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Preface 

Hypertension or high blood pressure is one of the most common chronic diseases 
affecting more than 1 billion people worldwide, and by the year 2025, the global 
prevalence of hypertension is projected to increase to 29.2% of adult population 
(Kearney et al., 2005). High blood pressure where the medical cause of the disease is 
not known is defined as Essential hypertension and is the most common form of 
hypertension. Essential hypertension is a major risk factor for myocardial infarction, 
stroke, heart failure and renal failure. The cause of essential hypertension remains 
largely unknown and is an area of active research. It appears to have multifactorial 
and complex etiology where genetic and environmental factors play an important role. 
The current book addresses some of the research issues related to the 
pathophysiology, genetics and genomics of hypertension. 

This book is divided into two main sections: Pathophysiology, and Genetics and 
Genomics. In pathophysiology, topics such as pathophysiology of resistant 
hypertension, target organ damage in hypertension, Baroreflex sensitivity and an 
interesting hypothesis on music as a therapy for lowering blood pressure are 
described. Genetics and genomics section provides an overview of different aspects of 
genetics research in hypertension, including genetic susceptibility markers, 
mitochondrial mutations and pharmacogenetics of hypertension. A chapter on 
microarray technology details the technique and identifies expression of altered genes. 
Role of TGF-β and other inflammatory genes has been portrayed in another chapter. 
This book provides comprehensive information on some of the important topics and 
issues related to pathophysiology of essential hypertension and it is hoped that it will 
be useful to researchers and clinicians with an interest in Essential hypertension. 

Dr Madhu Khullar 
Department of Experimental Medicine & Biotechnology 

Post Graduate Institute of Medical Education and Research 
Chandigarh,  

India 
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Harmful or Helpful Hypertension – 
Pathophysiological Basis 

M. Kasko1, M. Budaj2 and I. Hulin2 
1 2nd Department of Internal Medicine, University Hospital and Faculty of Medicine, 

Comenius University, Bratislava, 
2Department of Clinical Pathophysiology, Institute of Pathophysiology,  

Faculty of Medicine, Comenius University, Bratislava,  
Slovakia 

1. Introduction  
The analytic approach does not always give an unambiguous response to the question as to 
why the disorder has developed. Rather, it rather clarifies the mechanisms responsible for 
the disorder. There is a great difference between the two following questions: 

1. How the disorder has appeared? 
2. Why the disorder has appeared? 

In order to understand complex mechanisms, both questions need to be considered. 

By analyzing the individual parts of mechanisms, we assume them to have equal 
importance. But in reality, this is not true. Even in most difficult systems consisting of 
individual parts, their role, value, and participation are in hierarchy. Some elements may be 
superior to the others. 

Usually not all the very difficult mechanisms lying very deep within cells are apparent. 
However, this can not excuse the assumption that none of phenomena can be determined 
only by intracellular processes. If we admit that we are the result of the huge evolution of 
life, our primeval substance is then represented by cells. The cells can be the hidden motor 
forcing the organism to fulfill the cellular needs. According to this view, blood pressure is 
not the only part of a functioning circulation. 

Life has been formed in water which serves as the medium, procuring everything from the 
reception of energy to the elimination of unneeded substances. The changes in pressure 
might represent a simple mechanism allowing the functioning of cells. Even more simple are 
however the alterations in osmotic concentration of internal water environment. Is this not a 
phylogenetically conserved regulation? The increase in blood pressure in human organisms 
brings about an increase in the elimination of water together with natriuresis. Nevertheless, 
the question of regulation can be posed the other way round. So far, we used to say that 
blood pressure is influenced by defined factors. We usually suppose that blood pressure is 
regulated by known and lesser-known mechanisms. Might the order not be reversed? Could 
not the blood pressure serve as a cellular tool that optimizes the osmotic factors? Such 
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mechanisms can not be isolated, and are probably more complex. Subsequently the 
complexity raises the possibility that undesired anomalies will develop. This is the reason 
why many disorders can occur and they can not be easily included in a single scheme. 

In the far past, at the beginning of evolution of difficult biological systems, water, osmotic 
factors, and pressure factors occurring in layers separating two interfaces represented the 
mechanisms that determined entirely everything. Perhaps we should see the phylogenetic 
residue in the fact that the activity of organism can be associated with a change in these 
values on the level of all cells. The optimization of osmotic and pressure factors can be 
achieved in various ways. These mechanisms can very effectively manage new situations in 
each cell, preferably in selected cells. The activation of organism that is associated with the 
activity of the sympathoadrenal system (SAS) triggers complex pathways. The long-lasting 
activation of these mechanisms may lead to their fixation, enabling the pressure to serve as a 
tool for increasing the natriuresis at general load. 

Biological systems, which are considered to be our primeval predecessors, had to develop 
their own mechanisms to improve their ability to retain sodium. At the same time, they had 
to develop mechanisms that could basically help them to eliminate the excessive sodium. 
Moreover, a perfect system necessarily needs to develop mechanisms to gain sodium. In this 
aspect, we can operate with three facts. The first is the ability to save sodium, the second is 
to eliminate its excess, and the third is to gain sodium. 

People living in warm geographical latitudes of the Earth needed to save sodium to retain 
water, and to procure its return. Later, when it got colder and people moved to territories 
with milder climate, a new situation had consequently emerged that did not require one to 
guard the stored sodium. The mechanisms used for its gaining became excessive. The fact 
that Afro- American people are more sensitive to salt-intake than Caucasians can be a 
'message from our premedieval past'. This assumption is supported by the polymorphisms 
of the gene for angiotensinogen (ATG gene), beta2 adrenergic receptors, and epithelial 
sodium channels in some African populations. Perspiration and infectious diarrhea were the 
reasons of permanent loss of sodium [1]. Therefore the long-lasting evolution preferred 
genotypes, which were better equipped to save sodium. This notion can be acceptable; 
however, it does not necessarily need to be correct. 

There exists a negative correlation between the risk of hypertension and birth weight. Low 
weight at birth in babies of mothers living under dire social and economic conditions is a 
strong predisposition for the development of hypertension in adulthood of their offspring. 
The reason can also reside in the fact that during their intrauterine life, these individuals 
have not reached the full glomerular count, resulting in a smaller filtration area. Lower 
filtration rate is then compensated by increased pressure in order to achieve optimal 
natriuresis. If these facts were proved, it would be possible to eliminate the possible risks 
incurred by intrauterine development of kidneys by changing the system of nutrition in 
children with low birth weight. 

The genetic determination applies when appropriate conditions or mechanisms playing the 
role of triggers are present. This gives the basis for the conception that hypertension can 
never originate from one single cause. Moreover, all biologic systems show great plasticity. 
The possible maladaptation of some mechanisms however, can function as the factor 
responsible for the consequences leading to hypertension. 
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Hypertension is an extraordinarily difficult pathophysiologic problem. It has very often 
devastating consequences; however many times it is only asymptomatic and remains 
such for a long time before an acute crisis occurs. Hypertension mainly leads to 
negative conditions as follows: disorder of coronary bed, renal failure, and changes in 
peripheral vessels in limbs. Hypertension is going to be the largest risk of premature 
deaths [2]. 

Nevertheless, the basic question of the origin of hypertension is to be raised, or rather the 
justness of our used conceptions should be called into question. We can question whether 
hypertension is actually caused solely by changes in mechanisms, molecules, or some 
structures. Could we not assume that hypertension is an inevitable adaptation to provide 
adequate oxygenation in tissues? In that case, reducing the blood pressure would protect 
one from catastrophic consequences; however at the same time it would particularly 
inconvenience oxygenation on the level of microcirculation. Does the decrease in pressure 
procure optimal oxygenation of brain in hypertensive patients? Can it not be assumed that 
successful treatment of hypertension on one hand eliminates the risks of catastrophe though 
at the same time, it accelerates chronic degenerative processes [3]? An increase in pressure 
to a certain limit might improve the oxygenation of tissues. A marked increase in pressure 
brings about a decrease in perfusion due to induced vasoconstriction. Therefore, there can 
be a positive correlation with neurodegenerative diseases [4]. 

In general, it is accepted that hypertension is a complex disorder determined by several 
factors. It is assumed that it occurs as a result of interactions between genetic factors 
predisposing to development of hypertension and external environment (diet habits, 
obesity, hyperlipidemia, smoking, stress). 

2. Functional anatomy of the circulation 
The circulation (Table 1) can perform its basic function in an optimal way only when the 
amount of blood flowing through the capillaries of each tissue, or organ per a time unit is 
fair enough to keep the homeostasis of that organ, so that it can perform its function ade-
quately. The blood flow per minute via the capillaries of the given tissue or organ is the 
most important parameter of the blood flow (haemodynamics). 

The vessels from the functional point of view can be devided into: 

1. Compliance vessels, that form the large and intermediate arteries. Their function is to 
provide a continuous flow of blood. Ensure a fast transport of blood to the peripheries. 

2. Resistant vessels are the major determinants of the general peripheral vascular 
resistance and by this even the regional blood flow. The whole peripheral vascular 
resistance is an important factor upon which the intermediate arterial blood pressure 
depends. It includes: The elastic resistance in the arterial system, the peripheral 
resistance of the resistant vessels, and the resistance which is imposed by the pre-cap-
illary sphincter. We recognize two types of the resistant vessels: 

a. pre-capillary resistant vessels - small arteries and arterioles - which form about one half 
of the value of the peripheral vascular resistance. 

b. post-capillary resistant vessels - venules and small veins - that form a small part of the 
resistance. They participate in the changes of the potential volume of the capacity field. 
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3. pre-capillary sphincter is that part of the vessel that regulates blood flow into the 
capillaries and selectively distributes blood into those capillaries. By opening and 
closing these segments we can determine the number of transition capillaries in a given 
organ or tissue. The pre-capillary sphincter undergoes systemic and local effects. That 
determines the metabolism of the tissue or organ. 

4. capacitance vessels (volume) are mainly the large systemic veins. They represent the 
reservoir for heart filling. 

5. exchange vessels are the true blood capillaries. They mediate the contact between the 
blood field and the interstitial place. 

6. shunt vessels of the arterio-venous shunts. These vessels provide a fast flow of blood 
from the arterial to the venous side without passing through the capillaries (bypassing 
the capillaries). They exist in certain tissues such as skin and lungs. 

The primary function of the cardiovascular system is to provide adequate flow of blood 
through different tissues. The power that provides this is the mean arterial pressure. There 
is a physical relation between the mean arterial pressure, the minute volume of the heart, 
and the total peripheral resistance.  

The mean arterial pressure = minute volume multiplied by the total peripheral resistance. 
 

aorta 2.5 cm2 
small arteries 20.0 cm2 
arterioles 40.0 cm2 
capillaries 2500.0 cm2

venules 250.0 cm2 
small veins 80.0 cm2 
vena cava 8.0 cm2 

Table 1. Area of the calibres of different vessels of the circulation. 

3. Regulation of blood pressure to its optimal level 
Under the headline the arterial (systemic) blood pressure we understand the lateral 
hydrostatic pressure that acts on the arterial wall during the ventricular systole. The 
perfusion of organs and tissues is dependent upon the mean arterial pressure. The value of 
which depend on: 

1. The volume of blood pumped by the left ventricle in a time unit. The cardiac output. 
2. The resistance to the blood flow laid down by the vessels in the peripheries of the 

vascular field.  

The minute cardiac output is regulated by four factors: 

a. The end diastolic volume of the left ventricle (preload) 
b. The myocardial contractility 
c. The resistance against which the left ventricle pumps the blood (afterload) 
d. The frequency of the heart. 
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All these factors affecting the minute cardiac output are affected by the autonomic nervous 
system: that activates adrenergic receptors in the SA (sinoatrial) node, the myocardium, the 
smooth muscle in the arterial wall, venules, and veins. 

Regulation of vascular tonus. The value of the tonus depends on the structural and 
functional characteristics of the individual vessels. This value is under the effect of many 
systemic and local factors. 

Systemic factors regulating the vascular tonus are mainly nervous mechanisms, 
sympathicoadrenal system, renin-angiotensin-aldosterone system, and the vasopressin 
system. 

Local factors can be devided into three groups: 

1. the vascular myogenic reaction to tension 
2. chemical factors having metabolic origin 
3. humoral factors 

i. The caliber of blood vessels is determined by two physical antagonizing factors. These 
are the transmural distending pressure and the tangentially acting tension on the 
vascular wall. In the state of equilibrium the relation between these two and the 
diameter of the vessel is defined by Laplace law. According to this law the smaller is the 
vascular diameter the lower is the pressure needed to close the vessel. This is why as 
soon as the pre-capillary sphincter starts to contract and its translucency is decreased 
(the wall thickness increases) the tendency of this sphincter to close the vessel is 
increasing. This magic circle tends to close the vessels completely. 

ii. An increase in the tissue metabolism is accompanied by an increase in the regional 
blood flow, which is known as functional hyperemia. The regional vascular tonus is 
decreasing and the blood flow is increasing. Contraversly in non functioning organs or 
tissues the blood flow drops down. Functional hyperemia is related to the effects of 
local chemical factors, either by the accumulation of metabolic products or by the 
depletion of nutrients. Intensive hyperemia occurs during muscular exertion: there is a 
marked dilatation of the pre-capillary and post-capillary resistant vessels. According to 
the vasodilatatory theory the vascular tonus is regulated by factors that originate 
during the exertion in the contracted muscle fibers, released to the interstitium and can 
affect the vascular tone directly: CO2, lactate, other carbohydrate metabolites, decrease 
in pH, acetylcholin, (ATP – adenosine triphosphate) that evoke active vasodilatation 
such as histamine and bradykinin, and eventually leading to an increase of capillary 
permeability. According to the oxygen theory - vascular vasodilatation in active tissues 
is caused by inadequate O2 supply. Attention is given mainly to three factors: Hypoxia, 
regional increase of the extracellular concentration of potassium, and regional 
hyperosmolarity. Changes in the extracellular concentration of potassium and 
osmolarity probably influence the vascular tone via the Ca2+ influx into the muscle 
fiber. 

iii. Humoral factors: a group of vasoactive substances - kinins that have the character of 
local hormones. Their main function is the regulation of microcirculation. These are 
mainly: acetylcholin, histamine, 5-hydroxytryptamine - serotonin, prostaglandin, 
endothelium derived relaxing factor - EDRF, endothelin.  
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Direct regulation of blood pressure is provided by three reflexes: 
 baroreceptor reflex 
 chemoreceptor reflex 
 ischemic reaction CNS (central nervous system) – (Cushing reflex) 

o Baroreceptors are situated in the carotid sinus, aortic arch, pulmonary arteries 
and less frequently in other large arteries in the upper chest. Any increase in 
arterial blood pressure stimulate the baroreceptors, these will depress the 
activity of the vasomotor center that is followed by lowering the sympathetic 
tonus: resulting in peripheral vasodilatation lowering cardiac activity and 
normalization of blood pressure. An opposite effect could be achieved when 
there is an initial drop in blood pressure. 

o Chemoreceptors react to changes in pO2 of blood flowing towards the aortic 
and carotid bodies and they exert their action on blood pressure that ranges 
between 40-100 mmHg. When there is decrease in the blood flow there is a 
consequent drop in oxygen supply and a resulting conduction of activity to the 
vasomotor center will aim to return the pressure back to its original level. 

o Reaction of CNS to ischemia is a defensive mechanism against the extreme 
drop of blood pressure. This is about a mechanism that ensures an adequate 
blood flow to the brain. When the blood pressure drops down or the brain is 
badly perfused due to other reason, the vasomotor centrum suffers and starts 
to be exclusively active. It starts to send sympathetic vasoconstricting impulses 
to the vessels and cardiac accelerating impulses to the heart. This mechanism is 
activated only when the arterial blood pressure drops below 60 mmHg. 

The vasomotor center is mainly controlled by the hypothalamus, which posterolateral part 
increases the activity of the vasomotor center, the anterior part inhibits it. 

The central and peripheral sympathetic nervous systems regulate the cardiovascular 
function via adrenoreceptors. The mediator is noradrenaline, which is produced by the 
nerve endings. Sympathetic vasoconstricting agents (eg. psycho-emotional stress) stimulate 
the chromaffin system of the adrenals as well, that leads to the production of adrenaline and 
low amounts of noradrenaline. Adrenaline leads to an increment in the cardiac output, 
evokes tachycardia, and increases the systolic blood pressure. The total peripheral resistance 
is basically not changed. Noradrenaline increases the systolic and diastolic blood pressure 
by increasing the peripheral vascular resistance. Catecholamins lead to a decrement of the 
vascular blood flow through the kidneys, and hence a decrement of sodium and water 
excretion by the kidneys. There is also activation of the renin-angiotensin system. 

The renin-angiotensin system is composed of a multistep cascade of on each other 
dependent substances. The key substance and a limiting factor is the enzyme renin. This 
enzyme is produced in the juxtaglomerular apparatus of the kidneys. The renin-angiotensin 
system exists in other tissues too. This extrarenal system is subjected to an intensive study 
mainly in the vessels. 

Angiotensin II binds to the cellular membrane receptors and stimulates Ca2+ influx, but do 
not activate adenylcyclase. Angiotensin as well stimulates the biosynthesis and proliferation 
of smooth muscle. It causes constriction of the systemic arterioles (by its direct effect on the 
pre-capillary resistant vessels). During physiological conditions there is a dynamic 
equilibrium between the pressor and the depressor mechanism, this equilibrium keeps the 
blood pressure in the optimal range. (Arterial hypertension can be the consequence of the 
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disorder of the mentioned equilibrium being either due to the relative or the absolute excess 
of the pressing factors or the inadequacy of the depressing factors). 

Differing from the nervous regulatory mechanisms that can react within few seconds, other 
regulatory mechanisms need longer time for exerting their effect.  

1. Transcapillary shift of fluids (the flow of fluid out of the capillaries or into the 
capillaries): With blood pressure change there will be a change in the capillary pressure. 
When the arterial blood pressure drops down there will be a consequent drop of fluid 
filtration through the capillary membrane into the interstitial space and hence 
increasing the amount of circulating blood. Contraversly, in cases of increased blood 
pressure there will be fluid escape into the interstitial space. This mechanism reacts 
slowly.  

2. Mechanism of vascular adaptation: For example after a massive blood transfusion there 
will be an initial raise in blood pressure, yet after certain time – from 10 minutes to one 
hour - and due to vascular relaxation the blood pressure returns to normal range even 
though the blood volume increases by nearly 30% over the normal level. Contraversly 
after a massive bleeding this mechanism can lead to vasoconstriction enclosing the 
remaining blood volume and by this keeping normal haemodynamics. This mechanism 
has its restriction by which it can correct only changes ranging between +30% and -15% 
of the blood volume. 

Long lasting regulation of blood pressure is obtained mainly by the kidneys as an organ. 
Aldosterone limits water and salt loss. 

The renal mechanisms of sodium and water excretion have the greatest importance for long 
lasting regulation. With raising blood pressure there is a consequent raise of perfusion 
pressure in the kidneys and sodium and water excretion into urine. The raise in blood 
pressure that results from the raise of cardiac output (for e.g.: in cases of expansion of the 
body fluids) at normal renal function will evoke pressure diuresis and natriuresis and hence 
decrease in volume and blood pressure. In renal function disturbance e.g. in low blood flow 
through the kidneys, which results from the general drop of blood pressure, or from a loss 
of functional kidney parenchyma there will be sodium and water retention in the organism 
that will consequently lead to raise in the venous return, cardiac output, and blood pressure. 

There will be an establishment of a new state of equilibrium (high blood pressure, high 
peripheral resistance, normal cardiac output, and normal volume of body fluids) that 
characterizes most of the hypertension cases. This condition modifies the function of 
baroreceptors, sympaticoadrenergic mechanisms, renin-angiotensin system, 
mineralocorticoids and other factors. 

Blood pressure is a relative variable and a continuous physiologic value. The level of blood 
pressure deserves attention because it has been found that it almost directly increases the 
cardiovascular risk. As the increase is continuous, arbitrary values of arterial hypertension 
(hereinafter hypertension), at which we can consider the cardiovascular risk to be increased, 
have been assessed. These values are currently 90 mmHg for the diastolic and 140 mmHg 
for the systolic blood pressure. According to this criterion, approximately 25% of the world 
population suffers from hypertension. It seems that the risk of complications depends more 
on the increase in systolic pressure than diastolic pressure, and it is higher in some specific 
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groups, for example, in Afro-Americans. As opposed to the latter, a decrease in blood 
pressure in hypertensive patients markedly decreases the incidence of ischemic disease of 
the heart, heart failure, brain attack, and the incidence of lethal attacks. 

It is necessary to understand the regulation of blood pressure and especially the molecular 
pathways of its regulation, to be able to treat it. Despite our persistent struggle, we still do 
not know the details of many of its mechanisms. 

We are successful in assessing the etiology of hypertension only in 5%—15% of patients. 
Secondary hypertension most often develops on the basis of primary hyperaldosteronism, 
Cushing's syndrome, feochromocytoma, atherosclerotic narrowing of renal artery 
(renovascular hypertension) or other disorders. 

In 80%-95% of patients, the cause of hypertension is unknown. So far, the efforts to find the 
factor that is responsible for the origin of this 'essential hypertension' have failed. Individual 
physiological components as cariac output, volume of extracellular fluid, or plasmatic renin 
activity differs among patients, implying that essential hypertension is not a disease, but 
rather a syndrome that is common in several diseases based on variable etiology. The 
interconnection of difficult mechanisms regulating the blood pressure however leads to the 
fact that even if there is one factor primarily responsible for the origin of hypertension, 
others are responsible for its maintenance. It shows that environmental factors as stress, lack 
of exercise, smoking, alcohol, fat intake, and especially sodium intake in food have to find a 
sufficiently 'fertile' genetic substrate. 

4. Analytical view of blood pressure regulation and factors leading to 
hypertension 
The analytical view of any problem resides in the breakdown of the entire system right 
down to its individual parts. The latter can be further broken down until we achieve a 
simplification that can be easily understood. This approach is fully justified in the process of 
scientific research. However, it is necessary to note that after losing the associations of 
individual parts with the entire unit, this procedure can lead to a dead end. 

Etiology and pathogenesis of essential hypertension is only partially understood. Due to a 
large number of factors and pathogenic mechanisms that participate in the development and 
progression of hypertension its pathogenesis is rather complicated. The heterogenesity of 
the factors which lead to the eventual effect - increasing the systemic arterial blood pressure 
- is the cause of the fact that has not been unified yet. It seems that it is not even possible, 
because according to the newest information essential hypertension is a common name for 
regulatory disturbances of blood pressure, which might have various causes of development 
and therefore different pathogenic mechanism. Most of the theories which try to explain the 
pathogenesis do agree on that there is a disorder in blood pressure regulation (this 
disturbance may probably affect any parts of the regulating chain), that is due to some 
internal (endogenous) or external (exogenous) factors. 

The endogenic factors are multifactorial, including genetic ones. The exogenous factors are 
the realizators of the genetic propensity, and they include primarily a high salt intake, high 
energy provision and some psychogenic factors. 
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4.1 Genetic and familiar affects 

It is known, that hypertension usually affects more than one member of the family. The 
blood pressure, similarly as other quantitative constitutional signs, is to a certain limit 
similar in all members of the same family. 

The decisive factor yet is considered to be the inheritance of those factors that have some 
importance in the etiology and the pathogenesis of essential hypertension. It was proven 
that some biochemical and other markers, and even some reactions to different stimuli - that 
are present in people with essential hypertension - can be noticed also in still healthy 
normotensive members of hypertensive families: 

 There might be some genetically conditioned changes of the metabolism and the release 
of catecholamines. 

 Fast release of noradrenaline from the thrombocytes, can be one of the genetic markers 
(the place of noradrenaline storage are even the thrombocytes). 

 Low contents of kallicrein (a depressor factor) were found in some children of 
hypertensive families. 

 Apart from the discovered high systolic and diastolic blood pressure as well as the body 
weight in children of the hypertensive families, they also have a significantly low level 
of plasma aldosterone. 

 There is also a genetically based high sensitivity to Na+ expected in people with 
essential hypertension. 

 There might be a genetic factor that is expressed even due to stress (e.g. normotensive 
people react differently to various psychogenic stimuli by increasing the blood pressure 
and a long lasting increment of the blood pressure). 

 Meanwhile there is an intensive study about some enzyme transport systems, mainly 
for Na+, K+, Ca2+ (in the kidneys and the vascular wall, in erythrocytes, leukocytes, and 
lymphocytes). The genetic determinant of these transport abnormalities in patients 
suffering from essential hypertension was shown. 

The question of genetic markers is very important for the practical field - mainly for the 
future. As markers blood and serum groups are being studied before all. Meanwhile it is the 
HLA system and other systems that influence the immunity. For hypertension they are 
important only for its familiar predilection and also for prognosis of atherosclerosis 
development and its complications. The hereditary factors basically participate in the 
variability of the blood pressure and in the genesis of essential hypertension. The type of 
inheritance is most probably polygenic, additive and it further more interacts with exogenic 
factors. 

4.2 Factors of external environment 

SALT: The relation between salt and hypertension development has been known since the 
beginning of this century. Its role in the pathogenesis is based partly on many 
epidemiological studies (from different regions of the world), from which it was clear that 
the prevalence of hypertension is directly related to the amount of salt intake. And partly 
due to some clinical studies, that refer to that that lowering the blood pressure is parallel 
with decreasing the extracellular fluid that may be accomplished by diet containing 
markedly low quantities of salt or by continuous diuretic therapy. 
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Increasing the salt intake will result in increased volume of extracellular fluid. This fact 
results in a larger venous return to the heart, that will consequently cause an increase of the 
cardiac output and due to autoregulation peripheral vessel resistance will be secondarily 
increased. According to Guyton the peripheral tissues protect themselves in this way from 
high perfusion, if they are not functioning. Another possibility is a primary increase of the 
peripheral resistance. During an abnormally high sodium intake there will be an increase of 
sodium concentration in the muscle cells of the vascular wall that will consequently result in 
the retention of more Ca2+ ions leading to higher vascular wall sensitivity to 
vasoconstricting agents. 

According to the latest studies concerning the pathogenesis of essential hypertension the 
genetic defect of kidneys to excrete salt plays a very important role. Yet, the exact 
mechanism that results in increasing of the blood pressure is still not exactly understood or 
proven. One of the possible explanations that are accepted nowadays are the changes of the 
cation transport across the cellular membrane. To maintain a constant low Na+ 
concentration of Na+ intracellularly, the Na+ has to be expelled out across the cellular 
membrane using these active transport mechanisms: 

 Na+-K+ pump: actively expels Na+ extracellularly against the concentration 
gradient. The needed energy for this active process is supplied from the hydrolysis 
of ATP with the aid of the Na+, K+ dependent ATPase. The activity of the Na+-K+ 
ATPase is a measure of the sodium pump activity. From the quantitative point of 
view sodium pump is responsible for about 80 % of the active transport of sodium 
from the cell, the action of which is inhibited by ouabain or digoxin. 

 Na+-K+ cotransport mediates a simultaneous unidirectional transport of Na+, and 
K+ and may be also chlorides intra- or extracellularly. 

In physiological conditions these and other transport systems form an optimal electrolyte 
composition of the intracellular fluid. A disorder of these transport mechanisms can 
decrease the active transport of sodium from the cell. This means that during an unchanged 
passive intracellular transport the content of intracellular Na+ will rise. This rise of the 
intracellular Na+ concentration causes rise of the concentration of free intracellular Ca2+ as 
well (due to the fact that there is close relation between the intracellular Ca2+ concentration 
and a transmembrane Na+ gradient due to the presence of Ca2+-Na+ exchange mechanism. 
Even a slight rise of the intracellular sodium concentration leads to an increment of Ca2+ 
transport intracellularly.) 

These transport systems do exist even in the formed blood elements such as erythrocytes, 
leukocytes, and lymphocytes. This provides us with the chance to study the activity of those 
transport systems for Na+ also in human and not only in experimental animals. The activity 
of Na+-K+ ATPase was proven to be low in erythrocytes, leukocytes, and even lymphocytes 
of patients with essential hypertension. 

Low Na+-K+ ATPase activity is more prominent in patients with high or normo renin 
essential hypertension (according to the plasma renin activity we classify hypertension as: 
low-, normo-, and high renin hypertension). Upon increasing the volume of extracellular 
fluid and hence increasing the extracellular Na+ content the organism will compensate this 
by increasing the level of natriuretic substances, mainly, the atrial natriuretic peptide (ANP), 
which is formed in the cardiac atria and its function is realized in the kidneys where ANP 

 
Harmful or Helpful Hypertension – Pathophysiological Basis 

 

13 

increases the excretion of Na+ by increasing the glomerular filtration and inhibiting its 
tubular reabsorption. It also lowers the aldosterone production. An other of the natriuretic 
substances is a natriuretic hormone that inhibits Na+-K+ ATPase, which will consequently 
lead to a limited transport into cells or to expulsion of Na+ outside the cells, and hence to an 
increase of the intracellular Na+ content followed by an increase of intracellular Ca2+ content 
as well (as explained previously). It is not clear yet whether the natriuretic hormone and 
digitalis-like endogenous substances (digitalis-like compounds) are the same and the only 
Na+-K+ ATPase inhibitors. 

As a consequence of all above mentioned is that there might be a congenital primary defect 
of the transmembranous Na+ transport caused by a high level of humoral substance - that is 
supposed to be the natriuretic hormone. 

What is more important here is that during the mentioned exchange mechanisms 
intracellular Ca2+ concentration increases, which is then a trigger mechanism for muscular 
contraction of vessels. By this mechanism the increased Na+ concentration in the myocytes 
of the vascular wall could lead to an increased susceptibility for vasoconstriction stimuli, 
and by this to become an important pathogenic mechanism for the development of 
hypertension. 

Potassium (K+) There is a lot of evidence that a high K+ intake is protective against 
hypertension and maybe even against other hurtful effects of high sodium intake. High 
potassium intake results in drop of the blood pressure. (Individuals that consume mainly 
vegetarian food have low blood pressure). The combination of low Na+ intake and higher K+ 

intake is more effective than low Na+ intake alone. 

There are many possibilities of the hypotensive effect of potassium: 

1. It causes diuresis and hence lowers the plasma volume. 
2. In patients treated with K+ there is a drop in the body weight and there is a decrease of 

Na+ content in the organism. 
3. It inhibits the plasma renin activity. 
4. It can cause vasodilatation due to a direct effect on the arteriolar smooth muscle. 

