused by the test (Flaa et al., 2008; Hasselund et al.,  2010). Systolic 

hyperreactivity indicates an acute increase in cardiac force during systole whereas diastolic 

hyperreactivity represents increases in resistance during diastole. It is thus a possibility that 

systolic reactivity and the attendant increased rate and force of cardiac contractility exacerbates 

the risk for strokes by increasing the probability of an embolism (Everson et al., 2001). In many 

black subjects, vascular dysfunction has been reported as a major pathogenic factor in initiating 

the pressor effect of dietary salt intake.  In a study among a Chinese population, Chen et al. 

(2008) reported that systolic blood pressure response to the cold pressor test was a stronger 

predictor of salt sensitivity than diastolic reactivity which is similar to the report of this present 

study.  

 

The results of the present study indicate significant correlation between vascular reactivity and 

salt sensitivity. Normotensive subjects in this study demonstrated positive and negative 

correlations between salt sensitivity and systolic and diastolic vascular reactivity respectively. 

On the other hand, hypertensive subjects displayed slight negative correlation with systolic and 

diastolic reactivity before and after salt-loading. The result among the hypertensive subjects in 

this study was similar to that obtained by Corruzi et al. (2005) among hypertensive subjects in  
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which salt sensitivity and baroreflex sensitivity showed a negative correlation during low and 

high salt intake. It is also similar to reports in a Chinese population involving normotensive and 

hypertensive subjects among whom it was demonstrated that individuals who were hyperreactive 

to the cold pressor test were also more sensitive to dietary salt and potassium interventions (Chen 

et al., 2008). Alterations of the autonomic cardiovascular control are observed in salt sensitive 

individuals. Enhanced sympathetic drive has been described during high salt intake in salt 

sensitive subjects (Corruzi et al. 2005) as was observed in this study. This is thought to be as a 

result of deranged reflex cardiovascular control of the responsible mechanisms (Corruzi et al. 

(2005) and indicates further impairment in baroreceptor sensitivity caused by the cold pressor 

test in these salt sensitive hypertensive subjects who had underlying reduced baroreceptor 

sensitivity because of their hypertension. A similar outcome was also observed in the 

normotensive subjects with regard to diastolic reactivity before and after the ingestion of the salt 

load in this study. 

 

Salt reactivity represents the phenomenon in which normoreactive subjects become 

hyperreactive following ingestion of a salt-load. This is a new terminology emanating from this 

study as it has not been previously described in any study before this. Salt reactivity was higher 

among the normotensive subjects which is not surprising since vascular dysfunction is expected 

to have occurred in the hypertensive subjects which will therefore impair the ability of their 

vascular smooth muscles to respond to the salt challenge. These results, salt reactivity in the 

normotensive subjects as well as the correlation between salt sensitivity and vascular 

hyperreactivity in these subjects, indicate a pathogenic role for both salt sensitivity and vascular 

hyperreactivity in the development of hypertension among Nigerians. Normotensive individuals  
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who are both salt sensitive and hyperreactive are therefore more likely to become hypertensive in 

future.  

 

Amiloride ingestion led to an amelioration of heightened reactivity in the normotensive subjects 

in this study. Epithelial sodium channel (ENaC) proteins have been isolated in 

mechanotransduction sites that include the vascular smooth muscle cells (VSMCs) especially 

from myogenically active vascular beds (Jernigan and Drummond, 2005). Amiloride blocks 

ENaC at these sites as well (Drummond et al., 2008b). It is therefore possible that amiloride had 

blocked ENaC at these sites in the normotensive subjects thereby causing an attenuation of 

heightened reactivity observed in the subjects following salt-loading alone. On the other hand, 

hypertensive subjects responded to amiloride by increased heightening of vascular reactivity. 

This may be due to the higher effect of amiloride in reducing blood pressure of hypertensive 

subjects in this study. 