Magnesium (Mg2+) It was found that adding Mg2+ (in the form of aspartate hydrochloride) 
increases the depressor effect of the diuretics. Any disturbance of Mg2+ metabolism may 
result in generalized muscular contraction and hence affecting the blood pressure. Mg2+ is 
a Na+-K+ ATPase activator and it is a Ca2+ antagonist. When the level of Mg2+ is low it 
causes an increase of the intracellular Ca2+ concentration and hence promotes 
vasoconstriction. 

Obesity practically all the epidemiological studies point to that there is a direct relationship 
between the level of the blood pressure and the body weight. This relationship concerns the 
primitive as well as the developed polulations, and also concerns both children and adults. 

To explain the relationship between obesity and blood pressure we noticed that obese 
people who expend more energy need as well a higher expenditure of salt per day. In obese 
people there might be hyperinsulinemia and as well as insulin resistance. Insulin enhances 
the retention of sodium in the kidneys. Too much eating is also accompanied by an increase 
of the sympathetic tonus and an increased noradrenaline turnover. 
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Psychoemotional stress In the interaction with other mechanisms the neurovegetative sys-
tem also takes part in the regulation of blood pressure. Also its function arises from the basic 
circulatory functions - in any case to ensure the supply of oxygenated blood under the 
required blood pressure to all organs and tissues according to their actual needs. 

The CNS reacts to exogenous stress factors (stressors of the outside environment) actually 
via a dual efferent stereotype which affects also the blood pressure: 

1. Activating the sympathetic system that leads to the release of catecholamines from the 
adrenal medulla and this is characterized by some known reactions. 
 fight (associated with vasodilatation in all limbs) 
 flight (vasodilatation only in lower limbs) 

2. Activating of the adenohypophysis and via the adrenocorticotropic hormone the 
stimulation of the adrenal cortex. 

In the initial phase of stress there will be an activation of antidiuretic hormone (ADH) that is 
formed in the hypothalamus. After its release from the neurohypophysis (where it is only 
stored) into the circulation, it acts on the distal and the collecting tubules of the kidneys. Its 
action lies in enhancing the reabsorption of water. Apart from this it shares the modulation 
of blood pressure. In the beginning of the stress situation and as a result of the peripheral 
vasoconstriction there will be a lowered renal perfusion that leads to the activation of the 
renin-angiotensin-aldosterone system. 

Aldosterone increases the volume of body fluids by the reabsorption of Na+ and hence 
water in the distal tubules. Angiotensin II is a pressor factor. It stimulates vasoconstriction 
via direct mechanism. It enhances the synthesis and the release of noradrenaline from the 
nerve endings and it also blocks its uptake by the nerve terminals. Apart from this it 
stimulates adrenaline and aldosterone release from the adrenals as well as the vasopressin 
from the neurohypophysis, what will consequently lead into an increased vascular 
susceptibility to vasoconstricting agents. 

Along with the stimulation of the sympathetic nervous system and the adrenal medulla, 
there will also be release of hormones of the anterior lobe of the pituitary 
(adenohypophysis), from which the most important one in stressful situations is the 
adrenocorticotropic hormone (ACTH). 

The accepted fact meanwhile is that high blood pressure is associated with certain 
personality characters as well as with certain type of occupation. From this point of view 
there are some interesting studies that classify people according to their behavior and re-
activity into two types: type A and type B. Type A people - who are predisposed to 
hypertension are characterized by high agility, ambition, psychological instability that might 
turn into aggressive and impulsive behaviour, the person is despotic and egocentric. People 
of type B are characterized as phlegmatic, psychologically stable, with no personal am-
bitions. 

From the mechanistic point of view, blood pressure is proportionate to the cardiac output 
and peripheral resistance. Therefore, all factors involved in the development or maintenance 
of hypertension must be associated with changes in one or both of these two physiological 
values. 
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In a majority of patients with incipient essential hypertension, there is an increase in cardiac 
output, whereas the peripheral resistance and the extracellular fluid volume stay normal. 
Later, as blood pressure increases, the cardiac output decreases again to physiological or 
mildly increased values just as well as the volume of extracellular fluid (with the exception 
of the disorder in renin-angiotensin-aldosterone system), whereas the peripheral resistance 
increases. In advanced stages of the disease as a result of the damage incurred to target 
organs, the glomerular filtration decreases (the extracellular volume increases), and the 
perfusion of the brain and coronary vessels also decreases. In this phase, the maintenance of 
high blood pressure is inevitable in order to procure sufficient perfusion of brain and 
kidneys (to maintain the glomerular filtration at a decreased filtration surface). 
Hypertrophic heart muscle without the respective growth in coronary perfusion, however, 
is not able to provide sufficient perfusion pressure against the increased vascular resistance. 
The activation of renin-aldosterone system and the retention of fluids theoretically improve 
this state, yet eventually they bring about further fixation and progression of hypertension. 
As a result of progressive damage to nephrons, a decrease in glomerular filtration takes 
place in advanced stages of the disease and further contributes to the retention of sodium 
and extracellular fluid. 

Consequent comprehension of the pathomechanism of hypertension needs to take into 
account all the possible disorders in regulation of individual physiological components, 
determining the development and maintenance of increased blood pressure, cardiac output, 
and peripheral resistance. 

5. Factors determining the peripheral resistance and its role in blood 
pressure regulation 
Haemodynamic changes in essential hypertension   

During the initial stage of the essential hypertension the cardiac output is increased and 
tachycardia is present. The causes and the mechanism of an increased cardiac output in 
hypertensive patients with the initial stage of essential hypertension are due to an increased 
sympathetico-adrenal activity. It acts directly on the heart and the vascular structure, where 
there is an increased tension of the vascular wall in the resistant and the capacitive (venous) 
field. Narrowing the venous field will increase the preload and could be the primary cause 
of increased cardiac output. 

But more marked haemodynamic changes can be seen in people with essential hypertension 
during physical activity. During the early stages of hypertension there will already be a 
drop in cardiac output due to the drop of systolic output. However, the resistance of arteries 
increases. In the late stages the signs of hypokinetic situation due to the subnormal systole 
become even more prominent. 

In patients with long lasting hypertension high blood pressure is the result of high 
peripheral resistance in case of low functioning myocardium, or a marked cardiac 
insufficiency. The first change occurring in the vessels can be functional vasoconstriction or 
some structural changes in the vascular wall. 

During vasoconstriction that is caused by high sympathetic tonus, concentration of Na+, 
Ca2+ and water content in the vascular wall also increase. Later on there will be some 
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structural changes in the wall of the vessels: Thickening of the wall due to the hypertrophy 
of the media and hyperplasia of the collagen fibers. That is the cause of the changes in the 
relation between the thickness of the vascular wall and its lumen. Narrowing of the lumen 
alone can increase peripheral resistance. In patients with developed hypertension the high 
peripheral resistance is caused by vasoconstriction and by structural changes in vascular 
walls. 

The arteriolar vasoconstriction and the vascular resistance do not occur in all organs equally 
in essential hypertension. The most affected are the vessels of the skin and kidneys, whereas 
the skeletal muscles are perfused normally. 

Peripheral resistance is determined especially by the lumen of resistant arterioles, and to a 
lesser extent, by the lumen of medium and large arteries. These can be changed either by 
active contraction of smooth muscles, or passively by remodeling. Both mechanisms are 
influenced by hemodynamic load and neurohumoral regulation (balance between 
vasoconstrictors and vasodilators), as well as by concentrations of sodium and potassium 
ions. 

Further, it is necessary to note that on one hand the vascular bed perfusion is directly 
proportional to pressure difference; on the other hand however, it is inversely proportional 
to peripheral vascular resistance. In other words, the increased blood pressure under the 
condition of increased peripheral resistance does not necessarily have to improve the 
perfusion. On the contrary, increased peripheral resistance means that in order to maintain 
the same perfusion, it is necessary to increase the systemic pressure; thus greater cardiac 
work is needed. If the increase in blood pressure is inappropriate in relation to the increase 
in vascular resistance, then the microcirculation can even deteriorate by forming a further 
requirement to increase the blood pressure. In this way a vicious circle develops, leading to 
further fixation and progression of hypertension. 

6. The role of microcirculation 
A great problem resides in microcirculation. The perfusion of blood via capillary bed is 
regulated by physical laws. We can quantify neither the details of myogenic tonus of 
arterioles, nor the transmural pressure within capillaries [5-7]. 

It is very probable that the capillary bed functions as a modular system. The blood does not 
flow instantly through all capillaries. The fluctuation of perfusion and nonperfusion forms a 
complex system that has not yet been investigated. The diameter of capillaries ranges from 4 
to 12 μm; erythrocytes achieve the diameter of 7.2 μm. This fact implies that the perfusion of 
blood through capillaries has no analogy in the flow of water through an elastic system. 
Probably it would be very illusory to imagine that in the capillarized organism, the 
processes of filtration and reabsorption take place very near each other, and at the same 
time. The argument can be seen in the structure of kidneys. The arterial end of capillary with 
filtration is represented by capillaries within glomeruli and the venous end of capillaries is 
represented by peritubular capillaries. 

When imagining the modular system of microcirculation the filtration takes place, with 
subsequent reabsorption in the same capillaries. The exchange of filtration and reabsorption 
is probably a complex system, the changes of which compel the inflow of blood to take place 
under higher pressure. 
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The increased heart rate represents another problem. The pulse waves crash into one 
another, possibly resulting in decreased perfusion. Each increase in heart rate causes an 
increase in the filling of the system; however not an increase in microcirculation via 
capillaries. In adrenergic situations, the increase in blood pressure with no increase in heart 
rate would be more advantageous for the organism. The entire process is however a matter 
of the complex system of regulation and participation of the sympathetic nerves, enabling 
the circulation to adapt to various stimuli. 

7. Pathophysiologic outcome for the possible therapeutic benefit 
The vessels supplying the tissues with blood and thus with oxygen can be regarded as an 
elastic system that is submerged within the elastic environment (e.g. myocardium). Two 
elastic systems are involved. A change in pressure within the tissue surrounding the 
vascular bed influences the blood perfusion [8, 9]. The impact of pressure on vessels and 
perfusion is in close relation to their diameter. An increase in outer pressure decreases the 
perfusion within arterioles and shifts the blood into the capillary bed [8]. It is very probable 
that Hook's law can also be applied in this situation. Despite the great progress achieved in 
medicine, and two centuries of investigation, the exchange of substances on the capillary 
level remains a problem for both physiologists and philosophers [10]. 

In their biomechanic studies, Wang et al. [11] applied the Hook's law to intravascular blood 
circulation. A decrease in compliance and elasticity (increased rigidity, or increased 
pressure) within the surrounding tissue can decrease the blood perfusion even in an entirely 
intact vascular bed. Current clinical studies as well as experimental investigations are 
focused on the vascular system, especially its distributing part. These measurements 
provide many valuable parameters. The changes in structures and tissues surrounding the 
capillary bed however still elude our understanding. We lack precise parameters and have 
only a mosaic notion of them. We can only assume that within these tissues plasticity and 
elasticity decrease with age. 

Animal experiments prove our conception of the possible impact that changes occurring 
within the perivascular tissue pressure have on blood perfusion [12]. The latter authors 
however admit that in large vessels also the tunnel-in-gel concept is justified. In compliance 
with this conception, a change in elastic properties of tissues, namely a decrease in their 
elasticity decreases the blood perfusion within these tissues. This notion is in accord with 
experimental measurements of Golub et al. [13]. By using a special technique of phosphor-
escence quenching microscopy they found that the decrease in partial oxygen pressure in 
the course of arterioles is negligible. They found that there is a measurable difference 
between partial oxygen pressure present in small arterioles and that in venules. By means of 
the latter technique, they discovered local differences in tissue pO2 and the dependence of 
O2 consumption on local pressure changes. Wilson et al. [14] used this technique to measure 
the partial oxygen pressure and stated a hypothesis that the capillary wall had no impact on 
the diffusion of oxygen from plasma into pericellular space. 

It is generally known that electrophysiological measurements of intracellular and 
pericellular values of oxygen pressure range from 0 mmHg to 5 mmHg, and within the 
mixed venous blood it ranges between 30 mmHg and 40 mmHg. The normal function of 
both isolated cells and cells within tissues requires pressure exceeding 2 mmHg [15]. The 
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most significant moment appears to be the difference between vascular and intracellular 
values of oxygen pressure. We assume that a decrease in diastolic pressure can bring about a 
decrease in intracellular and pericelluar values of oxygen pressure. The mechanisms of 
processing this information within the body are still not known. A decrease in pericellular 
and intracellular oxygen can be a consequence of decreased diastolic and hydrostatic 
pressure (Fig. 1). This phenomenon is facilitated by the fact that pericellular and 
intracellular values of oxygen pressure are already under very low physiological conditions. 
This conception can possibly be an acceptable explanation of adverse effects that appear as a 
consequence of therapeutic decrease of blood pressure down to the level of 70 mmHg or 
lower [16, 17, 18]. 

 
Fig. 1. Probable changes of oxygen pressure caused by decreased diastolic pressure. 

8. Conclusions 
Essential hypertension is a consequence of complex multifactorial disorders. In some cases it 
can be the mutation of one gene in a large population. Most probably essential hypertension 
is a result of a combination of mutations and polymorphisms of some genes influencing the 
blood pressure in interaction with various environmental factors.  

Most probably, even in the future it will still not be possible to assess all polymorphisms 
and altered molecular mechanisms responsible for the origin of hypertension. However, a 
more detailed knowledge about the molecular pathways involved in blood pressure 
regulation would most probably help us to understand the development of hypertension in 
more details. We assume that the origin of hypertension can be inevitable to ensure 
sufficient oxygen delivery under higher pressure because it is necessary due to the 
hypertension-induced alteration in the structure of microcirculation. On the contrary, a 
therapeutic decrease in blood pressure can deteriorate tissues oxygenation at least, for a 
particular time until a new balance is formed and until new remodeling takes place (Fig. 2).  
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Fig. 2. J-curve as a possible consequence of insufficient tissues oxygenation. 

9. Learning points 
 The cells can be the hidden motor forcing the organism to fulfill the cellular needs. In 

this view blood pressure is not only a part of a functioning circulation. 
 The optimization of osmotic and pressure factors can be achieved in various ways. 

These mechanisms can very effectively manage new situations in each cell, preferably in 
selected cells. The long-lasting activation of these mechanisms may lead to their fixation 
enabling the pressure to serve as a tool for increasing natriuresis at general load. 

 Essential hypertension is a consequence of complex multifactorial disorders. Most 
probably, essential hypertension is a result of a combination of mutations and 
polymorphisms of some genes influencing the blood pressure in interaction with 
various environmental factors. 

 We assume that the origin of hypertension can be essential to ensure sufficient oxygen 
delivery under higher pressure because it is necessary due to hypertension-induced 
alteration in the structure of microcirculation.  

 Therapeutic decrease in blood pressure can deteriorate tissue oxygenation, at least for a 
particular time until a new balance is formed and until new remodeling takes place. 
Does the decrease in pressure procure optimal oxygenation of brain in hypertensive 
patients? 

 It is an established fact that about hypertension has accumulated a lot of information. 
Hypertension can be treated successfully. Drug therapy reaches approximately 
physiological blood pressure. Hypertonic patients with approximately normal blood 
pressure in spite of this fact die due to hypertension. Successfully treated patients 



 
Genetics and Pathophysiology of Essential Hypertension 

 

18

most significant moment appears to be the difference between vascular and intracellular 
values of oxygen pressure. We assume that a decrease in diastolic pressure can bring about a 
decrease in intracellular and pericelluar values of oxygen pressure. The mechanisms of 
processing this information within the body are still not known. A decrease in pericellular 
and intracellular oxygen can be a consequence of decreased diastolic and hydrostatic 
pressure (Fig. 1). This phenomenon is facilitated by the fact that pericellular and 
intracellular values of oxygen pressure are already under very low physiological conditions. 
This conception can possibly be an acceptable explanation of adverse effects that appear as a 
consequence of therapeutic decrease of blood pressure down to the level of 70 mmHg or 
lower [16, 17, 18]. 

 
Fig. 1. Probable changes of oxygen pressure caused by decreased diastolic pressure. 

8. Conclusions 
Essential hypertension is a consequence of complex multifactorial disorders. In some cases it 
can be the mutation of one gene in a large population. Most probably essential hypertension 
is a result of a combination of mutations and polymorphisms of some genes influencing the 
blood pressure in interaction with various environmental factors.  

Most probably, even in the future it will still not be possible to assess all polymorphisms 
and altered molecular mechanisms responsible for the origin of hypertension. However, a 
more detailed knowledge about the molecular pathways involved in blood pressure 
regulation would most probably help us to understand the development of hypertension in 
more details. We assume that the origin of hypertension can be inevitable to ensure 
sufficient oxygen delivery under higher pressure because it is necessary due to the 
hypertension-induced alteration in the structure of microcirculation. On the contrary, a 
therapeutic decrease in blood pressure can deteriorate tissues oxygenation at least, for a 
particular time until a new balance is formed and until new remodeling takes place (Fig. 2).  

 
Harmful or Helpful Hypertension – Pathophysiological Basis 

 

19 

 
Fig. 2. J-curve as a possible consequence of insufficient tissues oxygenation. 

9. Learning points 
 The cells can be the hidden motor forcing the organism to fulfill the cellular needs. In 

this view blood pressure is not only a part of a functioning circulation. 
 The optimization of osmotic and pressure factors can be achieved in various ways. 

These mechanisms can very effectively manage new situations in each cell, preferably in 
selected cells. The long-lasting activation of these mechanisms may lead to their fixation 
enabling the pressure to serve as a tool for increasing natriuresis at general load. 

 Essential hypertension is a consequence of complex multifactorial disorders. Most 
probably, essential hypertension is a result of a combination of mutations and 
polymorphisms of some genes influencing the blood pressure in interaction with 
various environmental factors. 

 We assume that the origin of hypertension can be essential to ensure sufficient oxygen 
delivery under higher pressure because it is necessary due to hypertension-induced 
alteration in the structure of microcirculation.  

 Therapeutic decrease in blood pressure can deteriorate tissue oxygenation, at least for a 
particular time until a new balance is formed and until new remodeling takes place. 
Does the decrease in pressure procure optimal oxygenation of brain in hypertensive 
patients? 

 It is an established fact that about hypertension has accumulated a lot of information. 
Hypertension can be treated successfully. Drug therapy reaches approximately 
physiological blood pressure. Hypertonic patients with approximately normal blood 
pressure in spite of this fact die due to hypertension. Successfully treated patients 



 
Genetics and Pathophysiology of Essential Hypertension 

 

20

compared with untreated live a little longer. But they die on the same consequences as 
untreated patients with hypertension. 
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1. Introduction 

Epidemiological data suggests that hypertension remains a major modifiable risk factor for 
cardiovascular disease  in Western countries. The prevalence of the disease among adults in 
Slovenia aged 25–64 years is between 40–50% (CINDI, 2006). The early detection and 
severity of typical target organ damage and secondary diseases are key determinants of 
cardiovascular prognosis in patients suffering from arterial hypertension (Mancia et al., 
2009). The classic manifestations of hypertensive target organ damage include: damage in 
the conduit arteries (atherosclerosis), kidney (nephrosclerosis) and heart (left ventricular 
hypertrophy, diastolic dysfunction, reduction of coronary reserve). The recommendations of 
medical societies specializing in hypertension do not base risk stratification solely on blood 
pressure (BP), but rather take into account concomitant cardiovascular diseases as well 
(Mancia et al., 2009). Early detection and adequate management of hypertensive target 
organ damage can slow or prevent damage, or even allow disease regression where organ 
damage is still at reversible stage. Therefore, the diagnosis of hypertensive target organ 
damage is of decisive importance. The purpose of this review is to summarize current and 
emerging approaches to the pathophysiology, early detection and treatment of hypertensive 
disease. 

2. Etiopathogenesis of essential hypertension 

In spite of intensive investigation, etiology of essential hypertension (EH), which accounts 
for 90-95% of all cases of arterial hypertension remains poorly understood. Heredity is a 
predisposing factor (Sagnella & Swift, 2006), but environmental factors (e.g., dietary Na+, 
obesity, sedentary lifestyle, stress, alcohol intake) seem to increase the risk of developing 
hypertension (Kyrou et al., 2006; Lackland & Egan, 2007).  

Pathogenesis is also not known. Because BP equals cardiac output (CO) × total peripheral 
vascular resistance (TPR), pathogenic mechanisms must involve increased CO, increased 
TPR, or both. Many theories have been proposed to explain this equation; the 
microcirculation theory is the most attractive among them. In accordance with this theory 
the primary defect involves small resistance vessels, leading to increased TPR and sustained 
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elevated BP. Several basic studies support this theory as functional and morphological 
abnormalities in the microcirculation may appear very early in evolving EH. Functional 
changes (endothelial dysfunction) could be the first event; later on, morphological changes 
of the vasculature ensue. The latter include increased media/lumen ratio due to 
hypertrophy and/or hyperplasia of myocytes in the vessel wall and decreased density 
(rarefaction) of blood vessels on biopsy (Mark, 1984; Schiffrin, 1992; Sivertsson et al., 1979; 
Takeshita & Allyn, 1980). Plethysmographic studies suggest that TPR is increased even in 
normotensive young men with a familial predisposition to hypertension (Takeshita et al., 
1982). 

Endothelial cells (EC) have a pivotal role in the maintenance of the basal tone and 
modulation of TPR. In the endothelium releases several biologically active substances, 
which maintain the homeostasis between circulating blood and arterial wall via autocrine 
and paracrine mechanisms. Vasoconstricting factors (endothelin-1, thromboxane A2, 
angiotensin II) on one side and vasorelaxing factors (prostacyclin, nitric oxide /NO/) on the 
other are secreted by EC (Lüscher, 1994; Vane et al., 1990) (Figure 1.). In their pioneer work 
Furchgott and Zawadzki 1980 reported that EC stimulated by a neurotransmitter 
(acetylcholine) can evoke vasodilation (Furchgott & Zawadzki, 1980). The mediator of these 
responses is a diffusible substance with a half-life of few seconds, the so-called endothelium 
derived relaxing factor – EDRF, which is chemically identical to NO and is continuously 
secreted upon shear stress forces (produced by blood flow) from EC (Hutchinson & Palmer, 
1987; Ignarro et al., 1987). Basal generation of NO keeps arterial circulation in an actively 
dilated state (Schiffrin, 1992). The intracellular mechanism by which NO causes dilation in 
vascular smooth muscle cells involves formation of cyclic 3’,5’-guanosine monophosphate 
(cGMP) via the enzyme soluble guanylyl cyclase, intracellular Ca++-ion depletion and 
consequently relaxation of myocytes (endothelium-dependent dilation) (Palmer et al., 1987; 
Rubany et al., 1986; Wennmalm, 1994). Indeed, many experimental studies have shown that 
NO could contribute to TPR and to modulation of BP (Persson et al., 1990; Rees et al., 1989; 
Vallance et al., 1989). In addition, NO appears to be an endogenous inhibitor of 
norepinephrine in animal studies and thus a modulator of the sympathetic nerve system, a 
mechanism which could also be involved in the pathogenesis of EH (Cohen & Weisbrod, 
1988; Greenberg et al., 1990).  

3. Target organ damage 
3.1 Vascular abnormalities (endothelial dysfunction) in EH 

Recently, works related to the association between EH and sustained endothelial damage 
has gained popularity among hypertension scientists. It remains unclear however whether 
endothelial changes precede the development of hypertension or whether such changes are 
mainly due to long standing elevated BP.  

The term endothelial dysfunction describes several pathological conditions, including 
altered anticoagulant and anti-inflammatory properties in the endothelium, impaired 
modulation of vascular growth, and deregulation of vascular remodeling, decreased 
production of NO and unbalanced production of other different vasoactive substances 
(endothelin-1, thromboxane A2, and angiotensin II) (Moncada et al., 1991). In the literature  
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Fig. 1. Endothelium derived vasoactive substances. The endothelium is a source of relaxing 
(right) and contracting factors (left). AT1, angiotensin receptor; A II, angiotensin II; ACE, 
angiotensin-converting enzyme; Ach, acetylcholine; ADP, adenosine diphosphate; BK, 
bradykinin; cAMP/cGMP, cyclic adenosine/guanosine monophosphate; 5-HT, 5-
hydroxytryptamine (serotonin); ET-1, endothelin-1; L-arg, L-arginine; NO, nitric oxide; NO2–

/NO3–, nitrite/nitrate; O2–, superoxide radical; PGI2, prostacyclin; TGFβ1, transforming 
growth factor β1; Thr, thrombin; TXA2, thromboxane A2; Circles represent receptors; 
Modified from Lüscher, 1994. 

however, the term specifically refers to an impairment of endothelium-dependent 
vasodilation caused by decreased NO bioavailability in the vessel wall (Poredoš, 2002). 
Endothelial dysfunction has been demonstrated in subjects with different risk factors for 
atherosclerosis including arterial hypertension, and in coronary atherosclerotic disease 
(Egashira et al., 1995; Zeiher et al., 1993). We shall now focus on evidences which indicate 
that endothelial dysfunction is a characteristic finding in patients with EH (Taddei & 
Salvetti, 2002).  

Under basal conditions, whole-body NO bioavailability is diminished in hypertension 
(Moncada et al., 1991). With few exceptions (Cockcroft et al., 1994), hypertensive patients 
have shown to have impaired endothelium-dependent vasodilative response of the 
peripheral resistance arteries (usually measured by forearm blood flow using venous 
occlusion plethysmography) to NO stimulants (acetylcholine) (Panza et al., 1993; Panza et 
al., 1990; Taddei et al., 1993), but not to endothelium-independent vasodilators such as 
nitroprusside (Panza et al., 1993). Using B-mode ultrasound the impairment of dilation 
capability of systemic conduit arteries during reactive hyperemia was demonstrated, as was 
reduced vasodilative response to acetylcholine in coronary vessels of patients with EH 
(Treasure et al., 1993; Zeiher et al., 1993; Žižek et al., 2001a; Žižek & Poredoš 2001b). Authors 
postulate that EH like other risk factors for atherosclerosis (hypercholesterolemia, diabetes 
and smoking) damage and change the function of EC (Drexler et al., 1991; Zeiher et al., 
1991). The evidence for a role of defective NO-mediated vasodilation in the etiopathogenesis 
of arterial hypertension has been further strengthened by its recognition in still 
normotensive children of hypertensive parents (Žižek et al., 2001a, Žižek & Poredoš, 2001b). 
As impaired endothelium-dependent vasodilation precedes and predicts the future 
development of hypertension, one could reasonably speculate that endothelial dysfunction 
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atherosclerosis including arterial hypertension, and in coronary atherosclerotic disease 
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As impaired endothelium-dependent vasodilation precedes and predicts the future 
development of hypertension, one could reasonably speculate that endothelial dysfunction 



 
Genetics and Pathophysiology of Essential Hypertension 

 

24

is causally related to EH (Rossi et al., 2004). Moreover, it seems that endothelial dysfunction 
is partly inherited but deteriorates further in evolving hypertension – thus suggesting that 
endothelial dysfunction in established hypertension could be the cause and the consequence 
of hypertensive disease (Calver et al., 1992; Žižek et al., 2001a).  

There are relatively few data, albeit controversial, on mechanisms leading to decreased 
production of NO in EH. The majority of investigators attach weight to inherited or 
acquired decreased activity of a key enzyme, NO synthase (Bogle et al., 1995; Mehta et al., 
1994). Recent reports have shown that reduced NO bioactivity may be linked to increased 
circulating level of the endogenous NO synthase inhibitor, asymmetric dimethyl L-arginine 
(Achan et al., 2003). In sustained EH decreased vasodilation was explained by a deficiency 
of L-arginine, the precursor of NO (Panza et al., 1993), inactivation of NO due to free 
radicals formation (Mechta et al., 1994), impeding diffusion to smooth muscle cells (Van de 
Voorde & Leusen, 1986), blunted response of the smooth muscle to pharmacological and 
physiological stimuli (Robinson et al., 1982), and increased production of vasoconstricting 
factors (endothelin-1, angiotensin II) (Lüscher, 1994). 

In addition to NO, prostacyclin (PGI2) is released by EC in response to shear stress, hypoxia 
and to several substances (acetylcholine, substance P, serotonin) which are also released by 
NO (Figure 1.). PGI2 is synthesized by cyclo-oxygenase from arachidonic acid (Vane et al., 
1990). Prostacyclin increases cyclic 3’,5’-adenosine monophosphate (cAMP) in smooth 
muscle cells and platelets. Its platelet inhibitory effects are probably more important than its 
contribution to endothelium-dependent relaxation (Vane et al., 1990). The synergistic effect 
of both PGI2 and NO enhances the antiplatelet and anticoagulant activity of the EC (Pearson 
& Wheeler-Yones 1997; Yang et al., 1994). 

The family of endothelins consists of three closely related peptides: endothelin-1 (ET-1), 
endothelin-2, and endothelin-3 (Figure 1.). EC produce exclusively endothelin-1, which is 
the strongest vasoconstricting factor (Rossi et al., 1999). The release of the peptide is 
modulated by shear stress, epinephrine, angiotensin II, thrombin, inflammatory cytokines 
(tumor necrosis factor-, interleukin-1, -2) and hypoxia (Moncada et al., 1991). There are 
well known interactions between ET-1 and other vasoactive substances. After inhibition of 
the endothelial L-arginine pathway, thrombin and angiotensin II induced ET-1 production is 
augmented (Moncada et al., 1991). ET-1 can release NO and PGI2 from EC, which as a 
negative feedback mechanism reduces peptide production in endothelium and its 
vasoconstrictor action in smooth muscle (Moncada et al., 1991; Rossi et al., 1999). Infusion of 
an ET-1 receptor antagonist in healthy humans leads to vasodilation, indicating a role of ET-
1 in the maintenance of basal vascular tone (Haynes et al., 1996). In some severe 
hypertensive patients ET-1 gene expression and vascular hypertrophy in small resistance 
arteries were reported (Schiffrin et al., 1997). 

Oxidative stress plays an important role in the development of endothelium injury found in 
EH. It is defined as imbalance between production of reactive oxygen species (ROS) and 
antioxidants that neutralize them (Landmesser & Drexler, 2007; Spieker et al., 2000). 
Formation of ROS, resulting in scavenging of NO and reduced NO bioavailability, has been 
suggested as a hallmark of endothelial dysfunction and a pathogenetic mechanism in several 
cardiovascular diseases, including hypertension (Figure 1.) (Schulz et al., 2011). Indeed, 
increased production of ROS has been observed in human hypertension (Higashi et al., 2002; 
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Redon et al., 2003) as well as evidenced in animal models, such as in angiotensin II 
(Landmesser et al., 2002) or in genetically defined hypertension (Nishiyama et al., 2004). 

Increased production of vascular ROS, especially superoxide anion (O2–) contributes 
significantly to functional and morphological alterations in hypertension (Touyz et al., 2004). 
Exaggerated superoxide production and low NO bioavailability lead to endothelial 
dysfunction and hypertrophy of vascular cells promoting atherosclerosis (Figure 1.). It has 
been reported that the enzyme NAD(P)H oxydase plays a major role as the most important 

source of superoxide anion in vascular cells (Zalba et al., 2001). Experimental observations 
indicated an enhanced superoxide generation as a result of the activation of vascular 
NAD(P)H oxydase in hypertension (Griendling et al., 2000). During pulsatile stretch of the 
arterial wall expression of the enzyme is increased, thus enabling a positive feedback 
mechanism between oxidative stress and hypertension (Hishikawa et al., 1997). Although 
NAD(P)H oxydase responds to stimuli such as vasoactive factors, growth factors, and 
cytokines, some recent data suggest a genetic background modulating its expression 
(Landmesser & Drexler, 2007). Oxidative excess is also linked to a pro-inflammatory state of 
the vessel wall. Adhesion and chemotactic molecules upregulated by ROS seem to play a 
key pathophysiological role in the process of atherogenesis (Touyz, 2004). In particular, 
increased O2– production is associated with NO bioinactivation, which influences afferent 
arteriolar tone, tubuloglomerular feedback responses, and sodium reabsorption – all of 
which is paramount in long-term BP regulation (Wilcox, 2002). Moreover, ROS are known to 
quench NO with formation of peroxynitrite, which is a cytotoxic oxidant. Peroxynitrite leads 
to degradation of NO synthase cofactor of tetrahydrobiopterin leading to uncoupling of 
endothelium NO synthase in hypertension and secretion of ROS rather than NO 
(Landmesser et al., 2003). 

The best known regulator of BP and determinant of target organ damage in hypertension is 
the renin-angiotensin-aldosterone system (RAAS). The basic scheme of function has been 
known for a long time; however, recent evidence shows that apart from circulating RAAS, 
tissue RAAS also exists and may well be of greater importance (Hsueh & Wyne, 2011). 
Tissue RAAS is most important in the vessel wall, the heart and the kidney. Constituents of 
RAAS could enter the endothelium or could originate from it (Hsueh & Wyne, 2011). The 
role of angiotensin II in neurohumoral modulation is very well investigated. Angiotensin II 
modifies the vascular tone either directly by activation angiotensin 1 (AT1) receptors in 
vessel wall myocytes or indirectly by stimulation of norepinephrine secretion from the nerve 
endings (Kim & Iwao, 2000; Williams, 2001). Although acute hemodynamic effects of 
angiotensin II are useful, its chronic elevation could have deleterious non-hemodynamic 
consequences. Angiotensin II can cause endothelial dysfunction, vascular stiffness and 
accelerated atherogenesis independently from BP (Williams, 2001). It is proposed that in the 
condition of low plasma renin level for its non-hemodynamic effects an increased 
expression of AT1 receptors could play a role (Figure 1.). Namely, in hypertension 
expression is increased due to pulsatile stretch of arterial wall leading to increased local 
effects of AT1 receptors. This inaugurates increased angiotensin II effects and other 
constituents of RAAS, especially aldosterone (Kim & Iwao, 2000; McMahon, 2001). Harmful 
effects of the latter extend from endothelial dysfunction, fibrosis and inflammation of 
arterial wall to systemic electrolytes and hemodynamic imbalance (Brasier et al., 2002; 
Duprez, 2006). In particular, convincing evidence exist that overactivation of RAAS, or at 
least part of it, may induce ET-1 production and increase angiotensin-converting enzyme 
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(ACE) activity, which splits bradykinin, an important endothelium-derived relaxing factor 
(Watanabe et al., 2005). Angiotensin II has been shown to increase secretion of vascular 
NAD(P)H oxydase and formation of ROS (Hitomi et al., 2007). Indeed, increased production 
of ROS has been observed in human hypertension (Higashi et al., 2002; Redon et al., 2003). 

Endothelial dysfunction is the earliest measurable disturbance in arterial wall function, 
which could be measured in vivo. Early detection of endothelial dysfunction in EH can be 
achieved by the abovementioned methods – namely, measurement of hemodynamic 
changes by ultrasound, measurement of hemodynamic changes by occlusive 
plethysmography, and measurement of circulating markers of defective EC function (ET-1, 
adhesion molecules, tumor necrosis factor–TNF-, von Willebrand’s factor, plasminogen 
activator inhibitor-1, asymmetric dimethyl L-arginine) (Achan et al., 2003; Devaraj et al., 
2003; Treasure et al., 1993; Yang et al., 2010; Žižek et al., 2001a). Detailed description of these 
methods exceeds the purpose of this paper. 

Endothelial dysfunction could be improved or even restored with preventive measures. 
Different studies showed that elimination or management of risk factors (for example 
treating hypercholesterolemia with statins) results in improvement of endothelial 
dysfunction (Wassmann et al., 2001). Considerably less interventional data, albeit 
controversial, are available concerning treatment of EH and endothelial dysfunction of the 
large conduit arteries. Studies on animal models and in humans have shown that 
normalization of BP can restore impaired endothelium-dependent vascular responses 
(Iwatsubo et al., 1997; Lüscher & Vanhoutte, 1987). Conversely, another group of 
investigators failed to show normalization of endothelial dysfunction in conduit arteries 
treated with the same drug (ACE inhibitor) (Eržen et al., 2006). Thus, several questions still 
remain unanswered – it is not clear whether endothelial dysfunction can be completely 
normalized, whether normalization of endothelial function is related to adequacy of 
antihypertensive treatment, and whether antihypertensive drugs importantly differ in their 
ability to improve endothelial dysfunction. In this regard, ACE inhibitors seem to be the 
most appropriate class of antihypertonic agents (Virdis & Ghiadoni, 2011). Endothelial 
dysfunction could also be improved by substances with protective function on endothelium 
such as L-arginine, low-cholesterol diet, exercise and antioxidants (vitamin C) (Kabat & 
Dhein, 2006). Significance of the measures taken in the improvement of endothelial function 
is of greater importance when we consider the results from studies showing that 
cardiovascular morbidity and mortality very much depends on the severity of endothelium 
dysfunction (Kitta et al., 2005). 

3.2 Morphological changes of the large arteries – atherosclerosis 

EH is an important risk factor for atherosclerosis. As the cellular and molecular pathogenetic 
mechanisms of atherosclerosis and the effects of hypertension are being more clearly 
defined, it becomes apparent that the two processes have certain common mechanisms. The 
endothelium is a likely source of interaction between both diseases. NO acts as a vasodilator 
and inhibits platelet adherence and aggregation, smooth muscle proliferation, and 
endothelial cell-leukocyte interaction. Furthermore, a decrease in NO activity may 
contribute importantly to the initiation and progression of atherosclerotic lesions. It is 
proposed that several interrelated cellular and molecular processes such as inflammation 
are a likely consequence of mechanical and chemical damage of the endothelium by 
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different risk factors, including hypertension (Badimon & Fuster, 1993; Bondjers et al., 1991; 
Fuster et al., 1992; Landmesser & Drexler, 2007). However, recent observations favour the 
hypothesis that endothelial dysfunction in EH could be a primary defect and as such 
directly inherited (Bondjers et al., 1991; Vane et al., 1990; Žižek et al., 2001a; Žižek & Poredoš 
2001b). Irrespective of the sequence of events, endothelial dysfunction promotes 
atherogenesis through different mechanisms: expression of adhesions molecules, increased 
adherence of monocytes and platelets, enhanced permeability of the endothelium layer to 
monocytes/macrophages and lipoproteins, which then accumulate in the vessel wall. As the 
atherosclerotic process progresses to plaque formation growth factors secreted by 
macrophages stimulate smooth muscle cells migration, proliferation and interstitial collagen 
synthesis. In the late stages of disease, the event that initiates the development of the 
majority of myocardial infarctions is the rupture of the fibrous cap of the plaque inducing 
thrombus formation. (Fuster et al., 1998; Ross, 1993).  

It must be emphasized that risk factors for atherosclerosis tend to cluster, and therefore EH 
is rarely the only risk factor found in an individual patient. Hypertension is often 
accompanied by the metabolic syndrome, which encompasses a cluster of risk factors: 
obesity, dyslipidemia, glucose intolerance, a pro-thrombotic (high levels of fibrinogen and 
plasminogen activator inhibitor-1) and a pro-inflammatory state (high levels of tumor 
necrosis factor-, interleukin-1, -2, C-reactive protein) (Devaraj et al., 2003; DeFronzo & 
Ferrannini, 1991; Tamakoshi et al., 2003). It is proposed that these heterogeneous groups of 
clinical conditions favor atherogenesis. People with the metabolic syndrome are at increased 
risk of coronary heart disease and other diseases related to plaque buildups in the arterial 
wall (e.g., stroke and peripheral vascular disease) (Olijhoek et al., 2004). 

Assessment of the earliest morphological abnormalities in the arterial wall by B-mode 
ultrasound has been reported two decades ago. Diffuse thickening of the inner layer of 
arterial wall could be measured and followed by this non-invasive method (Pignoli et al., 
2006). However, the method does not differentiate intima from media. Therefore both 
entities are measured together as the intima-media thickness (IMT) (Salonen et al., 1993). 
IMT of large peripheral arteries, especially carotid arteries, can be assessed by B-mode 
ultrasound in a relatively simple way. Due to tight associations between atherosclerotic 
changes in the carotid arteries and in other parts of the circulation, especially coronary 
arteries, carotid arteries could be regarded as a gateway enabling us to estimate the 
progression of arterial disease (Poredoš, 2004). Carotid arterial IMT is used in studies as a 
surrogate endpoint to measure progression of atherosclerosis. Several studies have shown a 
significant relationship between IMT and cardiovascular risk factors, such as age, male 
gender, cholesterol levels, BP, diabetes mellitus and smoking habits (Poredoš et al., 1999; 
Salonen et al., 1993; Žižek & Poredoš, 2002). Thicker IMT could be detected in healthy 
normotensive offspring of parents with EH, thus implying that morphological changes 
could be directly inherited (Žižek & Poredoš, 2002).  

The relation between IMT and EH was confirmed in interventional studies. One of the 
largest studies, ELSA (European Lacidipine Study on Atherosclerosis) assessed IMT in EH 
patients. It showed that slowing of progression of the thickening could be achieved only by 
some drugs irrespective of the comparable lowering of the BP (Tang et al., 2000). This 
finding is important because in recent years we got strong evidence that IMT is an 
independent risk factor for cardiovascular events and is a better predictor of events than all 
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other known single conventional risk factors. In a Finnish study, ultrasonographic 
assessment of 1,257 men was compared with diagnostic information obtained from a 
prospective registry for acute myocardial infarction; it concluded that for each 0.1 mm of the 
common carotid IMT, the risk for a myocardial infarction increased by 11% (Salonen et al., 
1993). 

Recently, ample interest has been devoted to the relationship between arterial stiffness and 
cardiovascular disease. Pulse pressure and pulse wave velocity, surrogate measurements of 
arterial stiffness, indicate that arterial stiffness increases both with age and in certain disease 
states that are themselves associated with increased cardiovascular risk, including 
hypertension, diabetes mellitus and hypercholesterolemia (Glasser et al., 1997). Arterial 
stiffness may be measured using a variety of different techniques, mainly ultrasound based. 
Applanation tonometry pulse wave velocity is the most commonly used parameter in 
detecting central arterial stiffness (Nichols, 2005). Arterial stiffening has been particularly 
implicated in the development of isolated systolic hypertension and heart diseases leading 
to increased cardiovascular morbidity and mortality (Laurent et al., 2001). 

3.3 Hypertensive nephropathy 

EH is the main cause of the chronic kidney disease; however, morphologic evidence on the 
subject remains poorly understood (Fournier et al., 1994). A perennial problem in 
understanding the interaction between kidney and hypertension is the poor correlation 
between hypertension, and vascular and glomerular lesion. This is in part due to these 
lesions being present to a greater or lesser degree in the normotensive, aging kidney, with 
racial differences in severity further confounding the problem. Recent experimental and 
clinical data suggest that functional impairment and vasoconstriction in afferent arterioles 
(renal autoregulation) precede morphologic lesions. Progression of the endothelial 
dysfunction and consequent alterations in autoregulation of renal blood flow at higher 
pressures enable to dilate afferent arterioles transferring elevated BP to the glomeruli. The 
latter mechanism finally leads to glomerulosclerosis. Histological changes in the arterioles 
(stiffness) are present as intimal thickening, afferent arteriolar hyalinosis and smooth muscle 
atrophy. Loss of renal autoregulation with glomerular hypertrophy, hyperfiltration, and 
focal segmental glomerulosclerosis is now recognized to contribute significantly to 
nephrosclerosis, particularly in the black population. However, ischemic glomerulosclerosis 
may ultimately be the most important lesion, with consequent hypoxia in the parenchyma 
leading to tubular atrophy and interstitial fibrosis. Pathomorphological changes contribute 
variably to renal failure according to the level of hypertension (Freedman et al., 1995; Hill, 
2008) 

Recent studies provided convincing evidence that overactivation of RAAS, or part of it, may 
play a key role in functional and morphological abnormalities found in hypertensive 
nephrosclerosis (Volpe et al., 2002). In line with this statement, interventional studies 
showed that ACE inhibitors, AT1 receptor blockers (ARBs) and direct renin inhibitors such 
aliskiren may slow down or stop progression of chronic kidney disease (Momback & Toto, 
2009; Riccioni, 2011). 

Hypertensive nephropathy often results in chronic renal failure, which mostly occurs 
unnoticed and without clinical symptoms. It has been shown that even a minimal reduction 
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of renal function could be regarded as an independent risk factor for cardiovascular 
mortality and morbidity (Ruilope & Bakris, 2011; Segura et al., 2004). Hypertensive 
nephropathy can be detected by means of early signs such as the occurrence of mild 
albuminuria and reduced glomerular filtration rate, both of which are easily measured 
parameters. Albuminuria can be traced to functional and morphological transformational 
processes in the glomeruli that are associated with increased permeability (Hill, 2008). A 
recent study demonstrated that increasing albuminuria is associated with an exponential 
increase in the risk of developing chronic renal failure and cardiovascular complications 
(Levey et al., 2009). 

Rigorous, mostly multidrug antihypertensive therapy can prevent the progression of 
chronic renal failure and albuminuria/proteinuria and thereby improve both, renal and 
cardiovascular prognosis (Ruilope & Bakris, 2011). Hence, treatment with ARB (losartan) as 
shown in the LIFE study reduction of albuminuria in hypertensive patients with left 
ventricular (LV) hypertrophy is associated with fewer cardiovascular complications (Ibsen 
et al., 2005). 

3.4 Hypertensive heart disease 

The heart in EH is affected very often and sometimes very early. LV hypertrophy, diastolic 
dysfunction and reduced coronary vasodilation reserve are direct manifestations of 
cardiovascular target organ damage in patients with arterial hypertension and signify 
hypertensive heart disease. Coronary artery disease, afflicted by atherosclerotic processes is 
another indirect consequence of hypertension. All these pathophysiological conditions are 
interrelated and may end in myocardial infarction, heart failure and arrhythmia (Schmieder, 
2010).  

3.4.1 Abnormalities in left ventricular diastolic function  

The term diastolic dysfunction is used to describe abnormalities of ventricular filling, 
including decreased diastolic distensibility and impaired relaxation. LV is not able to accept 
adequate blood volume without compensatory increase of the filling pressure (Zile & 
Brutsaert, 2002). Diastolic dysfunction is thought to represent an important 
pathophysiological intermediate between hypertension and heart failure, especially in heart 
failure with normal ejection fraction (Sanderson, 2007). Up to 50% of patients with history of 
hypertension have evidence of diastolic dysfunction, which represents an attractive target 
for heart failure prevention (Fischer et al., 2003). However, to date no specific treatments 
have been definitively shown to improve diastolic function and clinical outcome (Solomon 
et al., 2007). 

Diastolic dysfunction is considered the earliest functional change in evolving hypertension 
and could be measured before morphological abnormalities (hypertrophy) ensue. We 
reported that LV filling abnormalities were detected in normotensive offspring of 
hypertensive families suggesting that diastolic dysfunction is affected by factors other than 
BP (Žižek et al., 2008). Diastolic filling abnormalities in hypertensive heart disease result 
from a delayed LV relaxation and in the later stages from a reduced LV compliance due to 
increased myocardial fibrosis (Zile & Brutsaert, 2002). Systemic/local RAAS or parts of it 
and ET-1 have been reported as factors influencing fibrosis (Bӧhm et al., 2011; Hart et al., 
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focal segmental glomerulosclerosis is now recognized to contribute significantly to 
nephrosclerosis, particularly in the black population. However, ischemic glomerulosclerosis 
may ultimately be the most important lesion, with consequent hypoxia in the parenchyma 
leading to tubular atrophy and interstitial fibrosis. Pathomorphological changes contribute 
variably to renal failure according to the level of hypertension (Freedman et al., 1995; Hill, 
2008) 

Recent studies provided convincing evidence that overactivation of RAAS, or part of it, may 
play a key role in functional and morphological abnormalities found in hypertensive 
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Hypertensive nephropathy often results in chronic renal failure, which mostly occurs 
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of renal function could be regarded as an independent risk factor for cardiovascular 
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nephropathy can be detected by means of early signs such as the occurrence of mild 
albuminuria and reduced glomerular filtration rate, both of which are easily measured 
parameters. Albuminuria can be traced to functional and morphological transformational 
processes in the glomeruli that are associated with increased permeability (Hill, 2008). A 
recent study demonstrated that increasing albuminuria is associated with an exponential 
increase in the risk of developing chronic renal failure and cardiovascular complications 
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Rigorous, mostly multidrug antihypertensive therapy can prevent the progression of 
chronic renal failure and albuminuria/proteinuria and thereby improve both, renal and 
cardiovascular prognosis (Ruilope & Bakris, 2011). Hence, treatment with ARB (losartan) as 
shown in the LIFE study reduction of albuminuria in hypertensive patients with left 
ventricular (LV) hypertrophy is associated with fewer cardiovascular complications (Ibsen 
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another indirect consequence of hypertension. All these pathophysiological conditions are 
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The term diastolic dysfunction is used to describe abnormalities of ventricular filling, 
including decreased diastolic distensibility and impaired relaxation. LV is not able to accept 
adequate blood volume without compensatory increase of the filling pressure (Zile & 
Brutsaert, 2002). Diastolic dysfunction is thought to represent an important 
pathophysiological intermediate between hypertension and heart failure, especially in heart 
failure with normal ejection fraction (Sanderson, 2007). Up to 50% of patients with history of 
hypertension have evidence of diastolic dysfunction, which represents an attractive target 
for heart failure prevention (Fischer et al., 2003). However, to date no specific treatments 
have been definitively shown to improve diastolic function and clinical outcome (Solomon 
et al., 2007). 

Diastolic dysfunction is considered the earliest functional change in evolving hypertension 
and could be measured before morphological abnormalities (hypertrophy) ensue. We 
reported that LV filling abnormalities were detected in normotensive offspring of 
hypertensive families suggesting that diastolic dysfunction is affected by factors other than 
BP (Žižek et al., 2008). Diastolic filling abnormalities in hypertensive heart disease result 
from a delayed LV relaxation and in the later stages from a reduced LV compliance due to 
increased myocardial fibrosis (Zile & Brutsaert, 2002). Systemic/local RAAS or parts of it 
and ET-1 have been reported as factors influencing fibrosis (Bӧhm et al., 2011; Hart et al., 
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2001). The mechanisms involved in delayed relaxation are not completely understood, but 
altered myocardial metabolism of energy-rich phosphates has been proposed (Lamb et al., 
1999). In hypertensive patients decreased concentration of ATP and increased concentration 
of other phosphates leading to disturbances in Ca++ homeostasis have been reported (Lamb 
et al., 1999). Decreased levels of Ca++ in sarcoplasmic reticulum not only impair LV systolic 
function but also delay relaxation, which may ultimately end in abnormalities in LV filling 
properties and heart failure (Piacentino et al., 2003).  

Recent experimental studies have firmly established that NO released from coronary 
endothelial cells and from myocytes exerts several specific effects on myocardial function, 
analogous to endothelial regulation of vascular wall function (Paulus & Shah, 1999). In 
particular, these include selective enhancements of myocardial relaxation (Cotton et al., 
2001) and reduction in myocardial oxygen consumption (Xie et al., 1996). Several other 
paracrine and autocrine effects of NO on myocardial function have been described, e.g. 
modulating inotropic state (Cotton et al., 2001), modulating sarcolemmal Ca++ homeostasis 
(Piacentino et al., 2003) and inhibiting growth-promoting effects of norepinephrine in 
myocites and fibroblasts (Calderone et al., 1998; Ruetten et al., 2005). 

Echocardiography is now the most commonly used noninvasive tool for assessment of 
cardiac function. Detailed information can be obtained by standard pulsed Doppler 
echocardiography and from recent developed tissue Doppler-, strain rate- and speckle 
tracking imaging (Wang & Nagueh, 2009).  

3.4.2 Left ventricular hypertrophy 

An increase in peripheral vascular resistance is the hallmark of established hypertension. 
Following sustained hypertension the heart develops concentric hypertrophy that is 
characterized by thickening of LV walls. Hypertrophic process is initially adaptive and 
enables the heart to neutralize wall stress associated with increased impedance to 
ventricular emptying (afterload) (Grossman, 1980). Moreover, this thickening process is 
accompanied by a series of maladaptive changes that occur in the extracellular matrix as 
well as in cardiac myocytes. The presence of LV hypertrophy is clinically important because 
it is associated with an increased incidence of myocardial infarction, heart failure, 
ventricular arrhythmias and sudden cardiac death (Muiesan et al., 1996). 

Pathogenetic mechanisms leading to LV hypertrophy and dysfunction in EH are not 
completely understood. It seems that they are results of various interrelated hemodynamic 
and non-hemodynamic factors. Sometimes hypertrophy can be detected in the 
prehypertensive period of evolving hypertension implying that a genetic background could 
also play a role (Žižek & Poredoš, 2008). One fundamental component of cardiomyocyte 
response to pressure overload of the LV is a slowing of maximum shortening velocity 
(Vmax). Diminution of Vmax is beneficial at the cardiomyocyte level, allowing the cardiac fiber 
to contract at a normal energy cost. However, at the LV level the diminution of Vmax is the 
first step that will finally lead to heart failure (Swynghedauw et al., 2010). Another 
component of the response of the myocyte to pressure overload includes increased cell size, 
caused by multiplication of contractile units and, according to the law of Laplace this will 
normalize wall stress and preserve LV chamber function (Frohlich et al., 2011). An 
additional component of the cardiomyocyte response involves a shift in substrate oxidation 
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from fatty acids (FAs) toward carbohydrates (Akki & Seymour, 2008). Although in terms of 
oxygen cost, the oxidation of glucose is more efficient than that of FAs, in absolute terms the 
oxidation of one molecule FAs yields far more ATP than glucose. Accordingly, the 
hypertrophied heart is an energy-compromised organ with a diminished ATP production. 
On the other hand, a sustained decline in FAs oxidation may cause inappropriate 
accumulation of lipids in the hypertrophied cardiomyocyte resulting in contractile 
dysfunction (Neubauer, 2007). 

The re-expression of the cardiomyocyte fetal gene program is essential for the 
abovementioned pathophysiological responses to sustained hypertension (Barry et al., 2008). 
Activation of the fetal gene program allows coordinated synthesis of proteins necessary to 
bring about increased cardiomyocyte size and adjustment to the altered energy demands of 
these larger cells. Recent studies have revealed that in conditions of pressure overload both 
neurohumoral factors and physical stretch stimulate protein G and phospholipase C leading 
to activation of several signaling molecules including Ca++-dependent proteins (i.e., 
Ca++/calmodulin and calcineurin), protein kinases (i.e., protein kinase C and mitogen-
activated protein kinases ERK, JNK and p38), and intracrine growth factors (i.e., angiotensin 
II) that result in altered gene expression associated with pathological cardiomyocyte 
hypertrophy (Baker et al., 2004; Dorn & Force, 2005). 

Systemic/local RAAS is an important pathogenetic mechanism in development of 
hypertensive heart disease (Agabiti-Rosei & Muiesan, 2001, Schunkert et al., 1997). 
Experimental studies on hypertensive rat hearts and cell culture media confirm cardiotropic 
effects of angiotensin-II (Brilla et al., 1994). The angiotensin II has direct influences on 
various pathophysiological abnormalities in intracellular Ca++ handling, metabolism of 
contractile proteins and myocardial remodeling (Agabiti-Rosei & Muiesan, 2001). Studies 
performed during the last two decades have provided evidence that complex changes in 
myocardial composition are responsible for the morphological remodeling of the 
myocardium in hypertensive heart disease beyond cardiomyocyte hypertrophy (Frohlich et 
al., 2011). Exaggerated deposition of collagen fibers types I and III promoting interstitial and 
perivascular fibrosis, which is a well recognized lesion in hypertrophied myocardium 
(Weber, 2000). The interstitial fibrosis increases myocardial stiffness, thus facilitating LV 
diastolic dysfunction and diastolic heart failure (Neubauer, 2007). Mounting evidence shows 
that fibrosis may be a reparative response of fibroblasts induced by pro-inflammatory and 
pro-fibrotic factors, such as aldosterone (Bӧhm et al., 2011; Young, 2008). In alignment with 
the latter statement, epidemiologic studies show that aldosterone is a predictor of future EH 
and cardiovascular complications (Blacher et al., 1997; Vasan et al., 2004). 

Beyond hemodynamic and humoral factors, the genetic background may also influence 
myocardial composition in hypertensive heart disease. Up to 60% of the variance of LV mass 
may be due to genetic factors independent of BP. An increasing number of genes have been 
described, including members of the RAAS system, the type A human natriuretic peptide 
receptor gene, protein G gene affecting the Na+/H+ exchanger, as well as genes related to 
contractility and function such as the myosin-binding protein C and genes involved in the β-
adrenergic system (Deschepper et al., 2002). Among them, the most strongly associated with 
LV hypertrophy is the polymorphism of genes that encode components of the RAAS system 
(Kuznetsova et al., 2004). These non-hemodynamic factors may be involved in the 
development of inappropriate LV mass, which is defined as the growth of the LV exceeding 
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the individual needs to compensate hemodynamic load imposed by increased BP (Agabiti-
Rosei & Muiesan, 2001). Moreover, increased LV mass may be associated with cardiac 
dysfunction and adverse cardiovascular prognosis (Muiesan et al., 1996). 

Echocardiography is the gold standard test for LV hypertrophy. It can precisely estimate a 
patient's left ventricular mass and assess for other morphological cardiac abnormalities. 
Electrocardiography is more commonly used in everyday practice; it is more cost-effective 
and has high specificity, but lower sensitivity (Schmieder, 2010). 

In recent years, many papers dealing with antihypertensive therapy have been published. 
Treatment of hypertension accompanied with LV hypertrophy has shown that each and 
every class of available antihypertensive drugs could diminish LV mass but with different 
efficacy. ACE inhibitors and ARBs seem to be superior to other classes of antihypertonic 
agents (Dahlöf et al., 1992; Oren et al., 1996). Later on the investigators demonstrated that 
reduction of the LV mass is associated with reduced cardiovascular risk (Verdecchia et al., 
2003) and that observed clinical benefit with ACE inhibitors and ARBs tended to be greater 
than that expected from a decrease in BP. These potential effects “beyond BP control” are 
perhaps responsible for the protective properties of these drugs interfering with RAAS 
system-mediated myocardial remodeling (Devereux et al., 2004). However, data from the 
large ONTARGET/TRASCEND study has shown that treatment with an ARB (telmisartan) 
alone or in combination with an ACE inhibitor (ramipril) was associated with a lower 
prevalence of LV hypertrophy, but this was ultimately not translated into a prognostic 
benefit (Verdecchia et al., 2009). Whatever the causes of these unsatisfactory results, the 
unacceptably high residual risk still persisted in treated hypertensive patients in whom LV 
mass decreased with the treatment (Zanchetti, 2009).  

Increasing evidence suggests that aldosterone receptor blockade (spirinolactone, 
eplerenone) may prevent myocardial fibrosis in patients with hypertensive heart disease 
independent of its effects on BP (Bӧhm et al., 2011; Jansen et al., 2009). In patients with EH, 
addition of low-dose spirinolactone to an ACE inhibitor (enalapril/trandolapril) or ARB 
(candesartan) resulted in a greater decrease in LV mass and fibrosis than any of these drugs 
alone (Sato et al., 2002; Taniguchi et al., 2006). The failure of ACE inhibition to achieve 
regression of LV hypertrophy might in part be caused by the phenomenon of aldosterone 
escape, which means the inability of ACE inhibitor therapy to reliably suppress aldosterone 
release (Sato & Saruta, 2001). 

3.4.3 Reduced coronary reserve 

Reduced coronary vasodilation reserve is a typical complication in patients with established 
hypertension and may be presented in the absence of angiographically demonstrable 
atherosclerotic disease (Antony et al., 1993). Reduced coronary microcirculatory reserve 
could be even detected in hypertensive patients without LV hypertrophy (Brush et al., 1988). 
Authors have reported that functional and morphological abnormalities in microcirculation 
may appear very early in evolving EH. Functional (endothelial dysfunction) changes could 
be the first event, with morphological changes of vessels ensuing later on (Schiffrin, 1992). 
Functional abnormalities of the vessels are evidenced by blunted response to 
pharmacological and physiological stimuli (Drexler & Zeiher, 1991). An interrelationship 
between endothelial dysfunction and microvascular angina (syndrome X) has been 
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proposed. This clinical setting is characterized by angina-like pain and abnormal exercise 
electrocardiography changes in the presence of a normal coronary angiogram (Scheler et al., 
1994). The role of endothelial dysfunction in this setting is controversial. It has been shown 
that patients with microvascular angina have endothelial dysfunction in the resistance 
vessels, possibly as result of diminished formation of NO. However, other studies on 
coronary arteries in patients with syndrome X were unable to find signs of endothelial 
dysfunction (Bøtker & Ingerslev, 2000). 