 

At baseline, heart rate was significantly higher among the hypertensive subjects. Following 

ingestion of the salt-load, heart rate reduced among both normotensive and hypertensive 

subjects; this is similar to earlier reports (Schmidlin et al., 2007; McNeely et al., 2008). The 

result in this study is quite different from that of Coruzzi et al., (2005) in which heart rate 

increased proportionately with the degree of salt sensitivity in hypertensive subjects suggesting 

an altered cardiac autonomic regulation. The decrease in heart rate in the presence of high blood 

pressure following the salt-load may be due to a baroreceptor response. Baroreflex-mediated 

neural adjustments alter cardiac output mainly via changes in heart rate (Ogoh et al., 2003) and  
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peripheral resistance in a bid to maintain arterial blood pressure around a perceived “normal” 

(Holwerda et al., 2011). 

 

Results from this study show a slight increase in heart rate following the cold pressor test (CPT) 

in the normotensive subjects before and after salt-loading. This is similar to earlier reports 

among healthy volunteers in whom CPT led to a consistent increase in heart rate (Siegrist et al., 

2006; Wirch et al., 2006). However, hypertensive subjects showed a slight bradycardia and a 

slight increase in heart rate before and after salt-loading respectively.  This may be viewed in the 

light of responses in young men with low, normal and high blood pressure among whom heart 

rate responses to the CPT were observed to be negatively correlated with resting heart rate (Flaa 

et al., 2008). In the present study, heart rate at baseline was lower in the normotensive subjects 

compared with the hypertensive subjects. The cold pressor test stimulates the sympathetic system 

and the release of catecholamines, epinephrine and norepinephrine, from the adrenal medulla. 

These increase heart rate and arterial blood pressure and myocardial oxygen demand (Kiviniemi 

et al., 2011). Few studies have reported severe bradycardia as part of vasovagal response to the 

CPT (Wirch et al., 2006; Kiviniemi et al., 2011). The vasovagal response is thought to be due to 

rapid reversal of sympathetic efferent neuron activation after the foot had been removed from the 

cold slurry leading to a fall in sympathetic tone below that required to maintain cardiac output 

and blood pressure in a state where cardiac output is already compromised (Wirch et al., 2006). 

However, although the hypertensive subjects displayed a slight fall in heart rate on exposure to 

the CPT in this study, none of them experienced a full blown vasovagal response. The 

bradycardia observed among these subjects could be a reflex response to the increased blood 

pressure observed in the subjects. Ingestion of salt plus amiloride did not change the heart rate 

response to the CPT in both the normotensive and hypertensive subjects.   
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5.2.4 Sympathetic Regulation and Vascular Resistance 

In this study, blood flow was slightly lower in the hypertensive subjects at baseline. The 

reduction in blood flow in both the normotensive and hypertensive subjects following salt-

loading with 200 mmol/day of Na
+
 suggests enhanced vasoconstrction in these subjects. There 

was further reduction in blood flow in the two groups following ingestion of salt plus amiloride 

which implies that amiloride augmented the enhanced vasoconstriction that occured in these 

subjects following salt-loading alone. Salt loading in humans has been shown to lead to a 

significantly lower forearm vasodilatory response to acetylcholine (endothelium-dependent 

vasodilatation) (Bragulat et al., 2001).  

 

An increased peripheral vascular resistance in response to the CPT as observed in this study, 

results in reduced regional blood flow. Both groups of subjects in the present study experienced a 

fall in their forearm blood flow on exposure to the CPT at baseline, after salt-loading and after 

ingestion of amiloride in addition to the salt-load. This was similar to an earlier report by Jaja et 

al., (2003) in which reduced blood flow was obtained in normal Nigerians on immersion of the 

foot in cold water maintained at 7
o
C. The regulation of peripheral vascular resistance is 

important in the control of regional blood flow. Also since the CPT causes increased sympathetic 

activity, this results in vasoconstriction leading to an increase in peripheral vascular resistance 

(Kelsey et al., 2000b). At baseline, forearm vascular resistance was lower in the normotensive 

subjects compared with the hypertensive subjects in this study. Enhanced haemodynamic 

changes to physiological and psychological stressors have been recorded among Blacks. These 

are thought to be mediated largely through an increase in peripheral vascular resistance (Stein et 

al., 2000). Blacks have been shown to experience a greater increase in vascular tone in response  
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to stress probably due to increased sympathetic activity or altered vascular sensitivity to 

sympathetic stimulation. This may lead to increased peripheral vascular resistance which in 

addition to the high environmental stress to which blacks are exposed, predisposes them to 

sustained hypertension (Stein et al., 2000).  