Morphological changes in small arteries in hypertrophied LV and unbalance between 
increased LV mass and blood supply are the another pathophysiological mechanisms 
underlying a reduced coronary reserve in small arteries (Agabiti-Rosei & Muiesan, 2001). It 
has been suggested that morphological abnormalities (such as increased media/lumen ratio 
due to hypertrophy and/or hyperplasia of myocites in the vessel wall, and the rarefaction of 
blood vessels in the myocardium) represent adaptations to an increased hemodynamic load 
imposed by increased BP (Kozakova et al., 1997). 

Some controversy in the literature exists whether endothelial dysfunction in small resistance 
vessels could be influenced by drugs. In experimental animal models, improvement or even 
normalization by ACE inhibitor (captopril) and ARB (losartan) were reported (Rodrigo et 
al., 1997). In human studies, improvement was only noticed after a single application of 
captopril (Hirooka et al., 1992). Conversely, months of therapy with ACE inhibitors and 
ARBs resulted in only a slight or no effect on endothelial function in resistance arteries 
(Ghiadoni et al., 2000; Kiowski et al., 1996). 

4. Conclusions 
The results of recent studies emphasize the key role of endothelial function in the 
pathogenesis of essential hypertension. In accordance with the microcirculation theory, 
functional and morphological changes in small resistance vessels are thought to be the cause 
and consequence of hypertensive disease. This condition is predisposed by abnormal 
endothelial cell function, which is characterized by decreased production of nitric oxide and 
unbalanced production of other vasoactive substances (angiotensin II, endothelin-1, 
prostacyclin, and aldosterone) and reactive oxygen species. The target organ damage in 
conduit arteries (atherosclerosis), kidney (nephrosclerosis) and heart (diastolic dysfunction, 
left ventricular hypertrophy, reduction of coronary reserve) are the consequence of elevated 
blood pressure. There is currently no effective treatment known for hypertension. It is 
important to treat hypertension in the early stages, when preventive measures and 
antihypertensive therapy (preferably angiotensin-converting enzyme inhibitors and 
angiotensin receptor blockers) are most effective. Nowadays, non-invasive ultrasound based 
methods can detect abnormalities in different organs, which predict the unfavorable course 
of hypertensive disease resulting in a worse cardiovascular prognosis. 
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the individual needs to compensate hemodynamic load imposed by increased BP (Agabiti-
Rosei & Muiesan, 2001). Moreover, increased LV mass may be associated with cardiac 
dysfunction and adverse cardiovascular prognosis (Muiesan et al., 1996). 

Echocardiography is the gold standard test for LV hypertrophy. It can precisely estimate a 
patient's left ventricular mass and assess for other morphological cardiac abnormalities. 
Electrocardiography is more commonly used in everyday practice; it is more cost-effective 
and has high specificity, but lower sensitivity (Schmieder, 2010). 

In recent years, many papers dealing with antihypertensive therapy have been published. 
Treatment of hypertension accompanied with LV hypertrophy has shown that each and 
every class of available antihypertensive drugs could diminish LV mass but with different 
efficacy. ACE inhibitors and ARBs seem to be superior to other classes of antihypertonic 
agents (Dahlöf et al., 1992; Oren et al., 1996). Later on the investigators demonstrated that 
reduction of the LV mass is associated with reduced cardiovascular risk (Verdecchia et al., 
2003) and that observed clinical benefit with ACE inhibitors and ARBs tended to be greater 
than that expected from a decrease in BP. These potential effects “beyond BP control” are 
perhaps responsible for the protective properties of these drugs interfering with RAAS 
system-mediated myocardial remodeling (Devereux et al., 2004). However, data from the 
large ONTARGET/TRASCEND study has shown that treatment with an ARB (telmisartan) 
alone or in combination with an ACE inhibitor (ramipril) was associated with a lower 
prevalence of LV hypertrophy, but this was ultimately not translated into a prognostic 
benefit (Verdecchia et al., 2009). Whatever the causes of these unsatisfactory results, the 
unacceptably high residual risk still persisted in treated hypertensive patients in whom LV 
mass decreased with the treatment (Zanchetti, 2009).  

Increasing evidence suggests that aldosterone receptor blockade (spirinolactone, 
eplerenone) may prevent myocardial fibrosis in patients with hypertensive heart disease 
independent of its effects on BP (Bӧhm et al., 2011; Jansen et al., 2009). In patients with EH, 
addition of low-dose spirinolactone to an ACE inhibitor (enalapril/trandolapril) or ARB 
(candesartan) resulted in a greater decrease in LV mass and fibrosis than any of these drugs 
alone (Sato et al., 2002; Taniguchi et al., 2006). The failure of ACE inhibition to achieve 
regression of LV hypertrophy might in part be caused by the phenomenon of aldosterone 
escape, which means the inability of ACE inhibitor therapy to reliably suppress aldosterone 
release (Sato & Saruta, 2001). 

3.4.3 Reduced coronary reserve 

Reduced coronary vasodilation reserve is a typical complication in patients with established 
hypertension and may be presented in the absence of angiographically demonstrable 
atherosclerotic disease (Antony et al., 1993). Reduced coronary microcirculatory reserve 
could be even detected in hypertensive patients without LV hypertrophy (Brush et al., 1988). 
Authors have reported that functional and morphological abnormalities in microcirculation 
may appear very early in evolving EH. Functional (endothelial dysfunction) changes could 
be the first event, with morphological changes of vessels ensuing later on (Schiffrin, 1992). 
Functional abnormalities of the vessels are evidenced by blunted response to 
pharmacological and physiological stimuli (Drexler & Zeiher, 1991). An interrelationship 
between endothelial dysfunction and microvascular angina (syndrome X) has been 
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proposed. This clinical setting is characterized by angina-like pain and abnormal exercise 
electrocardiography changes in the presence of a normal coronary angiogram (Scheler et al., 
1994). The role of endothelial dysfunction in this setting is controversial. It has been shown 
that patients with microvascular angina have endothelial dysfunction in the resistance 
vessels, possibly as result of diminished formation of NO. However, other studies on 
coronary arteries in patients with syndrome X were unable to find signs of endothelial 
dysfunction (Bøtker & Ingerslev, 2000). 

Morphological changes in small arteries in hypertrophied LV and unbalance between 
increased LV mass and blood supply are the another pathophysiological mechanisms 
underlying a reduced coronary reserve in small arteries (Agabiti-Rosei & Muiesan, 2001). It 
has been suggested that morphological abnormalities (such as increased media/lumen ratio 
due to hypertrophy and/or hyperplasia of myocites in the vessel wall, and the rarefaction of 
blood vessels in the myocardium) represent adaptations to an increased hemodynamic load 
imposed by increased BP (Kozakova et al., 1997). 

Some controversy in the literature exists whether endothelial dysfunction in small resistance 
vessels could be influenced by drugs. In experimental animal models, improvement or even 
normalization by ACE inhibitor (captopril) and ARB (losartan) were reported (Rodrigo et 
al., 1997). In human studies, improvement was only noticed after a single application of 
captopril (Hirooka et al., 1992). Conversely, months of therapy with ACE inhibitors and 
ARBs resulted in only a slight or no effect on endothelial function in resistance arteries 
(Ghiadoni et al., 2000; Kiowski et al., 1996). 

4. Conclusions 
The results of recent studies emphasize the key role of endothelial function in the 
pathogenesis of essential hypertension. In accordance with the microcirculation theory, 
functional and morphological changes in small resistance vessels are thought to be the cause 
and consequence of hypertensive disease. This condition is predisposed by abnormal 
endothelial cell function, which is characterized by decreased production of nitric oxide and 
unbalanced production of other vasoactive substances (angiotensin II, endothelin-1, 
prostacyclin, and aldosterone) and reactive oxygen species. The target organ damage in 
conduit arteries (atherosclerosis), kidney (nephrosclerosis) and heart (diastolic dysfunction, 
left ventricular hypertrophy, reduction of coronary reserve) are the consequence of elevated 
blood pressure. There is currently no effective treatment known for hypertension. It is 
important to treat hypertension in the early stages, when preventive measures and 
antihypertensive therapy (preferably angiotensin-converting enzyme inhibitors and 
angiotensin receptor blockers) are most effective. Nowadays, non-invasive ultrasound based 
methods can detect abnormalities in different organs, which predict the unfavorable course 
of hypertensive disease resulting in a worse cardiovascular prognosis. 
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1. Introduction 
Hypertension control is unsatisfactory in most countries and it carries an unacceptably high 
cardiovascular risk and death toll (Mancia et al., 2007) The reasons for the poor blood 
pressure control are different and interrelated (motivation of patients and physicians, costs, 
compliance, access to health care, secondary and resistant hypertension). Among them, 
resistant hypertension is receiving considerable attention, as it may be caused by 
unrecognized secondary hypertension, mainly primary aldosteronism (PA).  

We have recently shown in patients with resistant hypertension elevated aldosterone / renin 
ratio (ARR) and reduced RGS2 expression. We, therefore, hypothesize that in many patients 
resistant hypertension is secondary to disproportionate aldosterone secretion caused by 
blunted inhibition of angiotensin II (Ang II) cellular effects due to low RGS2 expression. 

2. Resistant or uncontrolled hypertension 
Resistant hypertension is defined as blood pressure remaining above the goal levels in spite of 
the concurrent use of three antihypertensive agents of different classes at the same time, with 
diuretic as one of the three agents and all agents prescribed at optimal dose (Calhoun et al., 
2008). This implies that also patients whose blood pressure needs four or more drugs to be 
controlled should be considered resistant to treatment. Resistant hypertension identifies 
patients who are at a high risk of having secondary and reversible causes of hypertension or 
patients who may benefit from further diagnostic and therapeutic work up. Uncontrolled 
hypertension is not synonymous of resistant hypertension as uncontrolled hypertension 
includes patients who do not reach blood pressure control due to poor adherence or an 
inadequate treatment regimen, as well as patients with true treatment resistance. 

2.1 Prevalence 

The prevalence of resistant hypertension is unknown, even if according to the literature it is 
not an uncommon condition: the majority of studies indicate that less than 40% of elderly 
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patients reach a goal blood pressure with drugs. Among high risk populations and, in 
particular with application of the lowest blood pressures goal recommendation of the 
Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and 
Treatment of High Blood Pressure (JNC 7) for patients with diabetes mellitus or chronic 
kidney disease, the percentage of uncontrolled hypertensive patients is even higher. 

2.2 Prognosis 

Prognosis of patients with resistant hypertension compared with patients with drug 
controlled hypertension is likely to be worse due to the long history of poorly controlled or 
uncontrolled hypertension and the presence of commonly associated cardiovascular risk 
factors, such as obstructive sleep apnea, diabetes, left ventricular hypertrophy and chronic 
kidney disease. Yet, no clinical trial has been conducted to specifically evaluate its 
associated increased risk.  

The cardiovascular risk reduction associated to the treatment of resistant hypertension is 
unknown. The benefits of effective treatment, however, are supposed to be substantial, as 
suggested by several outcome studies, and, therefore, achievement of goal pressure levels 
should always be urged.  

2.3 Patient characteristics 

Populations who are at the highest risk of developing resistant hypertension have been 
investigated. The strongest predictors of treatment resistance are chronic kidney diseases, 
obesity and diabetes mellitus. Differences between races and genders have been reported, 
since blacks and women are at higher risk of resistant hypertension. 

Blood pressure is considered uncontrolled most often because of persistent elevation of 
systolic values as patients treated with antihypertensive drugs reach correct diastolic more 
easily than systolic values. This diversity in systolic versus diastolic blood pressure control 
worsens with increasing age of patients, as arterial stiffness (strongly related with age) is the 
main cause of isolated systolic hypertension. This explains why the strongest predictor of 
the lack of blood pressure control is old age. High baseline systolic pressure was associated 
with increased risk of never reaching goal blood pressure (Lloyd-Jones et al., 2002). Other 
strong predictors of poor systolic blood pressure control are the presence of left ventricular 
hypertrophy and obesity (that is, body mass index [BMI] greater than 30 kg/m2). The 
prevalence of resistant hypertension is predicted to increase in older and heavier cohorts in 
association with the growing prevalence of diabetes and chronic kidney disease. 

In terms of poor diastolic pressure control, the strongest negative predictor is obesity, with 
goal blood pressure reached one third less often in obese than in lean patients. 

2.4 Genetics / pharmacogenetics 

The genetics of hypertension is complex and there is no known single gene playing a major 
role, but rather many different genes contributing all together with different environmental 
factors in rising blood pressure. Due to its particular type, it is reasonable that in resistant 
hypertension genetic factors may play an even greater role than in the general hypertensive 
population. However, in resistant hypertensive population, genetic studies are limited and 
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based on a very small number of patients, even if identification of genetic influences on 
resistance to current therapies might lead to development of new therapeutic targets. Gene 
variants of ENaC (epithelium sodium channel) (Hannila-Handelberg et al., 2005) and of 
CYP3A5 enzyme (11-hydroxysteroid dehydrogenase type 2) (Givens et al., 2003; Ho et al., 
2005) have been demonstrated, focusing attention on sodium homeostasis, and on cortisol 
and corticosterone metabolism but the clinical relevance of these mutations is unclear. 

2.5 Pseudoresistance 

Pseudoresistance is the condition of poor blood pressure control with no real treatment 
resistance and no coexisting factors causing persistently high blood pressure values. There 
are many causes of pseudoresistance that can be related either to medical or to lifestyle 
factors. These conditions should be kept in mind and carefully searched in resistant 
hypertensive patients to avoid incorrect classification of hypertension. 

Among the medical related causes of pseudoresistant hypertension, the most frequent are 
poor blood pressure measurement techniques, poor adherence to therapy, white-coat effect 
and drug-related causes. 

Poor blood pressure technique consists in inaccurate measurement of blood pressure, 
resulting falsely high. Blood pressure should be measured only after the patient has been 
sitting quietly for a few minutes and with the use of adequate size cuff, not too small as it 
often happens. (Pickering et al., 2005) Poor adherence to therapy is probably the main cause 
of the lack of blood pressure control (Yiannakopoulou et al., 2005): near 40% of newly 
diagnosed hypertensive patient discontinue therapy during the first year of drug treatment 
(Caro et al., 1999; Mazzaglia et al., 2005) and 60 % of patients at five and ten year follow up 
show poor adherence to the suggested treatment (Van Wijk et al., 2005) . It should be 
noticed that the percentage of poor adherence to therapy falls from 40 to 15 % when the 
patients are seen in hypertension specialist clinic rather then at primary care.  

White-coat effect consists in clinic blood pressure values persistently elevated while out-of-
office values are normal or significantly lower (Brown et al., 2005) . The prevalence of this 
condition is similar in patients with resistant hypertension and in the general hypertensive 
population, with values in the range of 20% to 30%. It can be identified with ambulatory 
blood pressure recording showing normal out of office blood pressure values (Redon et al., 
1998; Muxfeldt et al, 2003; Pierdomenico et al., 2005). 

Drug-related causes are due either to incorrect antihypertensive drug assumption or to drug 
interactions. Identification of poor adherence is clinically relevant to stop useless continuous 
modification of the treatment regimens and further investigations. Drug interactions should 
always be looked for, in particular in those patients assuming complex combination 
therapies. Several classes of drugs can increase blood pressure and contribute to treatment 
resistance: 

 stimulants (dextroamphetamine, amphetamine, methamphetamine, methylphenidate, 
dexmethylphenidate) ; 

 sympathomimetic agents (like nasal decongestants, diet pills and cocaine); 
 NSAIDs - Nonsteroidal antiinflammatory agents, including selective COX-2 inhibitors; 
 alcohol; 
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 glucocorticoids (such as prednisone); 
 corticosteroids (mainly the ones with the greatest mineralcorticoid effect such as 

cortisone and hydrocortisone); 
 oral contraceptives; 
 cyclosporine and calcineurine inhibitors; 
 erythropoietin; 
 Natural products such as licorice (common in oral tobacco products) or herbal 

compounds (ephedra or ma huang). 

The effect of these agents is highly variable with most patients manifesting little or no effect 
and other individuals showing severe blood pressure elevations (Radack et al., 1987; Conlin 
et al., 2000). Due to large use and wide distribution, non narcotic analgesics are probably the 
most common interacting medicaments with antihypertensive drugs (Dedier et al, 2005; 
Forman et al., 2005). NSAIDs induced blood pressure increase is modest but predictable, 
apart from patients with significant fluid retention and/or acute kidney disease in which 
there is subsequent sodium and fluid retention and rebound pressure relevant increase due 
to inhibition of renal prostaglandin production. 

Among lifestyle factors the most relevant are obesity, excessive dietary salt and alcohol 
intake. Obesity is associated with the need for an increased number of antihypertensive 
medications, a more severe hypertension and increased probability of difficult achieving or 
never achieving appropriate blood pressure control (Bramlage et al., 2004). Mechanisms of 
obesity-induced hypertension are multiple, complex and not fully understood: activation of 
the renin-angiotensin-aldosterone system, impaired sodium excretion and increased 
sympathetic nervous system activity (Hall et al., 2003). As a consequence, obesity is a 
common feature of patients with resistant hypertension (Nishizaka et al., 2005).  

Excessive dietary salt intake sustains resistant hypertension both by increasing blood 
pressure directly and by decreasing the effect of most classes of antihypertensive agents 
(Weinberger 1988; He & MacGregor, 2004; Luft & Weinberger, 1988;). These effects are 
mainly found in salt-sensitive patients, like the elderly, those suffering from chronic kidney 
disease (Boudville et al, 2005) and both African and American races. 

Alcohol intake at high doses is associated with increased risk of hypertension and resistant 
hypertension. Epidemiological studies have shown a direct relationship between alcohol 
intake and blood pressure, which is particularly evident when 28 g of ethanol per day are 
exceeded (Henningsen et al., 1980; Aguilera et al., 1999; Wildman et al., 2005). All the 
subpopulations that have been analyzed (males, females, Caucasian and African race) show 
a blood pressure increase related to alcohol consumption, but the African race shows a 
blood pressure greater raise compared to Caucasians at the same intake. Chronic daily 
intake of alcohol it is not required for the hypertensive effect, since it has been proven that 
also consumption confined to only a few days a week is associated with increased blood 
pressure. Prospective studies have demonstrated that cessation of heavy alcohol ingestion 
reduced 24-hour ambulatory systolic blood pressure. 

2.6 Secondary causes 

Secondary causes of hypertension are common among patients with resistant hypertension, 
mainly in older patients due to high incidence of sleep apnea syndrome, renal parenchymal 
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disease, diabetes mellitus, renal artery stenosis and primary aldosteronism. Uncommon 
causes of secondary resistant hypertension include pheochromocytoma, Cushing’s 
syndrome, hyperparathyroidism, aortic coarctation. 

2.6.1 Obstructive sleep apnea 

Obstructive sleep apnea is strongly associated with hypertension. In normotensive subjects 
it predicts development of hypertension, and it is very common in patients with resistant 
hypertension (Nieto et al., 2000; Peppard et al., 2000). There is a significant gender 
distribution, with males more affected than females. The more severe and untreated is sleep 
apnea syndrome, the less likely is blood pressure controlled despite the use of 
polymedications (Grote et al., 2000; Lavie & Hoffstein, 2001) Sleep apnea seems to create and 
maintain hypertension by increasing sympathetic nervous system (SNS) activity generated 
by intermittent hypoxemia; the SNS hyperactivation increases cardiac output, peripheral 
vascular resistances and fluid retention (Grassi et al., 2005). 

2.6.2 Renal parenchymal disease 

Renal parenchymal disease is both cause and complication of uncontrolled hypertension. 
Serum creatinine higher than of 1.5 mg/dL is a strong predictor of failure to achieve blood 
pressure goal, due to increased sodium and water retention and intravascular volume 
expansion (Klahr et al., 1994; Buckalew et al., 1996). 

2.6.3 Diabetes 

Diabetes and hypertension are commonly associated, in particular in patients with resistant 
hypertension. Diabetes associated insulin resistance is supposed to contribute to the 
development of hypertension directly through sympathetic nervous activity, vascular 
smooth muscle cell proliferation, and increased sodium retention with intravascular volume 
expansion (Bakris, 2001) . 

2.6.4 Renovascular disease 

Renal artery stenosis is a common finding in resistant hypertension, with several studies 
suggesting a percentage of renovascular disease in resistant hypertension between 12 and 
15%. More than 90% of renal artery stenoses have an atherosclerotic origin, with increased 
incidence in smokers, older patients, and widespread atherosclerotic disease (Aqel et al., 
2003; Cuckson et al., 2004). Less than 10% of renal lesions are fibromuscular in etiology, 
developing particularly in young women. Specific diagnostic studies should be performed 
when renovascular disease is suspected, such as ultrasound, magnetic resonance 
angiography (MRA), renal scintigraphy, and computed tomography angiography (Leiner et 
al., 2005). 

2.6.5 Pheochromocytoma 

Pheochromocytoma accounts for a small number of secondary causes of resistant 
hypertension. Its prevalence is 0.1% to 0.6% among hypertensive patients, and even if the 
prevalence as a cause of resistant hypertension is unknown, it has to be underlined that 95% 
of pheochromocytomas show hypertension at clinical onset and 50% have resistant 
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2.6 Secondary causes 

Secondary causes of hypertension are common among patients with resistant hypertension, 
mainly in older patients due to high incidence of sleep apnea syndrome, renal parenchymal 
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disease, diabetes mellitus, renal artery stenosis and primary aldosteronism. Uncommon 
causes of secondary resistant hypertension include pheochromocytoma, Cushing’s 
syndrome, hyperparathyroidism, aortic coarctation. 

2.6.1 Obstructive sleep apnea 

Obstructive sleep apnea is strongly associated with hypertension. In normotensive subjects 
it predicts development of hypertension, and it is very common in patients with resistant 
hypertension (Nieto et al., 2000; Peppard et al., 2000). There is a significant gender 
distribution, with males more affected than females. The more severe and untreated is sleep 
apnea syndrome, the less likely is blood pressure controlled despite the use of 
polymedications (Grote et al., 2000; Lavie & Hoffstein, 2001) Sleep apnea seems to create and 
maintain hypertension by increasing sympathetic nervous system (SNS) activity generated 
by intermittent hypoxemia; the SNS hyperactivation increases cardiac output, peripheral 
vascular resistances and fluid retention (Grassi et al., 2005). 

2.6.2 Renal parenchymal disease 

Renal parenchymal disease is both cause and complication of uncontrolled hypertension. 
Serum creatinine higher than of 1.5 mg/dL is a strong predictor of failure to achieve blood 
pressure goal, due to increased sodium and water retention and intravascular volume 
expansion (Klahr et al., 1994; Buckalew et al., 1996). 

2.6.3 Diabetes 

Diabetes and hypertension are commonly associated, in particular in patients with resistant 
hypertension. Diabetes associated insulin resistance is supposed to contribute to the 
development of hypertension directly through sympathetic nervous activity, vascular 
smooth muscle cell proliferation, and increased sodium retention with intravascular volume 
expansion (Bakris, 2001) . 

2.6.4 Renovascular disease 

Renal artery stenosis is a common finding in resistant hypertension, with several studies 
suggesting a percentage of renovascular disease in resistant hypertension between 12 and 
15%. More than 90% of renal artery stenoses have an atherosclerotic origin, with increased 
incidence in smokers, older patients, and widespread atherosclerotic disease (Aqel et al., 
2003; Cuckson et al., 2004). Less than 10% of renal lesions are fibromuscular in etiology, 
developing particularly in young women. Specific diagnostic studies should be performed 
when renovascular disease is suspected, such as ultrasound, magnetic resonance 
angiography (MRA), renal scintigraphy, and computed tomography angiography (Leiner et 
al., 2005). 

2.6.5 Pheochromocytoma 

Pheochromocytoma accounts for a small number of secondary causes of resistant 
hypertension. Its prevalence is 0.1% to 0.6% among hypertensive patients, and even if the 
prevalence as a cause of resistant hypertension is unknown, it has to be underlined that 95% 
of pheochromocytomas show hypertension at clinical onset and 50% have resistant 



 
Genetics and Pathophysiology of Essential Hypertension 

 

48

hypertension (Omura et al., 2004; Sinclair et al., 1987). It should be suspected in every 
hypertensive patient with headaches, palpitations, and sweating, typically occurring in an 
episodic way; not all pheochromocytomas show up with these typical symptoms, and this is 
the reason why there is often a delay between the initial symptoms and the final diagnosis, 
with an average delay of three years. Moreover, pheochromocytoma is characterized by 
increased blood pressure variability due to inconstant catecholamine release, which 
represents an additional independent risk factor beyond increased blood pressure itself for 
cardiovascular morbidity and mortality (Kikuya et al., 2000; Björklund et al., 2004; Zelinka et 
al., 2005). 

2.6.6 Cushing’s syndrome 

The mechanism that causes hypertension in Cushing’s syndrome is overstimulation of the 
nonselective mineralocorticoid receptor by cortisol (Moneva & Gomez-Sanchez, 2002; 
Ferrari, 2003) , even if other factors contribute to hypertension in this disease, such as sleep 
apnea and insulin resistance (McFarlane et al, 2001) .  

Cortisol is the hormone which is mainly increased in Cushing syndrome and hypertension 
is present in 70-85% of patients suffering from this syndrome. Hypertension is often 
resistant because of the cortisol dependent pressor activity: the most common therapeutic 
agents (renin-angiotensin system blockers, calcium channel antagonists, adrenergic blockers, 
and diuretics) are frequently ineffective. The most effective antihypertensive agents are 
mineralocorticoid receptor antagonists (such as spironolactone or eplerenone), but 
frequently only surgical removal of an adrenocorticotropic hormone (ACTH) or another 
cortisol-producing tumor allows effective blood pressure control. Target organ damage and 
overall cardiovascular risk in Cushing’s syndrome is more severe than in primary 
hypertension, because the disease is associated with other cardiovascular risk factors such as 
metabolic syndrome, diabetes mellitus, obesity, sleep apnea syndrome, and dyslipidemia 
(Sacerdote et al., 2005).  

3. Primary aldosteronism and resistant hypertension 
Primary aldosteronism (PA) is a clinical condition sustained by overproduction of the 
mineralocorticoid hormone aldosterone by the adrenal glands. The overproduction is 
relatively independent by the renin-angiotensin system (RAS) activity, and non 
suppressible by sodium loading. PA was considered to be a rare cause of secondary 
hypertension until recently. Early epidemiologic studies have claimed the prevalence of 
PA to be less than 1% of hypertensive patients. On the contrary, there is evidence from 
several recent studies that PA is a much more common cause of resistant hypertension 
than had been suspected before, and particularly common in patients with resistant 
hypertension, its prevalence being between 10 and 15% among patients with severe 
hypertension (Gordon et al., 1994; Fardella et al., 2000; Mosso et al., 2003). Several authors 
have suggested a direct role of aldosterone autonomy as a mechanism for drug resistance 
and have recommended the search for primary aldosteronism in cases of severe or drug 
resistant hypertension as primary aldosteronism was found in 20% of patients with 
resistant hypertension. Primary aldosteronism is, therefore, the most common cause of 
secondary hypertension. 

Resistant Hypertension, Elevated Aldosterone/Renin Ratio  
and Reduced RGS2: A Pathogenetic Link Deserving Further Investigations? 

 

49 

Bilateral idiopathic hyperaldosteronism (IHA) and aldosterone-producing adenoma (APA) 
are the most common subtypes of primary aldosteronism. A rarer cause of primary 
aldosteronism, unilateral hyperplasia or primary adrenal hyperplasia, is generated in a 
single adrenal gland by hyperplasia of the zona glomerulosa. Two forms of familial 
hyperaldosteronism (FH) have been described: FH type I and FH type II. FH type I, or 
glucocorticoid-remediable aldosteronism, is autosomal dominant in inheritance and 
associated with variable degrees of hyperaldosteronism, high levels of hybrid steroids (e.g. 
18-hydroxycortisol and 18-oxocortisol), ameliorated by exogenous glucocorticoids. FH type 
II refers to the familial occurrence of APA or IHA, or both (Young, 2003) . 

A number of studies demonstrate that primary aldosteronism is strongly associated with 
target organ damage and elevated rate of cardiovascular events. Indeed, 
hyperaldosteronism produces oxidative stress with oxidative damage to DNA, 
inflammation, and nongenomic effects (with cardiovascular remodeling, hypertrophy, 
fibrosis, endothelial dysfunction and increased arterial stiffness). This reflects in increased 
cardiovascular events, such as impaired systolic and diastolic ventricular function, atrial 
fibrillation, microalbuminuria, increased incidence of ischemic and hemorrhagic stroke, 
pulmonary edema and myocardial infarction. (Takeda et al., 1995; Rocha et al., 2002; 
Farquharson & Struthers, 2002; Sechi et al., 2006; Rossi et al., 2008; Schupp et al., 2010).  

3.1 Diagnosis 

Diagnosis of PA is made by a three step approach: screening; confirmation / exclusion; 
subtype diagnosis. Serum potassium level cannot be used as an indicator of the presence of 
hidden primary aldosteronism due to high prevalence of normokalemic PA, and the 
prevalence of hypokalemia increasing with severity of hypertensive disease. These data 
suggest that hypokalemia is a late manifestation of the disorder following the onset of 
hypertension. 

3.1.1 Screening test 

Resistant hypertension is enlisted among the subtypes of hypertension which should 
undergo a screening test for primary aldosteronism (Funder et al, 2008) . 

There is general consensus that ARR is the most reliable available mean for primary 
aldosteronism screening, a validated and assured index of inappropriate aldosterone 
activity, and a valid screening assay even without discontinuation of antihypertensive 
medications (Gallay et al., 2001). ARR provides the best parting of patients with primary 
aldosteronism from essential hypertensive subjects. However, there is no agreement on the 
ARR cut-off value and on whether the absolute aldosterone level should also be taken into 
account. It should be noted that the optimal ARR cut-off value (as well as the aldosterone 
level after confirmatory test) is dependent on the assay used to measure aldosterone. 
Different assays, although demonstrating good overall correlation with one another, often 
show significant differences in absolute aldosterone concentrations (Pizzolo et al., 2006). In 
order to compare results from different studies and to use the same cut-offs for screening 
and confirmation, aldosterone assays thus need to be standardized. Moreover, ARR is 
strongly dependent on plasma renin activity (PRA), so that anyone with suppressed PRA 
will have increased ARR: this implies that ARR needs to be interpreted in light of 
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several recent studies that PA is a much more common cause of resistant hypertension 
than had been suspected before, and particularly common in patients with resistant 
hypertension, its prevalence being between 10 and 15% among patients with severe 
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have suggested a direct role of aldosterone autonomy as a mechanism for drug resistance 
and have recommended the search for primary aldosteronism in cases of severe or drug 
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resistant hypertension. Primary aldosteronism is, therefore, the most common cause of 
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aldosterone plasma level (>15 nd/dL) and the lowest detectable level of PRA. Another 
debated issue is the use of direct active renin assay instead of PRA. PRA and direct renin are 
closely and strongly correlated, but the correlation is weaker for the low range of values 
compared with the high/normal range of values (Hartman et al., 2004) .  

3.1.2 Confirmatory testing 

Because of the high prevalence of low renin hypertension, it is important to stress that 
increased ARR is not diagnostic of PA by itself, and a confirmatory test is most often 
required. This is to avoid a large number of hypertensive patients inappropriately 
undergoing costly and potentially harmful procedures. The choice of the test remains a 
matter of debate and there is currently insufficient direct evidence to recommend one in 
particular. The most widely used and approved by the guidelines tests are: fludrocortisone 
suppression test (FST), intravenous saline load test (SLT), oral sodium loading test (OLT) 
and captopril challenge (CC). FST, SLT and OLT include the administration of salt and thus 
should be considered preferable to CC for confirming PA (Mulatero et al., 2010). CC has the 
advantage of being relatively cheap, safe, well tolerated and easy to perform. Because of the 
high rate of false positive diagnoses to which it is related, it should only be used in patients 
at risk of volume expansion.  

3.1.3 Subtype differentiation 

All patients affected by PA should undergo an adrenal HTCT scan as the initial study for 
subtype differentiation in order to rule out an adrenocortical carcinoma. Magnetic resonance 
offers no advantage over CT, and adrenal scintiscan with [6 -131I] iodomethyl-19-
norcholesterol has a low sensitivity and specificity for APA. CT scanning should be 
performed by an expert and motivated radiologist to diminish inadequacy of CT scanning to 
distinguish between APA and IHA because of small size of some adenomas. The Endocrine 
Society Guidelines recommend that all patients for whom the surgical treatment is 
practicable and desired should undergo adrenal venous sampling (AVS) as the gold 
standard to differentiate unilateral from bilateral disease (Young & Stanson, 2009)  

3.1.4 ARR to identify disproportionate aldosterone production 

High aldosterone secretion may play a role in the pathogenesis of increased blood pressure 
in resistant hypertensives even when PA cannot be diagnosed by clinical and instrumental 
criteria. We have shown that a mild elevation of ARR and plasma aldosterone, which are not 
reduced to a significant extent by oral captopril administration during CC, predict poor 
blood pressure response to antihypertensive agents. The clinical features and outcome of 
these patients with high ARR were indistinguishable from those of hypertensive patients 
with clinically diagnosed IHA: both reached blood pressure goal in a smaller fraction and in 
a longer time than patients with ARR in the normal range (Sartori et al., 2006).  The cause(s) 
of the disproportionately high aldosterone levels which are not inhibited to a significant 
extent by the inhibition of Ang II production by captopril remain(s) unknown but they may 
be related to abnormal regulation of aldosterone production by Ang II (see below). ARR 
should be, therefore, performed in all patients with resistant hypertension to demonstrate a 
disproportionate aldosterone secretion and encourage treatment with aldosterone 
antagonists to achieve a more effective blood pressure reduction. 
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3.2 Treatment of primary aldosteronism 

Surgical treatment should be offered to eligible patients with unilateral adrenal disease; it 
consists in unilateral adrenalectomy. It has been shown to improve blood pressure control. 
In patients who are unable or unwilling to undergo surgery, or with a bilateral adrenal 
disease, treatment with a mineralcorticoid receptor antagonist should be started. Treatment 
of aldosterone excess either with spironolactone or with unilateral adrenalectomy was 
found to reduce the high cardiovascular risk of this patient group (Milliez et al., 2005). The 
benefit of controlling PA is also demonstrated after a long period of therapy: treated patients 
with PA had similar rates of cardiovascular events as hypertensive patients without PA after 
a 12-years follow up. The best cardiovascular outcome was seen in younger patients and in 
those with a shorter duration of disease. These results stress the need of early recognition 
and treatment to reverse the adverse effects of aldosterone excess. 

3.2.1 Mineralocorticoid receptor antagonists 

Spironolactone is a direct antagonist of the mineralcorticoid receptor and it is a powerful 
add-on agent to the antihypertensive regimen in patients with resistant hypertension. When 
added to a regimen of three drugs including a diuretic, spironolactone lowers blood 
pressure significantly, with achievement of blood pressure control in a high percentage of 
patients. This effect is similar in patients with or without evidence of aldosterone excess, 
with no gender or ethnic difference. Indeed, similar degrees of blood pressure reduction 
were achieved regardless of baseline plasma aldosterone or PRA values. This underscores 
the contributory role of relative aldosterone excess to treatment resistance, such that even 
those with presumably low levels of aldosterone benefit from mineralcorticoid receptor 
antagonists use. (Nishizaka et al., 2003; Sartori et al., 2006; De Souza et al., 2010) This is in 
contrast with other studies that showed that high ARR predicted the antihypertensive 
efficacy of spironolactone (Eide et al., 2004); these contrasting results may be explained by 
the considerably higher spironolactone dose administered in patients with demonstrated 
PA, generating a strong difference in the two populations. 

The importance of relative aldosterone excess in promoting treatment resistance is 
emphasized also in another recent study: spironolactone was added either to an ACE-I or to 
an ARB theraphy and compared to ACE-I plus ARB combined therapy. Greater blood 
pressure reduction was achieved when spironolactone was added to an ACE inhibitor or an 
ARB versus dual RAS blockade (Alvarez-Alvarez et al., 2010). These results suggest that 
aldosterone excess plays a major role in the pathogenesis of treatment resistance, and that 
hypersecretion of aldosterone is relatively autonomous of the RAS activity, so that the 
amplitude of blood pressure lowering is greater in patients given the mineralcorticoid 
receptor antagonist compared to those on dual blockade. Furthermore, since the study 
excluded patients with PA, the results show that resistant hypertensive patients in general 
have an element of relative aldosterone excess, even if aldosterone falls within the normal 
range. (Acelajado & Calhoun, 2011). 

Mineralcorticoid receptor antagonists are also anti-proteinuric: reduction of albuminuria 
was demonstrated in patients with diabetes or chronic kidney disease, nephropathy, or 
persistent microalbuminuria. In case of chronic kidney disease, spironolactone alone was 
able to reduce proteinuria and slow down renal progression (Bianchi et al., 2006). 
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Treatment with mineralcorticoid receptor antagonists not only controls blood pressure 
levels and proteinuria, but also reverses or attenuates the cardiovascular injury mediated by 
aldosterone excess. This is particularly true for the nongenomic effects, which lead to tissue 
fibrosis, arterial stiffness, and increased oxidative stress. In patients with resistant 
hypertension spironolactone reduces left ventricular mass index after 3 and 6 months of 
therapy, both in patient with PA and in those with normal renin - angiotensin- aldosterone 
levels (Gaddam et al., 2010) . The extent of regression of the left ventricular mass index 
achieved with spironolactone treatment is greater for patients with PA compared to those 
without. 

If patients with both resistant hypertension and PA are selected, further interesting benefits 
of therapy with spironolactone are shown on nongenomic effects. Spironolactone 
significantly decreases brain natriuretic peptide (BNP), an effect that was not seen in those 
with normal or low aldosterone levels; this indicates a prominent diuretic effect even when 
administered on top of chronic thiazide diuretic treatment. In another study on resistant 
hypertension and PA, flow-mediated dilation of the brachial artery increased with 
spironolactone treatment as an indication of reduced arterial stiffness and improvement of 
endothelial function, and this effect was independent of the change of blood pressure 
(Nishizaka et al., 2004) . 

3.2.2 Adverse effects 

Adverse effects of spironolactone use are breast tenderness, gynecomastia, erectile 
dysfunction, and menstrual irregularities, as a result of the binding of spironolactone to 
androgen receptors, preventing their interaction with dihydrotestosterone. All these major 
adverse effects warrant monitoring (Marrs, 2010). The incidence of these effects is rare (2–
9%) and they are all reversible after discontinuing treatment. If a more selective MR 
antagonist is used (such as eplerenone), no or less antiandrogen effects is shown, given its 
lower affinity for progesterone and androgen receptors. A comparison between 
spironolactone and eplerenone in patients with primary hypertension and bilateral adrenal 
hyperplasia showed that the two agents achieved similar degrees of blood pressure 
lowering in patients with PA (Karagiannis et al., 2008). A direct comparison of these two 
agents in patients with resistant hypertension has not been conducted so far. Furthermore, 
eplerenone has not yet been specifically evaluated for the treatment of resistant 
hypertension and it is not available in several countries. 

Hyperkalemia can also be a side effect of treatment with mineralcorticosteroid antagonists, 
especially when multidrug therapy, including renin – angiotensin system blockers, is 
prescribed or in patients with chronic kidney diseases. This effect can be reversed by 
discontinuing the drug or reducing the dose.  

4. RGS2 
The above mentioned studies, showing benefits of aldosterone antagonists in patients with 
resistant hypertension, strongly support a role of aldosterone excess, beyond true primary 
aldosteronism, as a major cause of treatment resistance. Furthermore, data from our 
laboratory have shown that disproportionately high aldosterone levels associated to poor 
response to inhibition of Ang II production by captopril are prevalent in resistant 
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hypertension (Sartori et al., 2006). Therefore, we have investigated the signal transduction 
pathways of Ang II to clarify whether the inappropriately high aldosterone levels are caused 
by abnormal regulation of aldosterone production by Ang II in the adrenals. 

The pressor effects of Ang II action are mediated by stimulation of G protein-coupled 
receptors (GPCRs), which are mediators of the activity of several other important 
cardiovascular neurotransmitters and hormones, including noradrenaline, adrenaline, 
endothelin, thrombin, vasopressin, acetylcholine, serotonin and sphingosine-1-phosphate 
(S1P). G-proteins are widely expressed throughout the cardiovascular system and thus play 
an important role in the physiological regulation of the cardiovascular system. 

Signaling by hormones and neurotransmitters that activate G protein-coupled receptors 
(GPCRs) maintains blood pressure within the normal range despite large changes of cardiac 
output that can occur within seconds. The blood pressure regulation requires, therefore, 
precise kinetic control of GPCR signaling. Alteration of GPCR signaling is a salient feature 
of hypertension and its associated cardiovascular complications and hypertension is often 
associated with increased activity of GPCR-mediated signaling in the heart and blood 
vessels. Accordingly, these pathways are common targets of inhibitors used to treat 
hypertension and heart disease (angiotensin-converting enzyme -ACE- inhibitors - and Ang 
II receptor antagonists) (Rockman et al., 2002). 

4.1 G-Protein structure and function 

The G-protein heterotrimer is composed of a GDP bound Gα subunit and a Gβγ 
heterodimer. Different gene families consisting of 16α, 6β and 12γ genes encode the three 
subunits that can form heterotrimeric complexes in various combinations. It is the Gα 
subunit families (Gs, Gq, Gi etc.), however, that define the signaling context of the 
heterotrimer via its ability to couple selectively to a limited number of seven-
transmembrane domain receptors and effectors. In the absence of extracellular ligand 
(inactive state -OFF state-), the G-protein heterotrimer is coupled to the intracellular surface 
of the receptor. Binding of receptor ligand induces the exchange of GTP for GDP on the Gα 
subunit and the subsequent dissociation of Gα from the Gβγ heterodimer. This condition 
marks the activated (active state -ON state-) state and during this time the Gα and Gβγ 
subunits are free to engage the appropriate downstream effector pathways (Clapham & 
Neer, 1997; Hamm 1998). Effector signaling is terminated by the Gα-subunit catalyzed 
hydrolysis of GTP and reformation of the quiescent receptor-coupled heterotrimer. Thus G-
proteins act as molecular time switches that control the onset and lifetime of cellular 
responses to extracellular signals. 

4.2 RGS proteins promote rapid termination of G-protein mediated signals 

G-protein signaling pathways are tightly coupled to rapid ON–OFF kinetics of the cell 
physiological effectors, including membrane ion channels. As the intrinsic rate of Gα-
mediated GTP hydrolysis is very slow, GTPase-activating proteins (GAPs) are needed to 
achieve the rapid ON–OFF kinetics of G-protein signaling observed in vivo. Regulators of G 
protein signaling (RGS) proteins contain a 120 amino acid GAP domain (Berman et al., 1996) 
that increase the rate of Gα-mediated GTP hydrolysis by up to 2000 times (Ross & Wilkie, 
2000). Accordingly, RGS proteins attenuate GPCR-mediated signaling by promoting faster 
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Treatment with mineralcorticoid receptor antagonists not only controls blood pressure 
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antagonist is used (such as eplerenone), no or less antiandrogen effects is shown, given its 
lower affinity for progesterone and androgen receptors. A comparison between 
spironolactone and eplerenone in patients with primary hypertension and bilateral adrenal 
hyperplasia showed that the two agents achieved similar degrees of blood pressure 
lowering in patients with PA (Karagiannis et al., 2008). A direct comparison of these two 
agents in patients with resistant hypertension has not been conducted so far. Furthermore, 
eplerenone has not yet been specifically evaluated for the treatment of resistant 
hypertension and it is not available in several countries. 

Hyperkalemia can also be a side effect of treatment with mineralcorticosteroid antagonists, 
especially when multidrug therapy, including renin – angiotensin system blockers, is 
prescribed or in patients with chronic kidney diseases. This effect can be reversed by 
discontinuing the drug or reducing the dose.  

4. RGS2 
The above mentioned studies, showing benefits of aldosterone antagonists in patients with 
resistant hypertension, strongly support a role of aldosterone excess, beyond true primary 
aldosteronism, as a major cause of treatment resistance. Furthermore, data from our 
laboratory have shown that disproportionately high aldosterone levels associated to poor 
response to inhibition of Ang II production by captopril are prevalent in resistant 
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hypertension (Sartori et al., 2006). Therefore, we have investigated the signal transduction 
pathways of Ang II to clarify whether the inappropriately high aldosterone levels are caused 
by abnormal regulation of aldosterone production by Ang II in the adrenals. 

The pressor effects of Ang II action are mediated by stimulation of G protein-coupled 
receptors (GPCRs), which are mediators of the activity of several other important 
cardiovascular neurotransmitters and hormones, including noradrenaline, adrenaline, 
endothelin, thrombin, vasopressin, acetylcholine, serotonin and sphingosine-1-phosphate 
(S1P). G-proteins are widely expressed throughout the cardiovascular system and thus play 
an important role in the physiological regulation of the cardiovascular system. 

Signaling by hormones and neurotransmitters that activate G protein-coupled receptors 
(GPCRs) maintains blood pressure within the normal range despite large changes of cardiac 
output that can occur within seconds. The blood pressure regulation requires, therefore, 
precise kinetic control of GPCR signaling. Alteration of GPCR signaling is a salient feature 
of hypertension and its associated cardiovascular complications and hypertension is often 
associated with increased activity of GPCR-mediated signaling in the heart and blood 
vessels. Accordingly, these pathways are common targets of inhibitors used to treat 
hypertension and heart disease (angiotensin-converting enzyme -ACE- inhibitors - and Ang 
II receptor antagonists) (Rockman et al., 2002). 

4.1 G-Protein structure and function 

The G-protein heterotrimer is composed of a GDP bound Gα subunit and a Gβγ 
heterodimer. Different gene families consisting of 16α, 6β and 12γ genes encode the three 
subunits that can form heterotrimeric complexes in various combinations. It is the Gα 
subunit families (Gs, Gq, Gi etc.), however, that define the signaling context of the 
heterotrimer via its ability to couple selectively to a limited number of seven-
transmembrane domain receptors and effectors. In the absence of extracellular ligand 
(inactive state -OFF state-), the G-protein heterotrimer is coupled to the intracellular surface 
of the receptor. Binding of receptor ligand induces the exchange of GTP for GDP on the Gα 
subunit and the subsequent dissociation of Gα from the Gβγ heterodimer. This condition 
marks the activated (active state -ON state-) state and during this time the Gα and Gβγ 
subunits are free to engage the appropriate downstream effector pathways (Clapham & 
Neer, 1997; Hamm 1998). Effector signaling is terminated by the Gα-subunit catalyzed 
hydrolysis of GTP and reformation of the quiescent receptor-coupled heterotrimer. Thus G-
proteins act as molecular time switches that control the onset and lifetime of cellular 
responses to extracellular signals. 

4.2 RGS proteins promote rapid termination of G-protein mediated signals 

G-protein signaling pathways are tightly coupled to rapid ON–OFF kinetics of the cell 
physiological effectors, including membrane ion channels. As the intrinsic rate of Gα-
mediated GTP hydrolysis is very slow, GTPase-activating proteins (GAPs) are needed to 
achieve the rapid ON–OFF kinetics of G-protein signaling observed in vivo. Regulators of G 
protein signaling (RGS) proteins contain a 120 amino acid GAP domain (Berman et al., 1996) 
that increase the rate of Gα-mediated GTP hydrolysis by up to 2000 times (Ross & Wilkie, 
2000). Accordingly, RGS proteins attenuate GPCR-mediated signaling by promoting faster 
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signal termination kinetics following removal of a GPCR agonist and decreasing GPCR 
agonist sensitivity (higher agonist concentrations are needed to achieve the same degree of 
signaling). In addition, the RGS protein GAP domain can inhibit signaling by blocking Gα 
binding to downstream effector molecules (Ceolotto et al., 2001). Three RGS proteins, RGS2, 
RGS4, and RGS5, are among the most highly expressed proteins in the heart and blood 
vessels. The genes encoding these three proteins are located within the region on 
chromosome 1 associated with blood pressure variation. 

4.3 RGS2  

Regulators of G-protein Signaling (RGS) proteins are a large family of important 
endogenous regulators of GPCR signaling: RGS proteins have an established role as 
inhibitors of G-protein signaling in cardiovascular tissues and, therefore, are important 
endogenous regulators of blood pressure. 

4.3.1 RGS2 inhibits Gαq and adenylatecyclase-mediated signaling 

RGS2 is unique owing to its preferential interaction with Gαq/11 (and Gas) and its low 
affinity for Gαi (Heximer et al., 1999; Cladman et al., 2002). RGS2 binds either directly (M1 
muscarinic receptor, or a1A- and b2-adrenoceptors) or indirectly via interaction with a 
scaffold protein (a1B-adrenoceptor) to GPCRs. Through its unique G protein selectivity for 
Gαq/11, RGS2 appears to play a key role in cardiovascular pathophysiology, in which 
deleterious processes are often initiated via Gαq/11-coupled GPCRs; for example, in blood 
vessels, many contractile responses are mediated via Gαq (Wieland et al., 2007) . 

Activation of Gαq-mediated vasoconstrictor signaling pathways in vascular smooth muscle 
cells (VSMCs) mediates the action of several vasoconstrictor agonists, including 
noradrenaline, Ang II, vasopressin and endothelin. RGS2 is a selective and potent inhibitor 
of Gαq signalling that is ubiquitously expressed throughout the cardiovascular system. The 
biological significance of RGS2 in cardiovascular physiology is evident from blood pressure 
studies carried out in mice and humans. Several studies have shown that RGS2-null mice 
are hypertensive (Tang et al., 2003; Gross et al., 2005), with altered G-protein signaling in a 
number of tissues. These mice have agonist-dependent increases in Gαq signaling in VSMCs 
compared with wild-type controls. Moreover, RGS2-null mice also have increased pressor 
responses to infusion of Ang II and α-adrenergic receptor agonists compared with wild-type 
controls. This effect may be partly explained by increased myogenic vasoreactivity to G-
protein-mediated stimuli of the RGS2-null mice (Hercule et al., 2007). RGS2 has also been 
shown to be highly integrated within the NO mediated vasodilator pathway. Specifically, 
the N-terminal of RGS2 is phosphorylated by PKG (cGMP-dependent protein kinase), 
resulting in plasma membrane translocation and increased function as an inhibitor of 
vasoconstrictor signaling (Tang et al., 2003). Results from knockout animal studies also 
suggest that abnormal function of the autonomic nervous system contributes to the 
hypertensive phenotype, since they have increased urinary noradrenaline and altered 
baroreflex sensitivity. Moreover, through the ability of its N-terminal domain to directly 
inhibit specific adenylate cyclase isoforms (Gu et al., 2008b; Salim et al., 2003), RGS2 may 
attenuate signaling via receptors for dopamine and vasopressin in the kidney. Consistent 
with this suggestion, RGS2 was shown to regulate vasopressin responses in cortical 
collecting duct segments in vivo (Zuber et al., 2007). 
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4.3.2 RGS2 and Ang II action 

There is increasing evidence of a reciprocal association between RGS2 activity and Ang II 
signaling. RGS2 has been shown to modulate signaling through the AT1 receptor (Ang II 
type 1 receptor) in several reports mentioned above. However, it has also been shown that 
RGS2 mRNA expression is increased by Ang II signaling in several cell lines, suggesting that 
RGS2 is an important part of a negative-feedback loop for this pathway. Indeed, the Ang II-
stimulated expression of RGS2 has been shown to be able to inhibit both Ang II signaling (Li 
et al., 2005)  and aldosterone production (Romero et al., 2006) . Although the precise 
mechanism for the up regulation of Rgs2 is not fully understood, recent findings have 
implicated a role for PLA2 (phospholipase A2) in this process. Together, these results 
suggest a reciprocal relationship between RGS2 and Ang II, which is supported by in vivo 
studies showing that the Rgs2-null animals are more sensitive to Ang II-induced 
hypertension than wild-type controls (Hercule et al., 2007). 

4.3.3 Clinical hypertension and RGS2 deficiency 

The importance of RGS2 in the regulation of blood pressure homoeostasis is evident also in 
human studies. Recent studies have identified human genetic polymorphisms within the 
RGS2 locus that are associated with hypertension in different ethnic populations (Riddle et 
al., 2006; Freson et al., 2007). The RGS2 gene consists of five exons that show minimal 
genetic variation between subjects. No coding polymorphisms have been yet identified in 
Caucasian subjects; however, one single nucleotide polymorphism (SNP) was found in 
Black Americans (Riddle et al., 2006), and nine different SNPs in Japanese subjects (of which 
five are non-synonymous) (Yang et al., 2005). In the case of the Japanese population, 
hypomorphic RGS2 allele function could partially explain the development of hypertension 
in subjects carrying missense mutations at Q2L,Q2R and R44H. For example, Q2L and Q2R 
variant proteins were shown to be less stable compared with normal RGS2 and, as a result, 
these subjects are thought to express lower steady-state levels of RGS2. By contrast, another 
study showed that the R44H variant of RGS2, although not compromising stability, disrupt 
the amphipathic α-helix that is crucial for proper plasma-membrane targeting and function 
(Gu et al., 2008a). Notably, another mutation at the Arg44 position, R44G, has also been 
shown to be associated with hypertension and higher than normal BMI (body mass index), 
suggesting a further role of RGS2 in causing obesity and metabolic syndrome. In addition, to 
those changes identified in the coding regions, the promoter region, introns and 
untranslated regions of RGS2 also contain several SNPs and I/D (insertion/deletion) 
polymorphisms, of which one has been shown to result in enhanced calcium mobilization in 
fibroblasts in response to Ang II (Semplicini et al., 2006), and one has been linked to an 
increase in risk of the metabolic syndrome in white Caucasian Europeans (Freson et al., 
2007). Remarkably, their allelic frequency differs markedly between ethnicity, and some are 
exclusively found in one ethnic group. Taken together, these studies of both non-
synonymous mutations and extra-exonic polymorphisms suggest the possibility that RGS2 
variation contributes to some of the variability of blood pressure observed between different 
ethnic groups. 

Noteworthy, too much RGS2 may also provide a pathophysiological stimulus within the 
cardiovascular tissues. It has been reported that the RGS2 protein is overexpressed in 
patients with Bartter’s syndrome (B/S) and Gitelman’s syndromes (G/S), and that this 
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signal termination kinetics following removal of a GPCR agonist and decreasing GPCR 
agonist sensitivity (higher agonist concentrations are needed to achieve the same degree of 
signaling). In addition, the RGS protein GAP domain can inhibit signaling by blocking Gα 
binding to downstream effector molecules (Ceolotto et al., 2001). Three RGS proteins, RGS2, 
RGS4, and RGS5, are among the most highly expressed proteins in the heart and blood 
vessels. The genes encoding these three proteins are located within the region on 
chromosome 1 associated with blood pressure variation. 

4.3 RGS2  

Regulators of G-protein Signaling (RGS) proteins are a large family of important 
endogenous regulators of GPCR signaling: RGS proteins have an established role as 
inhibitors of G-protein signaling in cardiovascular tissues and, therefore, are important 
endogenous regulators of blood pressure. 

4.3.1 RGS2 inhibits Gαq and adenylatecyclase-mediated signaling 

RGS2 is unique owing to its preferential interaction with Gαq/11 (and Gas) and its low 
affinity for Gαi (Heximer et al., 1999; Cladman et al., 2002). RGS2 binds either directly (M1 
muscarinic receptor, or a1A- and b2-adrenoceptors) or indirectly via interaction with a 
scaffold protein (a1B-adrenoceptor) to GPCRs. Through its unique G protein selectivity for 
Gαq/11, RGS2 appears to play a key role in cardiovascular pathophysiology, in which 
deleterious processes are often initiated via Gαq/11-coupled GPCRs; for example, in blood 
vessels, many contractile responses are mediated via Gαq (Wieland et al., 2007) . 

Activation of Gαq-mediated vasoconstrictor signaling pathways in vascular smooth muscle 
cells (VSMCs) mediates the action of several vasoconstrictor agonists, including 
noradrenaline, Ang II, vasopressin and endothelin. RGS2 is a selective and potent inhibitor 
of Gαq signalling that is ubiquitously expressed throughout the cardiovascular system. The 
biological significance of RGS2 in cardiovascular physiology is evident from blood pressure 
studies carried out in mice and humans. Several studies have shown that RGS2-null mice 
are hypertensive (Tang et al., 2003; Gross et al., 2005), with altered G-protein signaling in a 
number of tissues. These mice have agonist-dependent increases in Gαq signaling in VSMCs 
compared with wild-type controls. Moreover, RGS2-null mice also have increased pressor 
responses to infusion of Ang II and α-adrenergic receptor agonists compared with wild-type 
controls. This effect may be partly explained by increased myogenic vasoreactivity to G-
protein-mediated stimuli of the RGS2-null mice (Hercule et al., 2007). RGS2 has also been 
shown to be highly integrated within the NO mediated vasodilator pathway. Specifically, 
the N-terminal of RGS2 is phosphorylated by PKG (cGMP-dependent protein kinase), 
resulting in plasma membrane translocation and increased function as an inhibitor of 
vasoconstrictor signaling (Tang et al., 2003). Results from knockout animal studies also 
suggest that abnormal function of the autonomic nervous system contributes to the 
hypertensive phenotype, since they have increased urinary noradrenaline and altered 
baroreflex sensitivity. Moreover, through the ability of its N-terminal domain to directly 
inhibit specific adenylate cyclase isoforms (Gu et al., 2008b; Salim et al., 2003), RGS2 may 
attenuate signaling via receptors for dopamine and vasopressin in the kidney. Consistent 
with this suggestion, RGS2 was shown to regulate vasopressin responses in cortical 
collecting duct segments in vivo (Zuber et al., 2007). 
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4.3.2 RGS2 and Ang II action 

There is increasing evidence of a reciprocal association between RGS2 activity and Ang II 
signaling. RGS2 has been shown to modulate signaling through the AT1 receptor (Ang II 
type 1 receptor) in several reports mentioned above. However, it has also been shown that 
RGS2 mRNA expression is increased by Ang II signaling in several cell lines, suggesting that 
RGS2 is an important part of a negative-feedback loop for this pathway. Indeed, the Ang II-
stimulated expression of RGS2 has been shown to be able to inhibit both Ang II signaling (Li 
et al., 2005)  and aldosterone production (Romero et al., 2006) . Although the precise 
mechanism for the up regulation of Rgs2 is not fully understood, recent findings have 
implicated a role for PLA2 (phospholipase A2) in this process. Together, these results 
suggest a reciprocal relationship between RGS2 and Ang II, which is supported by in vivo 
studies showing that the Rgs2-null animals are more sensitive to Ang II-induced 
hypertension than wild-type controls (Hercule et al., 2007). 