 

Following salt-loading in the present study, whereas forearm vascular resistance increased 

slightly among the normotensive subjects, there was a slight reduction among the hypertensive 

subjects. These results differ from that of Schmidlin et al., (2007) in which a decrease in 

systemic vascular resistance was recorded in normotensive subjects over the first three days 

following a salt load. Such a fall in vascular resistance in their study does not tally with the 

nephrogenic explanation of salt-induced hypertension. By this formulation and as mentioned 

above, it is expected that during the initial days following a salt load, an increase in blood 

pressure is basically as a result of a change in cardiac output while vascular resistance remains 

normal. However, forearm vascular resistance was not measured on a daily basis in this present 

study, being measured only at the end of the 5-day salt-loading period. It is therefore possible 

that what was observed in the normotensive subjects in this study was at the point when 

autoregulation had occurred in response to the increased cardiac output that accompanies a salt 

load. On the other hand, the slight increase in forearm vascular resistance in the hypertensive 

subjects may be due to the fact that although peripheral vascular resistance is said to remain 

normal following a salt-load, this does not mean that it remains totally unchanged. On the 

contrary, this suggests a systemic vascular dysfunction that is expressed as impaired vasodilatory 

response to the increased salt intake (Schmidlin et al., 2007). 
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In this study, stimualtion of the sympathetic nervous system by means of the cold pressor test 

resulted in significant increases in forearm vascular resistance among both the normotensive and 

hypertensive subjects. Peripheral vascular resistance and its regulation play a central role in the 

control of arterial blood pressure. Response of resistant arteries to cold may be as a result of a 

balance between adrenergic vasoconstriction and vasodilation; the latter is mediated by 

endothelial function. Endothelial function of resistant arteries is a vascular function that has been 

identified as a primary target of injury from hypertension (Moyna and Thompson, 2004). 

Increased arterial stiffness and reduced arterial compliance may both be associated with 

endothelial dysfunction which is again present in cardiovascular disease (Kawano et al., 2007). 

Activation of the sympathetic nervous system by the cold pressor test increases vascular tone in 

resistant arteries. This simulates a natural occurrence in winter during which period it has been 

observed that blood pressure is higher compared to the other seasons (Modesti et al., 2006; 

Murakami et al., 2011).  

 

5.2.5 ENaC Markers and Salt-Sensitivity  

Subjects in the present study responded to blockade of the epithelial sodium channel (ENaC) 

with low-dose amiloride with a global reduction in blood pressure. This is more dramatic 

especially in the hypertensive subjects in whom amiloride caused blood pressure to reduce as 

low as the pre-intervention level observed in the normotensive subjects. The epithelial sodium 

channel (ENaC) is an amiloride-sensitive rate-limiting step of sodium reabsorption in the distal 

nephron. Mutations or polymorphisms have been found in the three genes encoding the α-, β- 

and γ-subunits of the gene. These are related to gain or loss of function of the channel resulting 

in increased or reduced reabsorption of sodium in the distal part of the nephron, and high or low  
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blood pressure. For example, Liddle syndrome, a rare clinical manifestation of gain of function 

mutation of the β-subunit of ENaC is characterised by low renin, low aldosterone form of 

hypertension. Psuedohypoaldosteronism (PHA-I), a loss of function of ENaC phenotype has 

equally been described. This is characterised by high renin, high aldosterone and 

unresponsiveness to mineralocorticoids. It has been reported that mutations in the β-subunit 

present especially in persons of the black race leads to hypertension through an increase in 

sodium reabsorption in the distal nephron. It has equally been suggested that ENaC could be 

intrinsically more active in the black race compared with the Caucasians based on the 

observation that plasma aldosterone levels as well as urinary excretion of aldosterone are 

consistently lower in blacks (Bloem et al., 1996). This is possibly the consequence of enhanced 

sodium retention resulting from the inherent reduced abiltiy to excrete a salt load observed in 

blacks. This leads to the observed secondary suppression of the renin-angiotensin-aldosterone 

axis (Pratt et al., 2002).  