4.3.3 Clinical hypertension and RGS2 deficiency 

The importance of RGS2 in the regulation of blood pressure homoeostasis is evident also in 
human studies. Recent studies have identified human genetic polymorphisms within the 
RGS2 locus that are associated with hypertension in different ethnic populations (Riddle et 
al., 2006; Freson et al., 2007). The RGS2 gene consists of five exons that show minimal 
genetic variation between subjects. No coding polymorphisms have been yet identified in 
Caucasian subjects; however, one single nucleotide polymorphism (SNP) was found in 
Black Americans (Riddle et al., 2006), and nine different SNPs in Japanese subjects (of which 
five are non-synonymous) (Yang et al., 2005). In the case of the Japanese population, 
hypomorphic RGS2 allele function could partially explain the development of hypertension 
in subjects carrying missense mutations at Q2L,Q2R and R44H. For example, Q2L and Q2R 
variant proteins were shown to be less stable compared with normal RGS2 and, as a result, 
these subjects are thought to express lower steady-state levels of RGS2. By contrast, another 
study showed that the R44H variant of RGS2, although not compromising stability, disrupt 
the amphipathic α-helix that is crucial for proper plasma-membrane targeting and function 
(Gu et al., 2008a). Notably, another mutation at the Arg44 position, R44G, has also been 
shown to be associated with hypertension and higher than normal BMI (body mass index), 
suggesting a further role of RGS2 in causing obesity and metabolic syndrome. In addition, to 
those changes identified in the coding regions, the promoter region, introns and 
untranslated regions of RGS2 also contain several SNPs and I/D (insertion/deletion) 
polymorphisms, of which one has been shown to result in enhanced calcium mobilization in 
fibroblasts in response to Ang II (Semplicini et al., 2006), and one has been linked to an 
increase in risk of the metabolic syndrome in white Caucasian Europeans (Freson et al., 
2007). Remarkably, their allelic frequency differs markedly between ethnicity, and some are 
exclusively found in one ethnic group. Taken together, these studies of both non-
synonymous mutations and extra-exonic polymorphisms suggest the possibility that RGS2 
variation contributes to some of the variability of blood pressure observed between different 
ethnic groups. 

Noteworthy, too much RGS2 may also provide a pathophysiological stimulus within the 
cardiovascular tissues. It has been reported that the RGS2 protein is overexpressed in 
patients with Bartter’s syndrome (B/S) and Gitelman’s syndromes (G/S), and that this 
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abnormally high expression inhibits Ang II-mediated intracellular calcium release (Calo’ et 
al., 1998) and promotes altered vascular remodeling. Indeed, fibroblasts taken from patients 
with B/S and G/S have enhanced RGS2 expression and reduced signaling through the AT1 
receptor (Calo’ et al., 2004), the effects of which can be normalized by the knockdown of 
RGS2 expression (Calo’ et al., 2008). 

All these findings strongly suggest that the precise control of RGS2 protein level and 
function is extremely important for the normal regulation of vascular function and blood 
pressure control. This hypothesis received further support by our findings that 1) RGS2 
expression is reduced in PBMs and in cultured fibroblasts from hypertensive patients in 
comparison with normotensive individuals (Semplicini et al., 2006), 2) low RGS2 expression 
predicts a poor response to antihypertensive treatment. In fact, resistant hypertensives were 
characterized by higher plasma aldosterone, ARR and reduced RGS2 expression in 
peripheral blood mononuclear cells in comparison to responder to antihypertensive drugs. 
(Semplicini et al., 2010). 

The association between resistant hypertension and low RGS2 expression suggests increased 
vascular tone of the resistance vessels due to unopposed Ang II-mediated vasoconstriction, 
while the association with high plasma aldosterone and high ARR is an indicator of 
disproportionate aldosterone response to Ang II in the adrenals.  

In the vasculature, chronic upregulation of Ang II activity, due to low RGS2 expression, was 
suggested not only by the finding of increased BP, but also of increased plasma BUN and 
urate levels, an indicator of increased renal efferent artery resistance, reduction of renal 
blood flow and increased hydraulic pressure in the glomerular capillary, with consequent 
increased glomerular filtration rate, and urate and sodium reabsorption along the early 
proximal tubule. (Perlstein et al., 2004; Johnson et al., 2005).  

In the adrenals, the association between low RGS2 and high plasma aldosterone and high 
ARR is an indicator of disproportionate aldosterone response to Ang II (Semplicini et al., 
2010). 

5. Disproportionate aldosterone secretion and reduced RGS2 expression:  
a proposed link in resistant hypertension deserving further investigations 
Identification and treatment of uncontrolled and resistant hypertension is a task of 
paramount importance in cardiovascular preventive medicine. In fact, poor blood pressure 
control carries unacceptably high risk of cardiovascular complications and premature death. 
Improving blood pressure control at individual and population level may reduce 
cardiovascular morbidity and mortality but this major goal can not be achieved with such a 
high prevalence of uncontrolled and resistant hypertension. 

The data summarized so far suggest which pathways should be investigated to unravel the 
pathophysiology of resistant hypertension and how to improve its drug treatment. The 
research results of our and others’ laboratories indicate that aldosterone plays a key role in 
the pathogenesis of resistant hypertension and suggest that aldosterone antagonists should 
be tested in selected patients with resistant hypertension. 

Calhoun et al. (2008) and Gallay et al. (2001) reported that PA is present in 20% of 
individuals with resistant hypertension. High-normal levels of circulating aldosterone 
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increase the risk of poor blood pressure control. High aldosterone with high ARR and low 
PRA may reflect either primary aldosterone overproduction or, more likely, increased 
adrenal response to Ang II.  

Our working hypothesis is that the exaggerated aldosterone production in resistant 
hypertensives is due to low RGS2 expression. This hypothesis originates from our recent 
findings (Semplicini et al., 2010) showing in a cohort of resistant hypertensives that: 

1. there is an inverse correlation between RGS2 expression and baseline BP,  
2. low RGS2 expression is associated with resistant hypertension,  
3. resistant hypertension with low RGS2 expression is associated with high plasma BUN 

and acid uric, indicating increased sodium and water reabsorption in the renal proximal 
tubules,  

4. resistant hypertension with low RGS2 is associated with high plasma aldosterone and 
ARR,  

5. the accuracy of RGS2 and ARR in predicting response to antihypertensive treatment is 
similar and not additive.  

Aldosterone stimulates RGS2 expression, and upregulation of RGS2 by Ang II functions as a 
negative feedback of aldosterone production. The fact that we showed in resistant 
hypertensives high aldosterone with low RGS2 expression provides strong support to our 
hypothesis that abnormal regulation of RGS2 expression increases the duration of action of 
the intracellular signaling cascade, leading to persistently increased secretion of aldosterone 
in resistant hypertensives. 

RGS2 is one of the genes involved in human essential hypertension, because it regulates the 
cell responses to Ang II and other vasoconstrictive agents and it controls peripheral 
vasoconstriction and blood pressure. Our data provide robust indication that reduced 
expression of RGS2 acts also as a promoter of aldosterone excess in resistant and 
uncontrolled hypertension. 

Dysregulation of RGS2 plays a crucial role in the pathogenesis of cardiovascular diseases, 
making RGS2 as a potential therapeutic target or biomarker of hypertension or hypertensive 
heart disease. There is no firm evidence of the cause of reduced RGS2 expression in resistant 
hypertension, but it could be associated to a susceptible genetic polymorphism, and it is still 
unknown how to control the activity of its gene to up-regulate its expression. 

On clinical grounds, according to our hypothesis, we propose a short course of aldosterone 
antagonists in resistant hypertensives. If it provides a good blood pressure response, long 
term treatment with aldosterone antagonists is recommended. This therapeutic approach 
has to be tested in long term controlled studies. In the meanwhile, further in depth studies 
of these mechanisms are recommended to allow a wider comprehension of resistant 
hypertension and to provide further support to its therapeutic approach with aldosterone 
antagonists. 
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abnormally high expression inhibits Ang II-mediated intracellular calcium release (Calo’ et 
al., 1998) and promotes altered vascular remodeling. Indeed, fibroblasts taken from patients 
with B/S and G/S have enhanced RGS2 expression and reduced signaling through the AT1 
receptor (Calo’ et al., 2004), the effects of which can be normalized by the knockdown of 
RGS2 expression (Calo’ et al., 2008). 

All these findings strongly suggest that the precise control of RGS2 protein level and 
function is extremely important for the normal regulation of vascular function and blood 
pressure control. This hypothesis received further support by our findings that 1) RGS2 
expression is reduced in PBMs and in cultured fibroblasts from hypertensive patients in 
comparison with normotensive individuals (Semplicini et al., 2006), 2) low RGS2 expression 
predicts a poor response to antihypertensive treatment. In fact, resistant hypertensives were 
characterized by higher plasma aldosterone, ARR and reduced RGS2 expression in 
peripheral blood mononuclear cells in comparison to responder to antihypertensive drugs. 
(Semplicini et al., 2010). 

The association between resistant hypertension and low RGS2 expression suggests increased 
vascular tone of the resistance vessels due to unopposed Ang II-mediated vasoconstriction, 
while the association with high plasma aldosterone and high ARR is an indicator of 
disproportionate aldosterone response to Ang II in the adrenals.  

In the vasculature, chronic upregulation of Ang II activity, due to low RGS2 expression, was 
suggested not only by the finding of increased BP, but also of increased plasma BUN and 
urate levels, an indicator of increased renal efferent artery resistance, reduction of renal 
blood flow and increased hydraulic pressure in the glomerular capillary, with consequent 
increased glomerular filtration rate, and urate and sodium reabsorption along the early 
proximal tubule. (Perlstein et al., 2004; Johnson et al., 2005).  

In the adrenals, the association between low RGS2 and high plasma aldosterone and high 
ARR is an indicator of disproportionate aldosterone response to Ang II (Semplicini et al., 
2010). 

5. Disproportionate aldosterone secretion and reduced RGS2 expression:  
a proposed link in resistant hypertension deserving further investigations 
Identification and treatment of uncontrolled and resistant hypertension is a task of 
paramount importance in cardiovascular preventive medicine. In fact, poor blood pressure 
control carries unacceptably high risk of cardiovascular complications and premature death. 
Improving blood pressure control at individual and population level may reduce 
cardiovascular morbidity and mortality but this major goal can not be achieved with such a 
high prevalence of uncontrolled and resistant hypertension. 

The data summarized so far suggest which pathways should be investigated to unravel the 
pathophysiology of resistant hypertension and how to improve its drug treatment. The 
research results of our and others’ laboratories indicate that aldosterone plays a key role in 
the pathogenesis of resistant hypertension and suggest that aldosterone antagonists should 
be tested in selected patients with resistant hypertension. 

Calhoun et al. (2008) and Gallay et al. (2001) reported that PA is present in 20% of 
individuals with resistant hypertension. High-normal levels of circulating aldosterone 
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increase the risk of poor blood pressure control. High aldosterone with high ARR and low 
PRA may reflect either primary aldosterone overproduction or, more likely, increased 
adrenal response to Ang II.  

Our working hypothesis is that the exaggerated aldosterone production in resistant 
hypertensives is due to low RGS2 expression. This hypothesis originates from our recent 
findings (Semplicini et al., 2010) showing in a cohort of resistant hypertensives that: 

1. there is an inverse correlation between RGS2 expression and baseline BP,  
2. low RGS2 expression is associated with resistant hypertension,  
3. resistant hypertension with low RGS2 expression is associated with high plasma BUN 

and acid uric, indicating increased sodium and water reabsorption in the renal proximal 
tubules,  

4. resistant hypertension with low RGS2 is associated with high plasma aldosterone and 
ARR,  

5. the accuracy of RGS2 and ARR in predicting response to antihypertensive treatment is 
similar and not additive.  

Aldosterone stimulates RGS2 expression, and upregulation of RGS2 by Ang II functions as a 
negative feedback of aldosterone production. The fact that we showed in resistant 
hypertensives high aldosterone with low RGS2 expression provides strong support to our 
hypothesis that abnormal regulation of RGS2 expression increases the duration of action of 
the intracellular signaling cascade, leading to persistently increased secretion of aldosterone 
in resistant hypertensives. 

RGS2 is one of the genes involved in human essential hypertension, because it regulates the 
cell responses to Ang II and other vasoconstrictive agents and it controls peripheral 
vasoconstriction and blood pressure. Our data provide robust indication that reduced 
expression of RGS2 acts also as a promoter of aldosterone excess in resistant and 
uncontrolled hypertension. 

Dysregulation of RGS2 plays a crucial role in the pathogenesis of cardiovascular diseases, 
making RGS2 as a potential therapeutic target or biomarker of hypertension or hypertensive 
heart disease. There is no firm evidence of the cause of reduced RGS2 expression in resistant 
hypertension, but it could be associated to a susceptible genetic polymorphism, and it is still 
unknown how to control the activity of its gene to up-regulate its expression. 

On clinical grounds, according to our hypothesis, we propose a short course of aldosterone 
antagonists in resistant hypertensives. If it provides a good blood pressure response, long 
term treatment with aldosterone antagonists is recommended. This therapeutic approach 
has to be tested in long term controlled studies. In the meanwhile, further in depth studies 
of these mechanisms are recommended to allow a wider comprehension of resistant 
hypertension and to provide further support to its therapeutic approach with aldosterone 
antagonists. 
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a Consequence of Essential Hypertension  

or also a Factor Conditioning Its Development? 
Natasa Honzikova and Eva Zavodna 
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Czech Republic 

1. Introduction 
Baroreflex is the most important nervous regulatory mechanism of blood pressure 
homeostasis. Its role in a short-time regulation of blood pressure is very well documented. 
On the other hand, the answer to the question whether primary low baroreflex sensitivity 
could also be the cause of the development of hypertension remains unresolved. This 
question is now topical.  

Baroreflex has several branches: reflex control of the peripheral resistance, of the tone of 
capacitance vessels, of the heart rate and contractility. Heart rate response to blood pressure 
variations is studied most intensively. Heart rate changes caused by stimulation of 
baroreceptors are usually quantified as the index of baroreflex sensitivity (BRS), which 
corresponds to a prolongation of the cardiac interval due to the increase of blood pressure in 
ms/mmHg. This mechanism operates beat-by-beat and is evaluated from recordings of 
blood pressure and inter-beat intervals (IBI) lasting for several minutes or several seconds 
respectively, depending on the method used. Despite the fact that BRS fluctuates in healthy 
subjects at rest, it represents a characteristic individual feature. Baroreflex sensitivity 
decreases with age and in different pathological states. This is of major clinical relevance as 
a risk factor of sudden cardiac death in patients after myocardial infarction, which is 
included among complications of hypertension. Therefore, many studies have paid attention 
to this problem providing evidence that metabolic and sympathetic/parasympathetic 
changes, especially during obesity, activate mechanisms (for instance thickening of the 
carotid wall) causing suppression of BRS. On the other hand, some healthy children and 
adolescents have as low BRS as elderly patients with hypertension. Some genetic studies 
provided evidence for an inborn disposition to low BRS. This opened the question whether 
an inborn low BRS could represent an additive factor disposing to blood pressure elevation. 
This is important with respect to epidemic obesity and to an increased prevalence of 
hypertension among young people.  

We have proved by our own method of a summed-weighted-fuzzified index that low BRS is 
an index partially independent of obesity, which is linked with blood pressure elevation in 
young population (Krontoradova et al., 2008). 
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In the methodological part of this Chapter, we describe a cross-spectral method of baroreflex 
sensitivity determination and the difference in the signification of this index determined in 
ms/mmHg (BRS) as usual, or in mHz/mmHg (BRSf). BRS is inter-beat interval-dependent 
and reflects best the total parasympathetic/sympathetic control of the heart rhythm. BRSf is 
inter-beat interval-independent and reflects preferably sensitivity of the baroreceptors. This 
fact is important when comparing groups of subjects with different mean inter-beat 
intervals, for instance, during childhood and adolescence.  

2. Baroreflex in short-term and long-term homeostasis of blood pressure 
The scientists proceeded from the observation that baroreceptors adapt to an increased 
blood pressure and are set to a higher level of blood pressure – the so-called resetting 
(Lohmeier et al., 2005). After baroreceptor denervation in experimental animals, blood 
pressure is increased by more than 50 mmHg, but during several days it resumes the 
original level due to the loss of blood volume by an increased urinary output. The result is 
an increase in blood pressure variability with the mean value of blood pressure 
corresponding to the value before the denervation. Based on the interpretation of these 
experiments it was concluded that the main function of baroreflex is the short-time 
regulation of blood pressure (Cowley et al., 1973). Only the recent experiments with chronic 
electrical stimulation of the carotid baroreceptor afferent nerve fibres and chronic recording 
of the renal sympathetic activity as well as some other experiments demonstrated the role of 
baroreceptors in the long-term control of blood pressure (Brooks & Sved, 2005; Cowley et 
al., 1992; Thrasher, 2005). The therapy of chronic hypertension resistant to antihypertensive 
drugs by stimulation of carotid nerves confirmed that baroreflex is likewise effective in 
long-term blood pressure regulation (Filippone & Bisognano, 2007).  

2.1 Measurement of heart rate baroreflex sensitivity 

The methods used to stimulate baroreceptors include administration of vasoconstrictive or 
vasodilative substances. The other possibility of stimulating baroreceptors is the so-called 
“neck suction”. Another group of methods applies different mathematical procedures to the 
evaluation of recordings of blood pressure and inter-beat fluctuations which last several 
minutes. Baroreflex sensitivity calculated by different methods slightly differs (Laude et al., 
2004; Persson et al., 2001). 

In our laboratory, we published the first spectral analysis of blood pressure resting 
fluctuations in humans (Penaz et al., 1978). We have been using spectral analysis for 
baroreflex sensitivity determination since 1992 (Honzikova et al., 1992). Since then, we have 
obtained ample methodological experience and we would like to point out some of it.  

2.1.1 Cross-spectral method of baroreflex sensitivity determination 

At first, we can shortly describe our approach to the determination of baroreflex sensitivity 
using one of the options, the cross-spectral method. 

The recordings of continuous blood pressure and of inter-beat interval duration (IBI) are 
quasi-periodical. Therefore a pre-processing is essential. The recording of blood pressure is 
digitized (for instance by a 250 Hz sampling rate and 12-bit resolution), and then stored. 
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From the stored signal, the sequences of IBI, systolic blood pressure values (SBP), and 
diastolic blood pressure (DBP) are determined. The data acquired represent irregularly 
sampled values (concomitantly with variations of IBI) of a continuous time system. They are 
interpolated and equidistantly re-sampled.  

The next step is a spectral analysis of these pre-processed data. There are two possibilities of 
evaluating the spectra: discrete Fourier transformation (DFT) applied directly on the signals 
and DFT applied to the autocorrelation function or the cross-correlation function of the 
signals. The latter method allows proving the legitimacy of the results by coherence. 
Therefore, we use this second method: the autocorrelation functions of IBI, SBP, DBP, and 
the cross-correlation function of IBI and SBP are calculated, and then, in the second step, the 
power spectra of the autocorrelation functions IBI, SBP and DBP, and the cross-spectrum of 
the cross-correlation function of IBI and SBP are calculated by fast Fourier transformation.  

The gain factor between variations in systolic blood pressure and inter-beat intervals 
calculated at a frequency of 0.1 Hz is taken as a measure of baroreflex sensitivity (BRS) in 
ms/mmHg (Honzikova et al., 1992, 2003; Persson et al., 2001; Zavodna et al., 2006).  

The frequency ranges between 0.07 and 0.012, or between 0.05 and 0.15 Hz, respectively, are 
used for the determination of BRS. The values of BRS are taken into account only if the 
coherence is higher than 0.5 (Fig. 1). 

We calculate not only the BRS index in ms/mmHg, but also the BRSf index in mHz/mmHg. 
The reason for such approach is explained in detail in part 2.1.2 of this Chapter. 

Continuous blood-pressure recordings are taken under different conditions. We use 
recordings at rest, in sitting position, during metronome-controlled breathing at a frequency 
of 0.33 Hz for about 5 minutes for the determination of the resting value of baroreflex 
sensitivity, or recordings at spontaneous breathing during a dynamic test, for instance 
workload, when controlled breathing is impossible. 

During the testing of long duration, a time-frequency map of the spectra is computed. An 
example is given in Fig. 1, representing an experiment lasting 18 minutes: 3 minutes at rest 
(controlled breathing 0.33 Hz), 9 minutes of bicycling (0.5 W/kg of body weight, 
spontaneous breathing), and 6 min at rest after exercise (Honzikova et al., 2003). 

To get such a time course of the system properties the whole signal is processed in segments 
step by step from the beginning to the end.  

The results of the time-frequency map of spectral analysis presented in Fig. 1 revealed two 
characteristic features. First, all calculated parameters - the frequency at which BRS was 
determined (f), the maximal power of the product of IBI and SBP spectral component (P), 
the selected maximal spectral components in a frequency range between 0.05 and 0.15 Hz of 
IBI and SBP (vIBI and vSBP), the time-shift between vIBI and vSBP spectral components in a 
frequency range between 0.05 and 0.15 Hz, and baroreflex sensitivity fluctuate in time 
course. Second, for some short time intervals, coherence between variability of the signals is 
insignificant and so some data are omitted. Therefore, in principle, we never get identical 
values of these parameters during repeated measurements. Nevertheless, it was shown in 
several studies that there is a significantly lower intra-individual than inter-individual 
variability of BRS, SBP or IBI (Dietrich et al., 2010; Honzikova et al., 1990; Jira et al., 2006, 
2010a; Penaz et al., 1978).  
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Fig. 1. An example of the time course of circulatory variables at rest (3 min, controlled 
breathing), during exercise (9 min, spontaneous breathing), and during recovery (6 min, 
controlled breathing). The individual graphs represent: a) the time course of the following 
parameters: systolic and diastolic blood pressure (SBP and DBP); b) inter-beat intervals and 
their inverse, heart rate values (IBI and HR); c) fluctuation of the frequency at which BRS 
was determined (f) with respect to the maximal power, i.e. the product of IBI and SBP 
spectral component amplitudes (P); d) the selected spectral components in the frequency 
range between 0.05 and 0.15 Hz of IBI and SBP (vIBI and vSBP); e) the time-shift between 
vIBI and vSBP spectral components in the frequency range between 0.05 and 0.15 Hz; f) 
baroreflex sensitivity (BRS). 

2.1.2 Indices of baroreflex sensitivity calculated in ms/mmHg and mHz/mmHg 

Baroreflex sensitivity can be expressed as the change of IBI due to a change of systolic blood 
pressure in ms/mmHg (BRS index) or as the change of heart rate (HR) due to a change of 
systolic blood pressure in bpm/mmHg (Ackermann et al., 1989) or in mHz/mmHg (Al 
Kubati et al., 1997). The BRS index is used in most studies, the second method is not used 
frequently, and there is no standard abbreviation for the indication that heart rate was used 
for the assessment of baroreflex sensitivity. In our laboratory, we apply calculation of 
baroreflex sensitivity in both units, in ms/mmHg and in mHz/mmHg, and we use the 
abbreviations BRS and BRSf (f in this abbreviation expresses that we use beat-to-beat values 
of heart rate for the calculation). To get the BRSf index (mHz/mm Hg), it is necessary to 
calculate the value of a modulus at a frequency of 0.1 Hz in a similar way as in case of the 
BRS index using spectral analysis of instantaneous values of the heart rate measured beat-
by-beat and the corresponding systolic blood pressure values. 

Even though in many dynamic tests or examinations of patients with severely suppressed 
baroreflex sensitivity the interpretation of the results is independent of the procedure (units) 
used, it is not so in all conditions. For example, examination of BRS and BRSf in 139 patients 
7-14 days after the first signs of myocardial infarction had a similar discriminating 
significance between patients at risk and not at risk. Both indices were significantly 
decreased in patients who died within one year after examination in comparison with the 
survivors (Semrad et al., 1998). On the other hand, there is a difference in the age-related 
values of BRS and BRSf (Zavodna et al., 2006).  
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It seems to be useful to explain our approach. The theoretical background is in a non-linear 
relationship between IBI and HR (in the scheme below there are big differences in mean IBI 
for a better demonstration of the effect discussed). The difference in the values of BRS and 
BRSf calculated at a different mean value of IBI is schematically presented in Fig. 2 (left). 

 
Fig. 2. Left: The non-linear relationship between IBI and HR influences BRS and BRSf indices 
presented by arrows. Right: The relationship between BRS and BRSf determined in 415 
subjects (aged 11-20 years). The correlation coefficient calculated after normalization by a 
cube root. 

Thus, with the same mean IBI in the two groups tested, the BRS index corresponds to the 
baroreflex responsiveness of the heart to blood pressure changes. Such a situation is very 
frequent, though mean IBI differs in individuals of such groups.  

On the other hand, in a tested group with different mean IBI, the BRSf index should be 
preferred. For example, the effect of the development of parasympathetic control of the 
heart rate in childhood is manifested by prolongation of the mean IBI (Fig. 2 right). In the 
study of Zavodna et al. (2006), 415 healthy subjects at the age of 11-20 years were examined 
(under resting conditions, sitting, controlled breathing 0.33 Hz). The BRS and BRSf indices 
were determined by the cross-spectral method at a frequency of 0.1 Hz. BRS did not 
correlate with age, but BRSf significantly decreased with age. The baroreflex sensitivity 
determined as BRS in ms/mmHg was significantly positively dependent on the mean IBI. 
This relationship was found not only in the whole group of subjects, but also in the 
respective age subgroups. A different situation was encountered in the relationship between 
baroreflex sensitivity expressed in mHz/mmHg as BRSf and the mean IBI. BRSf correlated 
negatively with IBI in the age range between 11 to 20 years, but in the individual age 
subgroups the BRSf index was IBI independent. The greatest impact of IBI on baroreflex 
sensitivity was recorded in children aged 11-15 years in whom the mean IBI was prolonged 
with age. This means that the BRS index was influenced by the prolongation of mean IBI 
reflecting an age-dependent increased tonic vagal nerve activity. On the other hand, it could 
be hypothesized that BRSf better expressed the baroreceptor sensitivity.  
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Some other studies also examined the problem of the relationship between the heart rate 
and BRS in children (Allen et al., 2000). It was proposed to standardize the patients’ BRS to a 
fixed heart rate of 60 b.p.m. by regression (Abrahamsson et al., 2003). This approach has 
some limitation, because the linearity between log-BRS and heart rate is guaranteed only 
between the heart rates of 80 and 120 b.p.m. (Wesseling, 2003).  

We decided to evaluate a suppression of systolic blood pressure variability by a baroreflex 
regulation of the heart rhythm at a frequency of 0.1 Hz using the BRS and BRSf indices 
(Honzikova et al., 2007). This study was performed in 58 subjects (20–22 years of age). SBP 
variability (SBPv) at 0.1 Hz (LF range) was used for statistical evaluation.  

To enable a comparison of the quantitative effects of BRS and BRSf on SBPv, both variables 
were expressed as multiples of standard deviations. A negative correlation was found 
between SBPv and BRSsd and between SBPv and BRSfsd.  

The multiple regression equation  

 SBPv = 9.43 – 0.0052*IBI/ms + 0.15*BRSsd – 1.85*BRSfsd ;     F = 2.92, p<0.05   (1) 

revealed a higher regression coefficient of BRSfsd than the regression coefficient of  
BRSsd. 

In conclusion, this analysis revealed that the inter-beat interval-independent index BRSf 
(mHz/mmHg) is a better indicator for evaluation of the efficacy of baroreflex sensitivity 
to suppress the SBP variability than the inter-beat interval-dependent index BRS 
(ms/mmHg).  

3. Physiology of baroreflex sensitivity 

3.1 Resting heart rate baroreflex sensitivity as an individual characteristic feature and 
the influence of respiration 

Baroreflex sensitivity, heart rate, and blood pressure variability are closely interrelated. This 
is especially so in the case that all the three variables are determined at a frequency of 0.1 
Hz. This is the frequency range of a dominant role of baroreflex suppression of variations in 
blood pressure by heart rate changes. If the frequency range of respiration is included in a 
measurement or calculation, non-baroreflex factors are involved in respiratory sinus 
arrhythmia, such as a central component (Eckberg, 2003; Gilad et al., 2005; Eckberg & 
Karemaker, 2009; Tzeng et al., 2009), afferent stimuli from stretch receptors in the lungs and 
thoracic wall (Taha et al., 1995), and resonance (van de Vooren et al., 2007). Thus, there is a 
difference between BRS values determined at a respiratory frequency and a frequency of 0.1 
Hz (Bothova et al., 2010; Fredericks et al., 2000). Bothova et al. (2010) have shown that on 
average the determination of BRS by the spectral method at the breathing frequency 
overestimates the real BRS. This phenomenon was present only statistically and an opposite 
relationship can occur in some subjects. From the point of view of clinicians it is important 
that this effect is also present at low BRS values. Therefore, for diagnostic purposes we 
recommend the evaluation of BRS at a frequency of 0.1 Hz using metronome-controlled 
breathing at a frequency that is substantially higher than 0.1 Hz and is not a multiple of 0.1 
Hz to eliminate the respiratory baroreflex-non-related influence and a resonance effect on 
heart rate fluctuations. 
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3.2 Physiology of baroreflex sensitivity in children and adolescents 

Relatively few studies of physiological BRS values in children and adolescents have been 
published. These studies indicate that BRS values are similar to those of young healthy 
adults and that inter-individual differences are also considerable. Quite different values of 
BRS were reported in 1868 children (10-13 years old) by Dietrich et al. (2006) - between 2.3 
and 73 ms/mmHg. We found smaller differences in a group of 415 subjects 11-20 years old 
(Zavodna et al., 2006), ranging between 3.9 ms/mmHg for the 5th percentile and 18.7 
ms/mmHg for the 95th percentile.  

These results are surprising and change the view on the role of low BRS as a potentially 
primary factor involved in the early elevation of blood pressure. Low values of BRS in some 
children (Zavodna et al., 2006; Dietrich et al., 2006) approach the critical value for the risk of 
sudden cardiac death in patients after myocardial infarction and correspond to values 
present in hypertensive patients. BRS is usually less than 5 ms/mmHg in hypertensive 
patients (Labrova et al., 2005) and BRS lower than 3ms/mmHg is a marker of an increased 
risk of sudden cardiac death in patients after myocardial infarction (La Rovere et al., 1998; 
Honzikova et al., 2000).  

Concerning the age-dependent BRS, a decrease was repeatedly described in adults by many 
authors (Gribbin et al., 1971; Kardos et al., 2001). Fewer studies on BRS in children were 
published (Allen et al., 2000; Lenard et al., 2004; Rudiger et al., 2001). No significant age-
dependent baroreflex-sensitivity decrease was found in 400 subjects aged 10 to 19 years, as 
long as baroreflex sensitivity was expressed by the BRSf index in mHz/mmHg or after 
normalization of BRS on the cardiac interval by multiple regression analysis (Zavodna et al., 
2006). This can be explained by an increase in the parasympathetic tone and a prolongation 
of IBI, and this special approach was explained in part 2.1.2 of this Chapter.  

3.3 Genetics of BRS 

The genetic contribution to a BRS value could involve different components of the 
baroreceptor reflex arc, including baroreceptors, central neuronal transmission, reflex 
afferent and efferent pathways. In all of these there act numerous ligands, receptors, 
channels, etc. A serious understanding of genetically conditioned BRS will be very 
complicated because of multiple interactions of these factors.  

Baroreceptors are mechanosensory nerve endings that innervate the adventitia of large 
arteries – the carotid and aortic sinus. An explanation of the conversion of mechanical 
energy into the action potential is still an open question. In the last two decades, a member 
of the degenerin family with mechanosensitive properties was detected in baroreceptor 
terminals: amiloride-sensitive epithelial Na channels (ENaC) (Drummond et al., 1998). The 
ENaC channels are usually under the aldosterone control. We might presume that 
aldosterone would increase Na+ current in baroreceptor terminals and improve 
baroreceptor sensation of blood pressure rise. In the promotor region of the gene for enzyme 
11/18-beta-hydroxylase (CYP11B2) in position -344 it is possible to find the C/T substitution 
which may influence the binding of regulatory factors (Lim et al., 2002). The T allele has 
been associated with increased plasma and urinary levels of aldosterone (Paillard et al., 
1999; Davies et al., 1999), corresponding to the results of Ylitalo et al. (2000). They found, in a 
group of premenopausal women (41-46 years) who were TT homozygotes, increased mean 
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and inter-individual variability of baroreflex sensitivity. The data are close to our 
unpublished data; however, we observed them in a group of young men (20-24 years) but 
not in women. 

Gollasch et al. (2002) tested several mutations of the potassium large conductance calcium-
activated channel (KCNMB1) and showed that individuals having SNP AA in exon 4b had 
greater baroreflex slopes in the high-frequency range than had CA or CC subjects. Their 
findings suggest that potassium channel heterogeneity could mainly influence the rapid 
baroreflex-mediated adjustment of heart rate by the parasympathetic nervous system. This 
idea is also supported by Pedarzani et al. (2000), who documented the presence of very high 
levels of -subunit potassium channel mRNA in rat dorsal vagal neurons. 

The processing of the baroreceptor input is mediated in the CNS by several 
neurotransmitters, especially by angiotensin II. Generally, angiotensin II has a 
sympathoexcitatory effect. It was shown that long-term intracerebroventricular infusion of 
angiotensin II decreased BRS in rabbits, but therapy with the angiotensin blocker losartan 
resulted in BRS increase (Gaudet et al., 2000). We have found in our group of healthy young 
subjects (20-24 years) an association between the less frequent homozygotes CC and 
decreased baroreflex sensitivity (Jira et al., 2010b). 

There are also other studies that were more or less successful in the association of the 
mutation in genes with blood pressure variability and its buffering via the baroreflex 
pathway, e.g. endothelin (Ormezzano et al., 2005), acid sensing ion channel  (Lu et al., 2009), 
neuropeptide Y1 receptor (Wang et al., 2009), eNOS (Jira et al., 2011), etc. 

4. Low baroreflex sensitivity as a risk factor  
4.1 Significance of low baroreflex sensitivity as a risk factor 

The significance of a short-time blood pressure regulation by high BRS as a protection of an 
ischemic myocardium from the risk of sudden cardiac death was shown about 15 years ago 
and BRS lower than 3ms/mmHg was determined as the critical value of BRS (Honzikova et 
al., 2000; La Rovere et al., 1998). At high BRS, a quick prolongation of IBI following a sudden 
blood pressure elevation decreases cardiac workload. This is important in an ischemic 
myocardium, especially after myocardial infarction, and therefore high BRS prevents 
sudden cardiac death.  

Myocardial infarction is a frequent complication of essential hypertension. Studies of BRS in 
hypertensive patients are important with respect to the potential risk of hypertensive 
patients in a possible situation of a later myocardial infarction. BRS is usually lower than 5 
ms/mmHg in hypertensive patients (Cowley, 1992; Labrova et al., 2005; Thrasher et al., 
2005). Different comorbidities (diabetes mellitus or heart failure) have an additive effect 
either by decreasing BRS, or increasing the risk of myocardial infarction (Mortara et al., 
1997).  

Patients at risk of sudden cardiac death profit from implantation of an implantable 
cardioverter-defibrillator (ICD). Indication for ICD implantation is done invasively. It would 
be desirable to develop a non-invasive approach to risk stratification of patients. Many trials 
were carried out to find a combination of non-invasive risk-stratification techniques for 
identifying the patients at risk. Although the low left ventricular ejection fraction has been 
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used effectively to select high-risk patients for the application of therapy to prevent sudden 
cardiac death, it has a limited sensitivity. Reviews of nearly 15 non-invasive markers of 
high-risk patients also include BRS (Bailey et al., 2007; Goldberger et al., 2008). 

4.2 Logit and fuzzy models in risk-data analysis 

Multiregression analysis is used for evaluation of the influence of different factors on some 
functional states, as well as the logistic regression analysis and calculation of the odds ratio 
for a group of risk factors. Such approach provides the basic information, for instance for the 
understanding of the pathogenesis of any process. Medical practice very often needs not 
only identification of risk predictors, but also determination of their critical values, 
sensitivity, specificity, and a positive predictive value in the diagnostics or a therapeutic 
decision in patients. Calculation of the receiver operating curve (ROC) is used for this 
purpose. The improvement of the predictive power of a group of risk factors needs to take 
the following physiological assumptions into account. First, the edge between a risky and a 
non-risky value of each predictor is not an exact value; secondly, different risk predictors 
have different weight. 

We have developed fuzzified and weighted models for a sum of risk predictors (Honzik et 
al., 2003, 2010). First, ROC and the area under ROC were determined for each single 
predictor. The measure of the increasing risk of each single predictor was determined with 
one fuzzy set of data with an output range from 0 to 1. The fuzzy weighted method 
multiplied each individual risk of each predictor with the predictor’s area under ROC. The 
final measure of the risk of each patient was determined as the sum of partial fuzzified 
weighted risks of individual predictors. These new individual predictors were also 
evaluated by ROC and the area under ROC. For each predictor (measured predictors and a 
new fuzzified-weighted-summed predictor) critical values, sensitivity, specificity, and 
positive predictive values were calculated. Our new fuzzified-weighted-summed predictor 
favourably affected the predictive power of non-invasive risk predictors in individuals. This 
approach can be applied in similar decision processes (Krontoradova et al., 2008).   

5. Low baroreflex sensitivity due to factors associated with hypertension 

5.1 Low BRS and the increased stiffness of the carotid wall 

The association between BRS and intima-media thickness (IMT) in the carotid bulb, a 
region with high baroreceptor density, was shown as a marker of subclinical 
atherosclerosis and essential hypertension (Gianaros et al., 2002; Honzikova et al., 2006a; 
Labrova et al., 2005; Zanchetti et al. 1998). Carotid IMT also correlated with age in people 
who were not hypertensives (Labrova et al., 2005). Besides intimal thickening due to the 
atherosclerotic process, smooth muscle hypertrophy and/or hyperplasia may develop due 
to a pressure overload in hypertensive patients. Thus, remodelling of the carotid wall 
linked to high blood pressure and an increased stiffness of the carotid sinus leads to lower 
distensibility of the baroreceptor carotid region during blood pressure increase. BRS is 
also inversely associated with the relative wall thickness and the left ventricular mass 
index, and is significantly impaired in hypertensive patients with concentric left 
ventricular remodelling (Milan et al., 2007). All these findings suggest that BRS is a target 
in arterial hypertension. 



 
Genetics and Pathophysiology of Essential Hypertension 

 

74

and inter-individual variability of baroreflex sensitivity. The data are close to our 
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As mentioned above, we determined baroreflex sensitivity in hypertensive patients not only 
by the BRS index, but also using the BRSf index. Hypertensive patients had thicker IMT and 
lower both indices of baroreflex sensitivity, BRS and BRSf, than healthy controls (Labrova et 
al., 2005). The positive correlation between age and IMT, the negative correlation between 
age and BRS and BRSf, and the positive correlation between IMT and BMI in healthy 
subjects were in agreement with the hypothesis that the age-dependent decrease of 
baroreflex sensitivity corresponded to the age-related structural changes of the carotid wall. 
A different situation appeared in hypertensive patients. We did not see any additive 
thickening of their IMT or any decrease of BRS with age, but BRSf decreased significantly 
with age. IMT in hypertensive patients was not additively influenced by age or BMI. This 
means that the additive influence of age on baroreflex sensitivity in hypertensive patients 
could be detected by the BRSf index only. Using two indices of baroreflex sensitivity, BRS 
and BRSf, we were able to show that baroreflex sensitivity in hypertensives is lower not only 
due to thickening of the carotid wall, but also due to ageing (Labrova et al., 2005; Honzikova 
et al., 2006).  

The examination of the BRSf index implies the question whether low BRS in hypertensive 
patients is only a secondary effect of the mechanisms described above or whether an 
individually inborn low BRS could participate in the development of hypertension.  

5.2 Obesity, sympathetic activation and hypertension 

The relationship between obesity and a higher risk of high blood pressure was established 
for both adults and children in dozens of studies, (e.g. Krontoradova et al., 2008; Lurbe et al., 
1998; Rahmouni et al., 2005). The Framingham study brought evidence of the prevalence of 
hypertension in obese individuals, which was twice that of individuals of normal weight, 
across all ages in men and women (Hubert et al., 1983). It was also reported in several 
studies that weight loss in hypertensive subjects lowered blood pressure (Gordon et al., 
1997; Kriketos et al., 2001; Neter et al., 2003), though the results of some studies showed that 
blood pressure decrease related to weight loss could be only transient (Laaksonen et al., 
2003). Also, white coat hypertension is more frequent in individuals with overweight 
(Helvaci et al., 2007; Honzikova et al., 2006). 

Nowadays, the prevalence of obesity increases not only in adults, but also in adolescents. It 
is hypothesized that it could be linked with increased prevalence of hypertension in 
adolescents and young adults. The data on the epidemics of obesity are alarming. Data from 
45 pairs of surveys from 11 countries were analysed in studies by Lobstein & Jackson-Leach 
(2006). Annual increases in the prevalence of overweight (including obesity) rose from 
typically below 0.5 percentage points in the 1980s to over 1.0 percentage points in the late 
1990s. The variations across countries may relate to changes and differences in the key 
environmental factors (Wang et al., 2002).  

More mechanisms leading to blood pressure increase in obese subjects have been described. 
Many studies have documented that sympathetic activation takes part in linking obesity to 
hypertension. Particularly, intra-abdominal obesity is a major risk factor for cardiovascular 
morbidity and mortality. It seems that leptin plays a key role. Leptin is a hormone secreted 
by adipocytes and its blood concentration is proportional to the fat mass content. It acts in 
the hypothalamus and, besides controlling the body weight by a suppression of food intake 
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and stimulating the metabolic rate, it also increases sympathetic nervous activity. 
Hypertension in obesity is explained by a selective leptin resistance to the appetite reducing 
activity, but by preservation of the sympathetic activation and the sympathetic action on the 
kidney. Thus, chronic hyperleptinemia in obesity produces hypertension. Sympathetic 
activation is linked with an activation of the renin-angiotensin system (RAS) in obesity. 
Adipocyte-derived angiotensinogen can act locally to effect adipocyte growth and 
differentiation, and thus it can partially attribute to the increased fat mass (Rahmouni et al., 
2005). It can be also secreted into the blood stream (Rahmouni et al., 2005). Rahmouni et al. 
(2004) found in mice with obesity induced by high-fat diet greater angiotensinogen gene 
expression in the intra-abdominal fat but not in other fat depots or non-adipose tissue. As 
regards visceral obesity and hypertension, high circulating levels of free fatty acids in obese 
subjects are involved in sympathetic activation. They are released into the portal vein from 
lipolysis in visceral fat depots, and this could explain the association between visceral 
obesity and sympathetic activation (Rahmouni et al., 2005).  

The elevated circulating leptin is associated with impaired baroreflex function. BRS is 
reduced in obese children (Lazarova et al., 2009). Leptin receptors are present on vagal 
afferent fibres and neurons within the solitary tract nucleus, providing an anatomic 
distribution consistent with baroreflex modulation. It was shown in experiments in rats that 
leptin microinjection at sites within the solitary tract nucleus impairs the baroreflex 
sensitivity for bradycardia induced by increases in arterial pressure (Arnold et al., 2009). 

In addition to the effects on homeostasis of body weight and sympathetic activity, leptin has 
a broad range of effects in different tissues. The effect on glucose homeostasis supports the 
development of type II diabetes mellitus, and this is an additive mechanism related to blood 
pressure elevation and BRS decrease. 

Endothelial dysfunction such as decreased nitric oxide (NO) responsiveness is also a 
common abnormality in obesity. Damage to the endothelium leads to structural changes of 
the vessel wall such as thickening of the intima-media of the vessel wall (Rahmouni et al., 
2005). Usually, this mechanism is accepted as a principal one in a decreased BRS because of 
a low compliance of the arterial wall where baroreceptors are present. However, it is 
necessary to take into account the effect of NO activity involved in low frequency variability 
in circulation. 

There are data showing that NO is involved in the control of blood pressure variability 
(BPV) via release of NO by endothelial cells (Just et al., 1994; Nafz et al., 1997). The greatest 
difference in BPV was reported in a frequency range of 0.1 to 0.5 Hz in dogs and 0.2 to 0.6 in 
rats, i.e. a frequency range in which the sympathetic nervous system is most effective. NO 
buffers blood pressure fluctuations by opposing the sympathetic nervous activity (Stauss et 
al., 2000). Moreover, Hogan et al. (1999) demonstrated nitric oxide as a possible factor which 
causes a significant reduction in the diastolic and systolic blood pressure low-frequency 
power by infusion of the NO donor sodium nitroprusside in humans. In this experiment, the 
hypotensive action of sodium nitroprusside was prevented by phenylephrine, but a 
reduction in the BP low-frequency power persisted. This corresponds to the fact that in 
carriers of less frequent alleles enhanced BPV was observed at a frequency of 0.1 Hz, which 
is the frequency of sympathetic activity in humans (Jira et al., 2011). 

Many genetically hypothetic mechanisms could be involved in the pathophysiology of the 
individual disposition for an increase of blood pressure in dependence on obesity. However, 
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they seldom show a linkage between obesity and variability in circulation in a frequency 
range of 0.1 Hz or baroreflex sensitivity.   

Fatso/fat mass and obesity associated gene (FTO gene) was established as contributing to 
obesity. It is expressed in the hypothalamus and influences energy metabolism. Since 
hypothalamus is also involved in blood pressure regulation, the relationship of 
polymorphism of the FTO gene to blood pressure control was studied (Pausova et al., 2009). 
It was found in this study, carried out nearly in 500 adolescents, that individuals with the 
FTO-risk genotype, compared with those who lacked it, demonstrated greater adiposity, 
including the amount of intra-abdominal fat, higher systolic blood pressure, and a higher 
sympathetic modulation of the vasomotor tone evaluated as a variability of diastolic blood 
pressure in a frequency range of 0.1 Hz by spectral analysis. It was hypothesized that sex 
differences and inter-individual differences in linking intra-abdominal obesity to 
hypertension could be explained by mechanisms of action of androgens. Voluminous intra-
abdominal fat, higher blood pressure, and a prominent sympathetic modulation of the 
vasomotor tone (evaluated as a variability of diastolic blood pressure in a frequency range 
of 0.1 Hz by spectral analysis) were found in boys aged 12 to 18 years, who had a low CAG-
repeat number in the androgen-receptor gene in comparison with those with a high CAG-
repeat number. No such differences were seen among girls. This study documented not only 
that this gene represents a genetic risk factor for linkage between intra-abdominal obesity 
and hypertension, but also that sympathoactivation may be an underlying link between 
these states (Pausova et al., 2010).  

6. Low BRS as a factor causing blood pressure elevation in adolescents 

6.1 Prevalence of hypertension and white coat hypertension in children and 
adolescents 

The concept of white coat hypertension is used in situations when blood pressure measured 
at a causal office examination is elevated, but is within the physiological range during its 
repeated measurement or a 24-hour blood-pressure measurement. Some authors believe that 
white coat hypertension does not require pharmacological therapy (Cavallini et al., 1995), 
but an increased risk of cardiovascular diseases was reported in other studies (Gustavsen et 
al., 2003; Lande et al., 2008). 

Prevalence of white coat hypertension is relatively high in different countries in both adults 
and children. Prevalence of white coat hypertension was higher in obese children, but 
differences as to age or sex were insignificant (Stabouli et al., 2005). Dozens of studies have 
brought similar results. Elevation of blood pressure mainly concerns its systolic value. The 
difference measured in diastolic blood pressure could be conditioned by the technical 
difficulty of its measurement, especially in small children (Hornsby et al., 1991). Nowadays, 
ambulatory blood pressure measurement is a standard for the diagnostics of white coat 
hypertension. 

6.2 Primary low baroreflex sensitivity as an additive factor of blood pressure elevation 
in children and adolescents 

Recently, several studies have shown that an increase in the body mass index (BMI) 
correlates significantly with the elevation of blood pressure and a decrease of BRS. 
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Differences in the BMI, BRS/BRSf indices, mean IBI, and systolic blood pressure variability 
were compared in healthy controls, adolescents with white coat hypertension, and 
hypertensive adolescents (Honzikova et al., 2006b). The stepwise blood pressure elevation in 
these groups was associated with a stepwise increase of BMI and a stepwise decrease of 
both indices of baroreflex sensitivity, BRS and BRSf; the mean IBI was unchanged. Systolic 
blood pressure variability was increased in hypertonic adolescents only. 

Such a finding may correspond with the idea that subclinical atherosclerosis and a 
remodelling of the vascular wall may develop very early, though the finding of a similarly 
lower BRS in children, adolescents and young adults with white coat hypertension suggests 
a contradicting interpretation. This group of young subjects with white coat hypertension 
has a physiological blood pressure over 24 hours and there is no reason for remodelling the 
vascular wall. Nevertheless, they have lower BRS than healthy controls and BRSf as well. 
These results suggest the only interpretation, namely that low BRS precedes blood pressure 
elevation (Honzikova et al., 2009). 

 
Fig. 3. Receiver operating curves of baroreflex sensitivity (BRS, thin line), body mass index 
(BMI, dashed line), and a combination of both factors (full line). Optimal critical values 
determined as values at which the maximum achievable combination of sensitivity and 
specificity was reached: 7.08 ms/mmHg for BRS (triangle), 22.20 kg/m2 for BMI (square), 
and 0.439 normalized units for a combination of BMI and BRS (point). Reproduced with 
permission of Physiological Research. 

Direct evidence that low baroreflex sensitivity is a partially independent risk factor for the 
development of essential hypertension was provided by Krontoradova et al. (2008). In this 
study hypertonic subjects had a significantly lower BRS and a significantly higher BMI (the 
BRSf index was not evaluated with respect to the same mean IBI in controls and 
hypertonics). On the other hand, no correlation was found between BMI and BRS either in 
the group of hypertonics or in controls. The predicting power of BMI, BRS, and a 
combination of both factors determined by logistic regression analysis for hypertension was 
evaluated by sensitivity and specificity. The optimal critical values were determined by the 



 
Genetics and Pathophysiology of Essential Hypertension 

 

78
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lower BRS in children, adolescents and young adults with white coat hypertension suggests 
a contradicting interpretation. This group of young subjects with white coat hypertension 
has a physiological blood pressure over 24 hours and there is no reason for remodelling the 
vascular wall. Nevertheless, they have lower BRS than healthy controls and BRSf as well. 
These results suggest the only interpretation, namely that low BRS precedes blood pressure 
elevation (Honzikova et al., 2009). 

 
Fig. 3. Receiver operating curves of baroreflex sensitivity (BRS, thin line), body mass index 
(BMI, dashed line), and a combination of both factors (full line). Optimal critical values 
determined as values at which the maximum achievable combination of sensitivity and 
specificity was reached: 7.08 ms/mmHg for BRS (triangle), 22.20 kg/m2 for BMI (square), 
and 0.439 normalized units for a combination of BMI and BRS (point). Reproduced with 
permission of Physiological Research. 

Direct evidence that low baroreflex sensitivity is a partially independent risk factor for the 
development of essential hypertension was provided by Krontoradova et al. (2008). In this 
study hypertonic subjects had a significantly lower BRS and a significantly higher BMI (the 
BRSf index was not evaluated with respect to the same mean IBI in controls and 
hypertonics). On the other hand, no correlation was found between BMI and BRS either in 
the group of hypertonics or in controls. The predicting power of BMI, BRS, and a 
combination of both factors determined by logistic regression analysis for hypertension was 
evaluated by sensitivity and specificity. The optimal critical values were determined by the 
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receiver operating curves (ROC), i.e. a plot of sensitivity versus specificity for moving 
critical values in steps. Also, the area under the ROC curve was calculated. The approach 
described in part 4.2 of this Chapter was applied for the evaluation of association of 
decreased BRS and increased BMI with a risk of hypertension. The sensitivity, specificity 
and area under ROC were increased for a combination of both factors, BRS and BMI, in 
predicting hypertension (see Fig. 3).  

This means that low BRS may serve as an independent risk factor for the development of 
essential hypertension. What mechanism of blood pressure elevation due to individually 
low BRS could be taken into consideration? Stressing situations increase the sympathetic 
nervous activity as well as blood pressure. Blood pressure elevation is partially blunted by 
the heart rate baroreflex response. This suppression of blood pressure increase is insufficient 
in children with low BRS; therefore, white coat hypertension occurs and frequent 
vasoconstrictive reactions could lead to the development of essential hypertension after a 
longer time. 

7. Conclusion 

Baroreflex sensitivity is, to a certain extent, an individually characteristic index. It fluctuates 
spontaneously even at rest and therefore, regardless of how it is further processed 
mathematically, a particular value measured represents an approximate estimate of its size. 
On the other hand, low values of baroreflex sensitivity are highly repeatable in some 
individuals, and it is just the low BRS values that pose a risk for the development of 
hypertension and its complications. Bearing in mind the fact that essential hypertension is a 
disease of higher age, the majority of studies done in previous years were naturally focused 
on baroreflex sensitivity in older population. The increased arterial stiffness, increased IMT, 
and sympathetic activation in obesity represent indubitable factors which lead to 
hypertension and, consequently, result in a decrease of BRS. The hypothesis ensuing from 
these studies, which states that the drop in baroreflex sensitivity accompanies the 
development of hypertension as a secondary manifestation of the disease, is proved by these 
studies. Low baroreflex sensitivity is then a risk factor in further complications of the 
disease, particularly after myocardial infarction. Also, the pathophysiological mechanism of 
protection of the myocardium from ischemia through high baroreflex sensitivity is obvious. 
Quick prolongation of IBI following a sudden blood pressure elevation decreases cardiac 
workload.  

On the other hand, measurements of BRS in children and adolescents and the first genetic 
studies on the inborn conditionality of BRS have provided enough evidence that some 
individuals possess congenitally low baroreflex sensitivity. This condition does not mean 
any risk for a healthy organism. Without a targeted study, we cannot even speculate on how 
this assumption will manifest itself in advanced age in terms of increased risk of sudden 
cardiac death, since in the meantime the long-term pathological influence of other 
mechanisms lowering baroreflex sensitivity will have presented itself in the other risky 
patients.  

However, low baroreflex sensitivity apparently represents a risk. It is probably a further 
factor which disposes an individual towards blood pressure elevation. Low baroreflex 
sensitivity will manifest itself as blood pressure hyperreactivity. It may lead to white coat 
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hypertension in adolescents as a step in the development of essential hypertension. 
Therefore, congenitally low baroreflex sensitivity may be considered as another risk factor 
for the development of essential hypertension. This is the reason why in the young 
population, including children and adolescents with low baroreflex sensitivity, increased 
emphasis should be put on the prevention of obesity and sufficient physical activity as on 
easily influenceable stimuli which additively increase blood pressure.  

Measuring baroreflex sensitivity is a simple, in no way stressful, non-invasive method. It 
requires just a couple of minutes taking non-invasive record of blood pressure by means of a 
pressure cuff applied on a finger and subsequent mathematical processing. However, if a 
BRS determination is to provide the presumed relevant clinical information, it is not that 
easy. BRS evaluation in the young may only be carried out on the basis of repeated 
measurements. In child age and adolescence, it is appropriate to take into account the 
average heart rate when quantifying BRS. One of the possibilities is the BRSf index or some 
other adequate method. This area of research is therefore substantial from the point of view 
of the study of baroreflex sensitivity, prevention of hypertension and its severe 
complications, and may be of significance for preventative medicine. 
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in children with low BRS; therefore, white coat hypertension occurs and frequent 
vasoconstrictive reactions could lead to the development of essential hypertension after a 
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requires just a couple of minutes taking non-invasive record of blood pressure by means of a 
pressure cuff applied on a finger and subsequent mathematical processing. However, if a 
BRS determination is to provide the presumed relevant clinical information, it is not that 
easy. BRS evaluation in the young may only be carried out on the basis of repeated 
measurements. In child age and adolescence, it is appropriate to take into account the 
average heart rate when quantifying BRS. One of the possibilities is the BRSf index or some 
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1. Introduction 
Hypertension is a cardiovascular pathological condition characterized by relatively 
sustained elevated arterial blood pressure above normal tolerable limit. It refers to the 
condition wherein arterial blood pressure level is greater than the limit of normal range of 
90 millimeter mercury, (Ezenwa, 2009). In fact hypertension occurs when the diastolic blood 
pressure {period of relaxation of the heart} is sustainably greater than 90 millimeter mercury 
(Mm Hg) and the systolic blood pressure (period of contraction of the heart) is greater than 135 
mmHg {Guyton & Hall, 2000} However, other experts {Akinkugbe,1997, Boon & Fox,1998, 
Onwubere,2004} suggest a slightly higher systolic blood pressure of 140 mm Hg and 
diastolic of 90 mm Hg (140/90 mm Hg) for a diagnosis of the disorder. By blood pressure is 
meant the force exerted by the blood against the unit area of the vessel wall {Guyton & Hall, 
2000} often measured in millimeter mercury {mm Hg}. It is that pressure against which the 
heart pumps.  

The need to maintain acceptable blood pressure level is a basic condition for balance and 
maintenance of human life. At very high blood pressure, there is the risk of over-loading the 
heart compounded by possibility of bursting of minute blood vessels that supply the brain 
cells and other vital organs with possibility of endohemorrhegic complications and death. 
On the other hand, at low blood pressure level, inadequate supply could short-circuit the 
activities and life of vital organs including the liver, kidney and brain which will obviously 
lead to organ-system fatigue, collapse and eventual death. Therefore, just as an electronic 
device depends on adequate supply of electric current for optimal performance, the human 
body system requires regulated blood pressure level to maintain its homeostasis. This is 
assured through combined activities particularly of the heart, the kidney, the brain and the 
endocrine system. 

Unfortunately, due to many systemic, hereditary, metabolic, dietary, environmental and/or 
Psychological factors that continuously impact on the capacity of these systems to maintain 
normal blood pressure, they occasionally become overwhelmed leading to development of 
hypertension. 
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2. Classification of hypertenssion 
Hypertension can be classified in different forms depending on what is emphasized at a 
point in time. It could be categorized in terms of severity into borderline, mild, moderate or 
severe hypertension. Hypertension may also be collapsed in terms of pathological and 
clinical phases into benign, accelerated and malignant hypertension. Furthermore, it could 
be grouped by cardiac cycle into systolic and diastolic hypertension. Most importantly, 
hypertension could be understood in terms of etiology into primary or essential and 
secondary hypertension. 

Primary or essential hypertension is the commonest type of hypertension accounting for 90-
95% of all cases of hypertension in humankind {Guyton &Hall, 2000}, and is of interest to the 
present study. Secondary hypertension as the name implies, is hypertension secondary to 
some other conditions such as pregnancy and accounts for about 5-10% of all hypertension 
cases. 

Essential hypertension is believed to run in families and is of unknown origin {Guyton & 
Hall, 2000}. However, it has been observed{Guyton & Hall, 2000} that patients with this 
disorder show characteristic inability of the kidney to excrete  adequate quantities of salt 
and water at high extra cellular fluid levels when arterial blood pressure is high. The reason 
for this retention of salt and water until blood pressure becomes quite high in these patients 
is not known, although basic abnormalities in vascular changes in the kidneys are suspected 
{Guyton & Hall, 2000}. 

Symptomatologically, Hypertension has no signs at its early stage{Guyton& Hall, 2000, 
Ezenwa,2009} but can be detected following routine medical examination that shows stably 
elevated arterial blood pressure level beyond acceptable normal limit. This 
asymptomatology of essential hypertension at the early stage makes its diagnosis often 
delayed thereby increasing possibility of complications and death from the disorder. 
Complicated hypertension may present with clinical features as headache, occasional 
confusional state, restlessness, easy fatigability, sweating, palpitations, recurrent backache, 
chest pain that disappears with rest among others.   

3. Epidemiology of hypertension in Nigeria               
Hypertension is a life long non-communicable disease (NCD) and the commonest 
cardiovascular disorder, Box & Fox (1998). Cardiovascular disease accounts for 30% of total 
global mortality rate from NCD-attributable disorders followed by cancers (13%) Chronic 
respiratory disease (7%) and diabetes (2%), (Peltzer, 2009). Globally, Chronic and non-
communicable diseases are responsible for about 60% of all death cases, (Unwin and Alberti, 
2006).  

In addition, NCD impact negatively on the families, quality of life and productivity. The 
burden of the disease results in loss of income and opportunities with implications for low 
economic development (Peltzer, 2009). 

In Nigeria, exact  epidemiology of hypertension may be quite high, (Ezenwa, 2006) than 
possibly reported. This is because Hypertension related data may be inconclusive or at least 
under reported in Nigeria since usually only formal health sector may be reported. This 
stems from the fact that different paths to care exit in Nigeria whose activities are different 
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and not coordinated centrifugally.  These include orthodox (allopathic) medicine which is 
the formal sector, homeopathic and similar-type medicine, traditional / indigenous 
knowledge system medicine and prayer healing homes. These different approaches operate 
independently, not only in their understanding of etiology, diagnosis and treatment of 
physical and mental disorders, but in other areas as procedure and practice, record keeping, 
charges, training and certification. For instance, while The Medical and Dental Council of 
Nigeria regulates orthodox medical training and practice, there is no board in Nigeria for 
regulation of the activities of the prayer house healers, despite the fact that these healers 
receive, admit(both on in-patient and out-patient bases) and offer intervention to people 
with different physical and mental disorders. On the other hand, while Allopathic Medicine 
has its arms separated into different professions such as investigation (Medical Laboratory 
Sciences), treatment (pharmacognosis, physiotherapy, psychology, surgery etc), the 
traditional healer has all these professions fussed into one person. He /she is a physician, 
laboratory scientist, pharmacologist, nurse etc).  Beyond the forgoing, there is no meeting 
point between these different approaches making health data collation always inconclusive. 
Given the forgoing, available statistics on epidemiology of hypertension in Nigeria derive 
from the formal (orthodox) sector only especially since these different paths to care differ in 
their diagnostic patterns.  