 

Results from the present study using low dose amiloride (5mg)  is similar to those from an earlier 

study by Baker et al., (2002) among black individuals living in London, in which blood pressure 

fell significantly in black individuals with the T594M mutation of the β-subunit of ENaC. 

However, Baker et al. had used a higher dose of amiloride (10mg) and for four weeks. The 

higher dose may have allowed the diuretic effect of amiloride to come into play while the long 

duration of the study may have given the opportunity for sodium reabsorptive mechanisms other 

than the ENaC to play a role in sodium reabsorption (Snyder, 2002). These will include 

mechanisms in the proximal convoluted tubule, thick ascending limb of Henle as well as the 

distal convoluted tubule. On the other hand, results from this study differ from that of Pratt et al. 

(2002) who reported no fall in blood pressure among a black population in Indianapolis (USA)  
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after treatment with 5mg amiloride daily for one week. Pratt et al. however recorded a fall in 

blood pressure among the white subjects in the same study leading them to suggest that black 

individuals had less ENaC activity to inhibit (Pratt et al., 2002). Their results also imply that the 

increased sodium reabsorption in the black subjects studied did not occur in the distal nephron 

where ENaC is domiciled but rather in the proximal segments of the tubule whereas results from 

this present study indicate that increased sodium reabsorption occurs in the distal nephron hence 

the significant reduction in blood pressure in these subjects following the ingestion of 5mg 

amiloride for 5 days. The T594M mutation affects the last exon of the β-subunit of ENaC and 

results in a single amino acid change with substitution of methionine for threonine. This 

threonine residue is a potential target for phopshorylation by protein kinase C which inhibits 

sodium channel activity (Su et al., 1996). It has been suggested that the β-T594M mutation could 

cause the channel to become resistant to the negative regulatory effects of protein kinase C 

(Baker et al., 1998). Evidence from lymphocyte studies suggests that the β-T594M mutation may 

cause increased sodium-channel activity by causing affected cells to become insensitive to 

negative regulation (Baker et al., 1998). If this mutation also has this effect on sodium-channels 

in the renal tubules, then it would contribute to the development of high blood pressure by 

reducing renal sodium excretion and causing sodium retention in the affected individuals. 

 

Plasma sodium level was higher among the hypertensive subjects at baseline suggesting inherent 

sodium retention or less ability of the renal system to excrete sodium. This was corroborated by 

the urinary sodium excretion (UNaV) which was also lower among the hypertensive subjects in 

this study. Plasma sodium increased significantly in both groups of subjects after ingestion of the 

salt load. However, although UNaV increased in both groups, it was still lower in the 

hypertensive subjects when compared with the normotensive subjects. Similarly sodium  
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clearance was lower among the hypertensive subjects before and after salt-loading. These 

observations indicate the fact that there is inherent reduction in the ability to excrete a salt load 

among the hypertensive subjects. This reduced ability to handle a salt load plays a significant 

role in the development of hypertension among Nigerians. When presented with a salt load, the 

kidney tends to retain salt since it has limited capacity to excrete even the daily uptake of salt 

(Oberleithner, 2007). There is therefore usually a concomitant increase in blood pressure which 

may be significant in salt sensitive individuals.  

 

The effect of the salt load on plasma sodium in this study was quite different from that from an 

earlier study among normotensive Nigerians in whom salt-loading with 400 mmol/day of NaCl 

for two days failed to cause a significant increase in plasma sodium level or blood pressure 

(Sofola et al., 1998). This could be because of the short duration of the salt-loading carried out in 

that study. There are reports that plasma sodium level is a determinant in the development of 

hypertension. There is accumulation of sodium in the extracellular space as a result either of the 

kidneys not being able to excrete a salt load efficiently or when the aldosterone level is raised 

(Oberleithner et al., 2007). Although there was a concomitant increase in plasma potassium level 

in normotensive subjects following salt-loading, the hypertensive subjects showed a slight 

decrease in plasma potassium instead which is not surprising considering they were retaining 

sodium in exchange for the potassium.  

 

Following combined ingestion of the salt load plus amiloride, there was a fall in plasma sodium 

level in the normotensive and hypertensive subjects in the present study implying a probable role 

for the ENaC in sodium reabsorption in these subjects. In addition, sodium clearance increased in  
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both groups though slightly higher among the hypertensive subjects. To complete the picture, 

there was also an associated fall in blood pressure in the two groups. Unlike the suggestion of 

Pratt et al., (2002) that amiloride had less blood pressure-lowering effect in blacks indicating a 

centre for sodium reabsorption in black individuals other than the distal nephron, results from 

this study point to the involvement of the ENaC in sodium reabsorption and therefore blood 

pressure control in these Nigerian subjects. Other studies have shown a difference in the urinary 

excretion of vasodilatory and natriuretic substances like prostaglandins and dopamine between 

whites and black individuals which equally suggest that black individuals excrete sodium less 

efficiently than white subjects (Burnier, 2008). This renal dysfunction is thought to play a role in 

the prevalence of salt sensitive hypertension among black individuals (Bankir et al., 2007). 

Plasma potassium and its response to amiloride is a significant indicator of ENaC activity in the 

kidneys (Gaukrodger et al., 2008). In this study, plasma potassium increased following ingestion 

of amiloride especially in the hypertensive subjects compared with the level at baseline and the 

level after ingesting the salt load alone. In the same vein, 24-hour urine potassium fell following 

the ingestion of amiloride in both normotensive and hypertensive subjects. Plasma potassium and 

24-hour urine potassium level show significant heritability that is approximately 30 per cent to 

60 per cent. This indicates that genetic influences on potassium handling may be identifiable 

(Gaukrodger et al., 2008). No simple correlation has been drawn between potassium and blood 

pressure especially since total body potassium level in persons with essential hypertension is 

similar to that found in normotensive persons (Gaukrodger et al., 2008). The observation in this 

study was not different as plasma potassium levels of normotensive and hypertensive subjects 

were similar. It is however possible that increased renal secretion of potassium leads to an 

associated decrease in renal sodium and chloride reabsorption (Gaukrodger et al., 2008). These 

workers have also reported a small but significant effect of common genetic variation in the  
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SCNN1B gene on plasma potassium. Amiloride significantly reduced urine potassium 

concentration among the hypertensive subjects compared with that recorded following salt-

loading alone. This is a further indication of a role for the ENaC as a determinant of hypertension 

among Nigerians. 

 

Salt sensitivity in black individuals has been associated with a tendency towards expanded 

plasma volume, lower plasma renin activity (PRA) and increased renal vascular resistance 

(Burnier, 2008). Hypertensive subjects in this study were no different as they showed low plasma 

renin activity in comparison to the normotensive subjects. This suggests increased sodium 

reabsorption in these subjects and therefore indicates that an ENaC mutation, in particular β-

T594M mutation, may be present in these subjects (Luft 2001). It also explains in part the high 

level of salt sensitivity recorded among these subjects. This report differs from that of an earlier 

study in South African blacks in which there was no association recorded between high blood 

pressure and ENaC mutation (Nkeh et al., 2003). However results from this study are similar to 

another study among South African black pregnant women in whom an association was found 

between R563Q mutation of the β-subunit of ENaC and low-renin hypertension (Rayner et al., 

2003). Salt-loading led to an increase in plasma renin activity (PRA) in both groups of subjects 

in the present study. Blockade of the epithelial sodium channel with amiloride resulted in an 

increase in PRA as well as aldosterone in the hypertensive subjects in this study. The effect on 

aldosterone may be attributable to the increased serum potassium level caused at the same time 

by the ingestion of amiloride (Warnock and Bell, 2005; Bubien, 2010). Indeed elevated  serum 

potassium has been reported to be the most powerful agonist for aldosterone secretion (Rossier 

and Stutts, 2009). Results of the present study also tally with earlier one by Pratt et al., (2001) in 

which aldosterone concentration rose and fell as potassium concentration over time. The increase  
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in aldosterone level with amiloride may also be due to a feedback response to the blockade of 

ENaC by the drug. Similarly, the increase in PRA caused by amiloride administration will have 

contributed to the increased aldosterone observed in these hypertensive subjects via the renin-

angiotensin-aldosterone system (RAAS).  

 

Amiloride is not currently in use as an anti-hypertensive agent, being used as a mild diuretic 

agent in conjunction with other agents especially thiazide diuretics for its ability to reduce the 

loss of potassium (Baker et al., 2002). Results of this study suggest that low dose amiloride will 

be useful as an anti-hypertensive agent especially in salt sensitive individuals. This has been 

demonstrated in an earlier study in which the effect of amiloride on blood pressure of 

hypertensive subjects with the T594M polymorphism of ENaC was similar to that obtained using 

the more potent thiazide diuretics (Baker et al., 2002). However 10mg amiloride was used in that 

study in contrast to the present study in which 5mg has been used. Considering the attendant 

adverse effects of using these agents, it will be more propitious to use a single agent with little 

adverse effect. Although it may not be economically viable at present, knowing the status of the 

epithelial sodium channel among hypertensive Nigerians will also make it possible to select 

those patients who will benefit more from the use of amiloride as an anti-hypertensive agent. 

This is because the effect of amiloride in hypertensive persons with the T594M mutation is more 

than that expected from a general diuretic (Baker et al., 2002) as amiloride counteracts the effect 

of the mutation on the epithelial sodium channel. The hyperkalaemia consequent upon the 

ingestion of amiloride may be a limitation to its use as an anti-hypertensive agent especially 

when used in conjunction with other agents that affect the RAAS (Page et al., 2003). However, if 

amiloride is prescribed in lower doses as used in this study, there may be less incidence of 

hyperkalaemia (Saha et al., 2005). This is important especially since no incidence of  
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hyperkalaemia was recorded in the present study. Another perspective is that the effect of 

amiloride in stimulating PRA will lead to increased aldosterone secretion which will enhance 

potassium secretion and therefore reduce the risk of an increase in potassium in the patients. This 

is quite different from the direct effect of the drug on ENaC which reduces potassium secretion. 

 

5.2.6  Genetic Variants of the Epithelial Sodium Channel 

The frequency of 5% (0.05) of the β-T594M mutation recorded in this study is comparable to 

that recorded previously in the EXOME project for African Americans 

(www.ncbi.nlm.nih.gov/SNP/snp-ref.cgi). It is also similar to that recorded among young 

Ghanaians living in Kumasi with average age 26.9±4.7y (Dong et al., 2002) and the 6% recorded 

among a black population living in London (Baker et al., 1998). The frequency is however much 

higher than the 0.022 recorded among older Ghanaians (age 49.1±5.5y)  living in London (Dong 

et al., 2002). All the subjects with the T594M mutation in this study were heterozygous for the 

mutation which was present on the reverse strand. It is interesting to note that two of the subjects 

were normotensive and salt sensitive. This could be an indication of high susceptibility to 

developing salt sensitive hypertension in future in these subjects.  The β-T594M mutation of the 

channel may cause hypertension by causing affected channels to become insensitive to negative 

regulation by protein kinase C (PKC) (Su et al., 1996; Dong et al.,  2002). This is because the 

threonine residue at this position which is the target site for phosphorylation by PKC has been 

changed in this mutation to methionine. The β-Thr577-thr polymorphism recorded in this study 

is not likely to be of any consequence with regard to the development of hypertension since this 

is a silent mutation also known as a synonymous change. This type of change specifies the same 

amino acid as the original. On the other hand, all the new mutations recorded in this study, β- 

http://www.ncbi.nlm.nih.gov/SNP/snp-ref.cgi
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E632V, β-E636V, β-D638Y and β-L638Q, are all non-synonymous changes as a different type 

of amino acid resulted from the change. Three of the four subjects among whom these new 

mutattions were recorded were hypertensive with two of them also being salt sensitive. The 

fourth subject who was normotensive was also salt sensitive. It may well be that this latter 

subject will develop high blood pressure in future. This will require further investigation. 

 

5.3    SUMMARY OF FINDINGS 

i. Salt sensitivity was present among both groups of subjects being higher among the 

hypertensive subjects (55%) compared with the normotensive (34%) subjects. 

Reduced abilty to excrete sodium is a significant factor in the development of salt 

sensitive hypertension in Nigerians 

ii. Potentiation of sympathetic nervous regulation of cardiovascular function plays a 

significant role in hypertension among Nigerians as evidenced by the fact that 

vascular hyperreactivity following salt-loading in the normotensive subjects tended 

towards that in hypertensive subjects at baseline.  Systolic hyperreactivity was 

consistently higher than diastolic hyperreactivity in both groups of subjects. Salt 

reactivity was higher among the normotensive subjects especially with regard to 

systolic salt reactivity  

iii. Forearm vascular resistance resistance increased significantly in response to 

sympathetic stimulation in normotensive subjects after salt-loading approaching the 

baseline level among the hypertensive subjects. This indicates that significant 

adrenergic nervous potentiation is important in the development of salt sensitive 

hypertension 

 



210 
 

 

 

iv. Blood pressure reduced significantly to below the baseline level in response to the 

blockade of the epithelial sodium channel with low dose amiloride. This indicates that 

enhaced ENaC activity is an important determinant of hypertension among Nigerian 

subjects 

v. The β-T594M mutation was recorded in 5 percent of the subjects (frequency 0.05). 

Previously unrecorded mutations in this subunit of the epithelial sodium channel, 

E638V and E632V (3.8%) as well as D638Y (1.9%) have been observed among the 

hypertensive subjects. In the same vein, L628Q was recorded in 3.3 percent of the 

normotensive subjects 

 

5.4      CONCLUSION 

This study has established the fact that salt sensitivity is prevalent among normotensive as well 

as hypertensive Nigerians being more prevalent in the latter. Inherent reduced abilty to excrete 

salt by the kidneys played an important role in the development of salt sensitive hypertension 

among these subjects. The study has also shown that potentiation of sympathetic nervous activity 

is a significant cause of hypertension in Nigerains. That enhanced epithelial sodium channel 

activity plays a role in the development of salt sensitive hypertension has been established by the 

significant blockade of the channel resulting from administration of amiloride especially in 

hypertensive subjects. The result of this study is important for the fact that those persons who are 

salt sensitive and especially those who are also hyperreactive will benefit from adequate 

monitoring and dietary counselling. This is in order to prevent the development of hypertension 

among those who are as yet normotensive and modulate the course of hypertension in those who 

are already hypertensive. This is applicable to the salt reactive normotensive subjects as well. 



211 
 

This study also provides a basis for prospective studies to be carried out into the possibility of 

modifying present management of hypertension among our populace by using amiloride as an  

 

antihypertensive agent. This will be a more cost-effective public health intervention. The present 

study also provides a template upon which further work can be done which should ultimately 

lead to the development of a screening tool for hypertension especially in those considered to be 

at high risk, in particular with regard to the epithelial sodium channel (ENaC) mutation in 

Nigerians. 

 

5.5     CONTRIBUTIONS TO KNOWLEDGE 

1. Enhanced epithelial sodium channel activity is an important determinant of hypertension 

in Nigerians  

2. β-T594M mutation of the epithelial sodium channel has been confirmed among five 

percent of the population studied; four previously unreported mutations of the β-subunit 

of the channel were also recorded among four of the subjects 

3. Sympathetic autonomic potentiation is significant in the development of hypertension 

among Nigerians as evidenced by the enhanced vascular reactivity observed among the 

normotensive subjects 

4. Salt sensitivity has been confirmed among normotensive and hypertensive Nigerians 

being higher among the latter; reduced renal ability to excrete salt plays a significant role 

in the development of salt sensitive hypertension among Nigerians 

5. Significant positive correlation exists between salt sensitivity and systolic vascular 

hyperreactivity among normotensive subjects at baseline 
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Appendix 2 Consent Forms 

Appendix 2a Consent Form for Participation in the Study 

TITLE OF STUDY:  The Role of Epithelial Sodium Channel and Autonomic Nervous 

Potentiation in the Development of Salt-sensitive Hypertension among 

Nigerians in Lagos 

I ………………………………………… hereby consent to be included in the above-named 

study after having been fully informed about the details of the study. 

I agree to have my blood and urine tested during the course of the study. 

…………………………………………….       ………………………………. 

Signature         Date 

 

 

Appendix 2b. Consent for Genotyping 

 

TITLE OF STUDY:  The Role of Epithelial Sodium Channel and Autonomic Nervous 

Potentiation in the Development of Salt-sensitive Hypertension among 

Nigerians in Lagos 

I ……………………………………………… hereby agree that my blood should be used for 

Genotyping for the ENaC gene. I have been informed that the results will be used for research 

purposes only and will not be traced back to me. 

 

…………………………………………….       ………………………………. 

Signature         Date 
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Appendix 3a:  IUPAC-IUB Codes 

Nucleotide ambiguity code 

(as used in DNA Baser)  

Code  Represents  Complement  

A Adenine  T 

G Guanine  C 

C Cytosine  G 

T Thymine  A 

Y Pyrimidine (C or T) R 

R Purine (A or G) Y 

W weak (A or T) W 

S strong (G or C) S 

K keto (T or G) M 

M amino (C or A) K 

D A, G, T (not C) H 

V A, C, G (not T) B 

H A, C, T (not G) D 

B C, G, T (not A) V 

X/N  any base  X/N  

- Gap - 
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Appendix 3b:  Standard Ambiguity Codes 

The standard ambiguity codes for nucleotides and for the one-letter and three-letter designations 

of amino acids are given. The synonymous codons for the amino acids, and their depiction in 

IUB codes (Nomenclature Committee, 1985, Eur. J. Biochem. 150:1-5) are also shown. 

Nucleotide Symbol 3-Let Amino Acid IUB 

(Adenosine) 

A 

A Ala Alanine GCX 

C or G or 

T/U 

B Asx Aspartate or 

Asparagine 

RAY 

(Cytidine) C C Cys Cysteine UGY 

A or G or 

T/U 

D Asp Aspartate GAY 

- E Glu Glutamate GAR 

- F Phe Phenylalanine UUY 

(Guanosine) 

G 

G Gly Glycine GGX 

A or C or 

T/U 

H His Histidine CAY 

(Inosine) I I Ile Isoleucine AUH 

- J - - - 

G or T/U K Lys Lysine AAR 

- L Leu Leucine UUR,CUX,YUR 

A or C M Met Methionine AUG 

unknown 

base 

N Asn Asparagine AAY 

- O - - - 

- P Pro Proline CCX 

- Q Gln Glutamine CAR 

(Purine) A or 

G 

R Arg Arginine CGX,AGR,MGR 

C or G S Ser Serine UCX,AGY 

(Thymidine) 

T 

T Thr Threonine ACX 

(Uridine) U U - - - 

A or C or G V Val Valine GUX 

A or T/U W Trp Tryptophan UGG 

unknown 

base 

X unknown 

amino acid 

 XXX 

(Pyrimidine) 

C or T/U 

Y Tyr Tyrosine UAY 

- Z Glx Glutamate or 

Glutamine 

SAR 

no base 

(deletion/gap) 

. no amino 

acid 

(deletion/gap) 

- - 

- * End terminator UAR,URA 
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Appendix 4: Full Chromatogram of Subjects 

Appendix 4a: Full chromatogram of a normotensive subject with β-T594M Mutation  

                       (see Figure 31, Page 179) 
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Appendix 4b: Full chromatogram of a hypertensive subject with β-T594M Mutation 

                       (see Figure 32, Page 180) 
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Appendix 4c: Full chromatogram of Subject with  β- T577t Polymorphism 

                    (see Figure 33, Page 181) 
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Appendix 4d: Full chromatogram of Subject with CTG>CAG Leu628Gln Mutation  

                     (see Figure 34, Page 182) 
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Appendix 4e: Full chromatogram of Subject with GAT>TAT Asp638Tyr Mutation  

(see Figure 35, Page 183) 
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Appendix 4f: Full chromatogram of Subject with CTG>CAG Leu628Gln Mutation 

          (see Figure 36, Page 184) 

 

 

 
 

 