Summarizing the Federal Government  expert committee report on non-communicable 
diseases ,Onwubere (2004) observed that not less than 4.33million Nigerians over 15 years of 
age have hypertension of various degrees or severity (mild 2.8 million, moderate 0.85 
million and severe hypertension, 0.64 million). He noted a national hypertension prevalence 
rate of 25 -30% with high incidence in people at the two extremes of economic spectrum and 
in urban than in rural communities. According to Box & Fox (1998), hypertension is the 
commonest cause of death in industrialized societies, occurring more in men than in 
women, and is of increasing importance in developing countries. 

In an epidemiological study of the disorder in three communities in South West Nigeria, 
Copper, Rotimi, Kaufman, Muna and Mensah (1998; see also Copper Puras, Tracy, 
Kaufman, Ordunez and Mufunda, 1997) noted 7% prevalence rate among rural (Igboora-pa  
community) as against 17% rate in urban (Ibadan) settlers especially urban poor and 
salaried working class. They also noted almost 100% higher mortality rate in patients with 
hypertension when compared with those with normal blood pressure. Specifically, the 
authors reported 5.1% mortality rate among hypertension patients in comparison with 2.8% 
among people with normal blood pressure. Copper et al also (1998) observed that blood 
pressure rose moderately with age among participants resident in the rural communities 
studied unlike those that lived in the urban (Ibadan) center. 

4. Challenges associated with contemporary management of essential 
hypertension in Nigeria; The problem 
The major approach to the management of hypertension in Nigeria (and perhaps elsewhere) 
is the use of anti-hypertensive medications, (in addition to complimentary dietary control 
that ensures reduction of salt intake and consumption of green leafy vegetables). These 
drugs are basically either vasodilators that tend to widen the blood vessels in order to 
reduce resistance or diuretics that inhabit tabular re-absorption of salt and water with 



 
Genetics and Pathophysiology of Essential Hypertension 

 

90

2. Classification of hypertenssion 
Hypertension can be classified in different forms depending on what is emphasized at a 
point in time. It could be categorized in terms of severity into borderline, mild, moderate or 
severe hypertension. Hypertension may also be collapsed in terms of pathological and 
clinical phases into benign, accelerated and malignant hypertension. Furthermore, it could 
be grouped by cardiac cycle into systolic and diastolic hypertension. Most importantly, 
hypertension could be understood in terms of etiology into primary or essential and 
secondary hypertension. 

Primary or essential hypertension is the commonest type of hypertension accounting for 90-
95% of all cases of hypertension in humankind {Guyton &Hall, 2000}, and is of interest to the 
present study. Secondary hypertension as the name implies, is hypertension secondary to 
some other conditions such as pregnancy and accounts for about 5-10% of all hypertension 
cases. 

Essential hypertension is believed to run in families and is of unknown origin {Guyton & 
Hall, 2000}. However, it has been observed{Guyton & Hall, 2000} that patients with this 
disorder show characteristic inability of the kidney to excrete  adequate quantities of salt 
and water at high extra cellular fluid levels when arterial blood pressure is high. The reason 
for this retention of salt and water until blood pressure becomes quite high in these patients 
is not known, although basic abnormalities in vascular changes in the kidneys are suspected 
{Guyton & Hall, 2000}. 

Symptomatologically, Hypertension has no signs at its early stage{Guyton& Hall, 2000, 
Ezenwa,2009} but can be detected following routine medical examination that shows stably 
elevated arterial blood pressure level beyond acceptable normal limit. This 
asymptomatology of essential hypertension at the early stage makes its diagnosis often 
delayed thereby increasing possibility of complications and death from the disorder. 
Complicated hypertension may present with clinical features as headache, occasional 
confusional state, restlessness, easy fatigability, sweating, palpitations, recurrent backache, 
chest pain that disappears with rest among others.   

3. Epidemiology of hypertension in Nigeria               
Hypertension is a life long non-communicable disease (NCD) and the commonest 
cardiovascular disorder, Box & Fox (1998). Cardiovascular disease accounts for 30% of total 
global mortality rate from NCD-attributable disorders followed by cancers (13%) Chronic 
respiratory disease (7%) and diabetes (2%), (Peltzer, 2009). Globally, Chronic and non-
communicable diseases are responsible for about 60% of all death cases, (Unwin and Alberti, 
2006).  

In addition, NCD impact negatively on the families, quality of life and productivity. The 
burden of the disease results in loss of income and opportunities with implications for low 
economic development (Peltzer, 2009). 

In Nigeria, exact  epidemiology of hypertension may be quite high, (Ezenwa, 2006) than 
possibly reported. This is because Hypertension related data may be inconclusive or at least 
under reported in Nigeria since usually only formal health sector may be reported. This 
stems from the fact that different paths to care exit in Nigeria whose activities are different 

 
Does Music Therapy Reduce Blood Pressure in Patients with Essential Hypertension in Nigeria? 

 

91 

and not coordinated centrifugally.  These include orthodox (allopathic) medicine which is 
the formal sector, homeopathic and similar-type medicine, traditional / indigenous 
knowledge system medicine and prayer healing homes. These different approaches operate 
independently, not only in their understanding of etiology, diagnosis and treatment of 
physical and mental disorders, but in other areas as procedure and practice, record keeping, 
charges, training and certification. For instance, while The Medical and Dental Council of 
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Given the forgoing, available statistics on epidemiology of hypertension in Nigeria derive 
from the formal (orthodox) sector only especially since these different paths to care differ in 
their diagnostic patterns.  
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salaried working class. They also noted almost 100% higher mortality rate in patients with 
hypertension when compared with those with normal blood pressure. Specifically, the 
authors reported 5.1% mortality rate among hypertension patients in comparison with 2.8% 
among people with normal blood pressure. Copper et al also (1998) observed that blood 
pressure rose moderately with age among participants resident in the rural communities 
studied unlike those that lived in the urban (Ibadan) center. 

4. Challenges associated with contemporary management of essential 
hypertension in Nigeria; The problem 
The major approach to the management of hypertension in Nigeria (and perhaps elsewhere) 
is the use of anti-hypertensive medications, (in addition to complimentary dietary control 
that ensures reduction of salt intake and consumption of green leafy vegetables). These 
drugs are basically either vasodilators that tend to widen the blood vessels in order to 
reduce resistance or diuretics that inhabit tabular re-absorption of salt and water with 
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consequent reduction in blood pressure. However, the pharmacological actions of these 
drugs are fraught with numerous side effects (A.D.A.M.2002). 

The table below shows some instances of different groups of antihypertensive medications 
and their known side effects (A.D.A.M., 2002) 
 

Serial 
number 

Drug group Side effects 

1 Loop and Thiazide 
diuretics 

Depletion of  body’s supply of  potassium with 
consequences for development of arrhythmias and 
other pathological conditions 

2 Beta-blockers Increase in incidence of type 2 diabetes, depression, 
fatigue, lethargy, nightmares. 

3 Calcium-Channel 
Blockers 

Flushing, constipation, accumulation of fluid in the 
feet (Pedal edema), impotence. 

4 Angiotensin 
converting enzyme 
(ACE) inhibitors 

Allergic reaction, irritating cough, low blood pressure, 
potassium retention in kidney which increases the 
risk of cardiac arrest when at high level. 

5 Angiotensin 
receptor blockers 

Fatigue, nasal congestion, elevated potassium blood 
levels and abnormal kidney function 

Table 1.  

In addition to the foregoing, antihypertensive drugs are associated with sexual dysfunction 
(Philips, 2000). Beyond side effects, drug treatment of hypertension may nearly be 
contraindicated in complicated hypertension co-morbidity with tertiary stage nephritis, 
diabetes mellitus, liver function disease etc. 

More importantly, the use of chemotherapy in the management of hypertension harbors the 
possible risk of death from over dose, under dose, fake and expired medication especially in 
developing countries where regulation of product standards may be weak. 

Finally, the economic burden imposed by prolong use of antihypertensive medication may 
be very challenging to indigent patients and families, the unemployed and/ or the elderly. 
All these factors have obvious negative outcomes for occupational, social and family 
adjustments as well as overall quality of life of the essential hypertension patients. 

It is against the foregoing serious demands associated with pharmacological management of 
essential hypertension that the present study sought to examine the possible therapeutic 
roles of music in the management of the disorder. 

5. Non-pharmacological agents and essential hypertension 
A number of studies have suggested that non-drug based methods of intervention( 
including music therapy ) have therapeutic effects on vital signs of patients with  different 
disorders such as anxiety or essential hypertension, (Stoudenmire, 1975, Kim and Lee, 1989, 
Rasid and Parish, 1998,). Recently, Ezenwa, (2009) investigated the effect of relaxation 
therapy on arterial blood pressure of patients with essential hypertension and found 
significant reduction in their systolic and diastolic blood pressure following 30minutes 
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exposure. The result of the study and similar others formed the main basis to investigate the 
possible contributions of music therapy in the management of essential hypertension. 

Music is a set of organized sound that pleases the ears and sense of balance. The use of 
music in different settings is as old as man. In times past and today, music is used to 
entertain and motivate people in competitive activities such as during games (football, 
wrestling, running etc). It is also used in religious contexts for worship and meditation 
purposes as well as during solemn moments such as funerals, festivals, marriages and 
similar special events. 

However, of great importance to the present paper is the use of music as a therapeutic 
agent. In the Bible, (1st Samuel, 19:9-10) it was reported that when evil spirit came upon 
Saul, David would play the Lyre and evil spirit would depart from him. Campbell (1998) 
articulated the effects of  music therapy( in particular classical music by Wolfgang 
Amadeus Mozart) to include restoration of learning disorders, vocal and auditory 
handicaps, listening disabilities as well as alteration of mood, enhancement of creativity 
and health. 

Conversely, Burns, Labbe, Williams and McCall (1999) assigned subjects to four different 
groups of classical, hard rock, self- selected relaxing music and no music group. Using 
subjects’ relaxation level, skin temperature, muscle tension and heart rate as measures, 
they found that skin temperature decreased for all the conditions while classical, self 
selected relaxing music and no music group reported significant increases in feelings of 
relaxation. However, in a study on the effect of music intervention on anxiety patients 
awaiting cardiac catheterization, Hamel (2001) found a statistically significant reduction 
in anxiety in the test group unlike in the control, reflected in significant reduction in heart 
rate and systolic blood pressure. Cardigan, Caruso, Haldeman, McMamara, Noyes, 
Spadofora, and Carrol (2001), found music therapy to have significantly reduced blood 
pressure, respiratory rate and psychological distress among cardiac patients on bed rest. 
However, result from patients on bed rest may differ from hypertensive patients that are 
active occupationally. In addition, the study was done ten years ago and in a different 
country from the present one. 

In another instance, Smolen,Topp and Singer (2002) studied the effect of self selected music 
on anxiety ,heart rate and blood pressure among ambulatory patients undergoing 
colonoscopy. They assigned thirty two subjects randomly to either an experimental group 
who listened to music during the colonoscopy or standard procedure no music group. 
Furthermore, physiological signs of anxiety including blood pressure and heart rate were 
measured at four points during the procedure. The researchers reported a significant group 
by time interaction on the physiological signs of anxiety as well as significant decreases in 
heart, systolic and diastolic blood pressure among the patients. However, the participants of 
the study were not known hypertensive patients and they chose their music of choice unlike 
in the presents study.           

6. Music therapy and human physiology 
Music varies a great deal. The differences in characteristics of music play out in the different 
uses to which music can be put. It may also reflect cultural, historical, personality and the 
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unique promptings and the circumstances of the particular artist/composer. These 
differences can form a basis for distinction of classes of music. Thus, based on rhythm, it can 
be divided into high and low rhythmic music. It can also be distinguished into geographical 
and social-cultural backgrounds thus; African traditional music, Asian / Oriental traditional 
music, European traditional music etc. In general, music can be classified using broad 
characteristics into Classical, Rock, Reggae, Disco, Blues, and Country. Despite the types of 
music, it has one effect or the other on its listener.  

Music therapy is the employment of organized sound in a purposeful therapeutic manner, 
(Ezenwa , 2006). Due the characteristics, sequential, logical, and predictable nature of music, 
it tends to generate a sense of harmony . This harmony so generated tends to mobilize the 
individual towards activation (arousal) in the case of high rhythmic music, or 
demobilization or relaxation in case of low rhythmic music (Ezenwa 2006). In this sense, 
through appealing to the cognitive domain, music can activate the stimulation of the 
appropriate hormonal system to either increase the basal metabolic rate or decrease the 
physiological system depending on the tonal or rhythmic pattern of the music and the 
listener’s perception of it. 

In order to provide some empirical evidence to demonstrate the critical contribution of 
music therapy in the management of essential hypertension, the present author conducted a 
clinical trial as presented below. 

For the purpose of the study, interest was limited to the comparative effects of a classical 
music by Ludwig Von Beethoven; violin concerto in D, op. 61, second movement entitled 
Larghetto, on patients with essential hypertension.    

7. Justification for the present study 
As can be deduced from the foregoing the current dominant pharmacological method of 
managing hypertension is associated with severe side effects that affect patients in various 
ways. These may include medical complications, disruption in family, social and 
occupational adjustments, in addition to economic burden of illness, all of which predict 
negative outcomes for the patient and generally poor quality of life.  

In order to address these short comings and to provide an alternative or at least a 
complimentary therapeutic approach that is comparatively inexpensive, devoid of side 
effects, is not prone to overdose, faking or adulteration, the present study sought to explore 
the effects of classical music, larghetto, on arterial blood pressure of patients with essential 
hypertension. 

8. Objectives of the study  
This paper sought to answer the following research questions;  

1. Will music therapy be effective in significantly reducing the systolic blood pressure of 
essential hypertension patients? 

2.  Will music therapy be effective in significantly reducing the diastolic blood pressure of 
essential hypertension patients?    
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To test the validity of the foregoing questions, 10 (5 male and 5 female) known essential 
hypertension patients attending Ebonyi State University Teaching Hospital Abakaliki, 
Ebonyi State Nigeria, (now Federal University Teaching Hospital Abakaliki following its 
take over by the Federal Government of Nigeria in may 2011) who met the eligibility 
conditions for participation in the study formed the participants. Their ages ranged from 40 
to 65 with a mean age of 54 and standard deviation of 9.2. Marital status showed that they 
were all married.  

Inclusion into the study was by cumulative addition in which all candidates who met the 
selection criteria were included. These criteria included that patient was interested in the 
study on voluntary basis , had the time to participate , had hypertension as his/her main 
diagnosis ,did not have laboratory or other investigations to do following consultation and 
had no obvious medical/ family/occupational emergency that needed his/her immediate  
attention and that patient must be an out-patient.  

The instruments used in the study included a DVD player (Thompson Ampli DVD 
DTH2150A) measuring 485x108x345mm manufactured by Thompson India private limited 
in May 2004, with serial number 0329. Other instruments were compact disc plate 
containing Ludwig Van Beethoven’s violin concerto in D.OP. 61 entitled second movement 
(Larghetto), plain sheets of paper, stethoscopes and mercury sphygmomanometer for 
measuring and recording systolic and diastolic blood pressure of the participants. There 
were also human facilitators (physicians and nurses) who assisted the researcher with 
selection, measurement and recording of the blood pressure of the patients before and after 
the exposure to the independent variable. 

Execution of the research was done using the following procedure. Approval for the study 
was got from ethics and research committee of Ebonyi State University Teaching Hospital 
Abakaliki. Two consultant physicians were contacted for their assistance in releasing their 
patients for the study .The Head Resident Doctor in Internal Medicine Department was also 
contacted for his co-operation and logistic support in patient enrollment. The co-operation 
of the Nurses on duty was also sought. Effort was however made not to disclose the actual 
purpose of the study to the assisting doctors and nurses in order to prevent experimenter-
related bias. 

After recruitment of the participants, they were taken to the conference hall of the Hospital 
which was located in a relatively quiet area of the institution. As they all came into the hall, 
they were addressed thus: You are please required to sit down .The doctors will simply take your 
blood pressure after which you will listen to a piece of music for 30mins. Your blood pressure may be 
taken from time to time. Thank you for your time with us. 

To ensure relaxation of the participants, they were encouraged to introduce themselves to 
the group. The facilitators (the doctors and nurses) were already known to the patients. 

Matched subjects design was used in the work, while matched T- test statistics was 
employed for data analysis since baseline and post test blood pressure readings of same 
group were compared. 

The result of the study was presented thus: 
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Type of blood 
pressure(BP) Baseline Post 

test 
Cal. T 
value 

Table T 
value DF P<_.01 10 minutes 

post test BP 

Systolic 144 133 3.97 2.26 9 3.25 128 

Diastolic 96 82.5 5.71 2.26 9 3.25 80 

Based on values in table 1 above, a statistically significant mean difference (p<.01) was noted between 
pre-treatment systolic blood pressure reading (M=144) and post treatment value (M=133) indicating 
that the classical music decreased systolic blood pressure level of essential hypertension patients. This 
reduction was found to have decreased further (M=128) when the BP was taken 10 minutes post test 
period. 

Table 2. Summary table of means of systolic and diastolic blood pressure of essential 
hypertension patients. 

The table above also showed that the diastolic blood pressure of the participants manifested 
a statistically significant mean difference between baseline BP value (M = 96) and post test 
BP value (M= 82.5) at P< .01. This showed that the treatment reduced diastolic blood 
pressure of essential hypertension patients. This reduction was also progressive (M= 80) as 
noted when the BP was taken 10 minutes post treatment period. 

The key findings of this study included that the classical music significantly reduced both 
systolic and diastolic blood pressure of the essential hypertension patients that participated 
in the study. 

These findings are consistent with other studies. Salmore & Welson (2000 found music 
therapy to have significantly reduced the vital signs (including the blood pressure) of 
patients in gastrointestinal laboratory endoscopy. In addition, the therapy has been found to 
reduce state anxiety in patients with myocardial infarction( white, 1992), reduced systolic 
and diastolic blood pressure, respiratory rate and psychological distress in cardiac patients 
on bed rest, Cardigan, Caruso, Haldeman,  McNamara, Noyes, Spadafora and Caroll, 2001). 
Campbell (1998) observed that 10 minutes exposure to Mozart’s Sonata for two pianos in D 
major, K448, (a type of classical music) resulted in eight to nine scores higher on spatial 
intelligence test by 36 undergraduates at the University of California. He explained that 
vibrating sound formed patterns and created energy fields of resonance and movement in 
surrounding space. As human beings absorb these energies, ‘they subtly alter breath, pulse, 
blood pressure, muscle tension, skin temperature and other internal rhythms’. 

One possible explanation of this effect of music therapy is the fact that music as an auditory 
stimulus, is a form of sound energy that reverberates in balance, logic and harmony. These 
characteristics of music tend to have a strong irresistible appeal to the ear which compels 
attention from the listener to the music. By consciously or unconsciously surrendering to the 
sound of music, the listener is automatically tuned to the rhythm, the driving force of music 
which gradually changes the mood, feeling, physiology and consequently the vital signs of 
the individual listener. In low rhythmic music, these vital signs reduce significantly. 

A major implication of this study is the fact that music therapy, a non-pharmacological 
agent, significantly reduced systolic and diastolic blood pressure of the participants and as 
such could be useful in the management of essential hypertension. This is very important 
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against the background that chemotherapeutic management of essential hypertension is 
associated with side effects that affect treatment outcome and overall quality of life of the 
patients. Music therapy is inexpensive, accessible, and is not associated with side effects. 

It is important to observe that small sample size is a common difficulty in clinical studies 
and this tends to limit the extent to which the study can be generalized.  This work is not an 
exception to this limitation. Many patients who could have participated in the study did not 
meet the eligibility criteria. Future studies in this area may target large sample size and 
perhaps record possible changes in the blood pressure over longer length of time. This may 
determine the half life of the therapy and as such the dose. 

However, it is interesting to note that only 30minutes exposure to music therapy could 
significantly reduce the blood pressure of known essential hypertension patients and this 
reduction did not only remain stable but reduced further as shown by blood pressure 
readings taken 10 minutes post treatment. There is therefore the need for physicians to 
consider the use of music therapy independently or at least as a complimentary therapeutic 
option. When used as a complimentary therapy, it may reduce the amount of 
antihypertensive drugs patients require thus contributing to reduced side effects and better 
treatment outcome 

9. Conclusion 
A look at the foregoing suggests that music therapy could be an important factor in the 
management of essential hypertension. This finding agrees with other literature in the area 
and therefore justifies the need for a paradigm shift from the present dominant and often 
exclusive use of chemotherapy in the management of essential hypertension. Music therapy 
is inexpensive, accessible, convenient and devoid of known side effects. The integration of 
music therapy, even as an adjunct therapy in the management of essential hypertension, is 
expected to improve access to treatment, eliminate adverse drug interactions or reactions 
and consequently improve overall treatment outcome with great implication for better 
quality of life for the essential hypertension patients. 
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Type of blood 
pressure(BP) Baseline Post 

test 
Cal. T 
value 
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value DF P<_.01 10 minutes 
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1. Introduction 
Human genome encompasses several thousands of genes which when fail to function 
normally lead to a defective phenotype expressed sometimes as a disease or disorder. 
These diseases or disorders may be simple or complex depending upon the nature and 
number of genes controlling the phenotypes and also their interaction with several other 
confounding demographic and environmental factors leading to a mosaic pattern of 
aetiology. Essential hypertension is one such common complex condition prevalent in 
most of the world populations and stands as a major risk factor for cardio-, cerebro and 
renovascular diseases (Kearney et al., 2005) adding to the mortality rate when the patients 
are not treated promptly and managed with proper surveillance. It also causes enormous 
financial burden to the patients and also nation’s economy. This necessitates the need to 
establish the causes with possible measures for prevention and cure of the condition 
especially in view of its high prevalence in several developed and developing countries. 
Research conducted especially in the past two decades were focused more on 
understanding the etiological factors including genetic components and their interaction 
with several other factors with a thrust to look for more appropriate therapeutic measures 
for essential hypertension (EHT). 

Regulation of blood pressure is important to maintain adequate blood flow in the body. By 
definition, blood pressure is the pressure of the blood flowing through the arteries. It 
depends on the flow of the blood pumped by the heart and the resistance exerted by the 
blood vessels against the flow. If the pressure is high, heart is forced to work harder. Based 
on the aetiology, hypertension is further grouped into two major groups viz., a) Essential or 
Primary Hypertension which is caused due to unknown etiology and has no specific origin 
but is strongly associated with life style habits representing 90-95 % of the diagnosed cases 
and b) Secondary Hypertension which arises due to preexisting medical conditions such as 
congestive heart failure, arteriosclerosis and disorders of kidney, liver, adrenal and thyroid 
glands. It accounts to 5 to 10 % of the hypertensive cases and diagnosed by various clinical 
laboratory and other tests. Apart from these two types, other types of hypertension are also 
diagnosed based on their characteristic manifestations (Table -1)     
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White coat Hypertension           

 
- 

 
BP high in doctor’s office 

Systolic Hypertension               - High SBP but normal DBP (age related) 
Malignant Hypertension            - Acute uncontrolled Blood Pressure 
Labile Hypertension                   - Variable Blood Pressure   
Accelerated Hypertension           - Severe Blood Pressure of recent origin 
Borderline Hypertension             - Blood Pressure in the grey zone 
Pseudo Hypertension                  - Due to rigidity of the artery (seen in elders) 
Pulmonary Hypertension            - High Blood Pressure in pulmonary circulation 
Renovascular Hypertension        - Due to narrowed renal artery 
Pre-eclampsia                             - Pregnancy induced 
Secondary Hypertension            - Arising from a identifiable disorder 

Table 1. Types of blood pressure disorders. 

The rhythmic contraction and relaxation of heart creates pressure which is recorded as 
Systolic blood pressure (SBP) when the heart contracts and Diastolic Blood Pressure (DBP) 
when the heart relaxes. BP levels are traditionally expressed in millimetres of mercury (1 
mmHg = 133 Pascal) in the mercury column of sphygmomanometer and is usually around 
120mmHg systolic and 80mmHg diastolic (120/80mmHg) in a normal individual. As per 
JNC VII (2003) report, based on SBP and DBP levels, individuals are grouped into four 
classes as given in Table-2. An adult with consistent systolic pressure of 140mmHg or higher 
and/ or a consistent diastolic pressure of 90mmHg or higher is considered to be 
hypertensive. 
 

 Systolic BP 
(mm/ Hg) 

Diastolic BP 
(mm /Hg) 

Optimal <120 and <80 
Normal < 130 and < 85 
Prehypertension 130-139 or 85-89 
Hypertension   
Stage 1 (mild) 140 - 159 or  90 – 99 
Stage 2 (moderate) 160 -179 or 100 – 109 
Stage 3 (severe) ≥180 and  ≥ 110 
Isolated Systolic hypertension ≥140 and <90 

Table 2. Classification of blood pressure levels.  

2. Factors influencing hypertension 
Essential Hypertension is a common complex condition displaying substantial public health 
problem. As a multifactorial condition it involves action of several genes in conjecture with 
epidemiologic (environmental and demographic) factors manifesting finally into a defined 
phenotype Hypertension. Hypertension is found to affect 25-35% of adult and 60-70% of 
elderly population above the age of 70yrs both among the population of developed and 
developing countries (Staessen et al, 2003). Variation in the prevalence of EHT depends on 
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the ethnicity of the population like being higher in American Blacks (32.4%) as compared to 
Whites (23.3%) and Mexican Americans (22.6%) (Oscar et al., 2000). Among American Blacks 
the condition occurs with greater severity and is associated with high rate of morbidity and 
mortality due to stroke, cardiac failure, left ventricular hypertrophy and end stage renal 
disease. While much is known about demographic and environmental factors that 
predispose an individual to the development of essential hypertension, the nature of the 
genetic factors that increase susceptibility to the condition remain virtually unknown. 

Studies on the epidemiology of hypertension revealed substantial effect of age, gender, body 
mass index, smoking, high alcohol intake, insulin resistance and also diet with high intake 
of salt, and low intake of potassium and calcium (Stanton et al., 1982; Appel et al, 1997, 
Oscar et al., 2000). Some of these factors like obesity and alcohol consumption are additive 
and modifiable and thus influence variations in blood pressure and expression of  
hypertension phenotype. Other factors which are non-modifiable like age, gender, genetic 
factors etc., do not influence the variations in blood pressure and hence the associated risk 
levels (Fig - 1). In fact the factors like obesity, cholesterol levels etc., remain in an individual 
more or less stable over time while blood pressure levels keep changing several times even 
in a day due to the action of multiple physiological pathways to maintain the appropriate 
levels. Interaction between the hypertensinogenic factors and susceptibility causing genetic 
factors that have small effects poses a great challenge in unravelling the links, causes and 
management of hypertension. 

 
Fig. 1. Modifiable and Non-Modifiable factors influencing onset of essential hypertension. 
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Age is recognized as a non-modifiable risk factor for high blood pressure with continuous 
increase in SBP and decrease in DBP levels with ageing throughout ones life. Onset of 
elevated DBP is usually observed from 35-40yrs due to multiple metabolic, physiologic or 
genetic reasons while increase in SBP among the aged is observed due to arteriosclerosis or 
hardening of arteries, decrease in kidney function and physical activity. In many 
populations men show higher prevalence of hypertension with early onset than women. It 
has been suggested that estrogen levels have lowering effect on blood pressure in young 
women but a dramatic increase in the incidence of hypertension is observed in the 
postmenopausal women. Obesity and overweight also pose a major risk for chronic 
diseases including hypertension. Obesity induces a high secretion of insulin which brings in 
many modifications in the body like i) Thickening of the vessels which is responsible for an 
increase in the rigidity of arteries and in turn the blood pressure, ii) Increase in the cardiac 
output due to the secretion of increased adrenalin, iii) Induction of reabsorption of water 
and salt by the kidney which increases the blood volume and consequently the blood 
pressure iv) Over-sensitiveness to sodium which is known to increase the rigidity of the 
peripheral arteries. 

Body Mass Index (BMI) is a simple index of weight-for-height that is commonly used to 
classify underweight, overweight and obesity in adults. It is defined as the weight in 
kilograms divided by the square of the height in meters (kg/m2). 

 BMI = Mass (Kg) / Height (m)2

BMI of <18.5 – Underweight; 18.5-24.9 – Normal; 25.0 – 29.9 – Overweight;  >30 – Obese; 
>40 – Morbid obesity 

Among the addictions, cigarette smoking has been investigated world wide as a risk factor 
for coronary heart disease (CHD), along with high blood pressure and cholesterol disorders. 
The nicotine in cigarettes and other tobacco products cause blood vessels to constrict and 
heart to beat faster, which temporarily raises the blood pressure. Drinking alcohol 
excessively also is found to increase the frequency of high blood pressure by one and half to 
two times. Alcohol when present in the blood stream it covers the blood vessels and arterial 
walls increasing the tension and subsequently the blood pressure. In the recent past 
emphasis is laid on the use of balanced high blood pressure diet with sparse amounts of 
saturated and trans-fats and moderate amounts of other fats. Micronutrients are also as 
important since intake of increased amount of sodium and low levels of potassium and 
calcium in the diet lead to increases in blood pressure. Increase of potassium in diet helps to 
balance the amount of sodium in cell fluids and rids cells of excess sodium through kidneys, 
which filters out extra amount of sodium while inadequate potassium can allow excess 
sodium to accumulate and thus increases the blood pressure. High levels of intracellular 
calcium increases vascular smooth muscle tone, peripheral vascular resistance, and 
responsiveness to the sympathetic and RAS systems that elevate blood pressure. 
Paradoxically it is low not high calcium intake that stimulates an increase in parathyroid 
hormone which leads to calcium mobilization from the bone, increased intestinal calcium 
absorption, decreased renal calcium excretion, increased intracellular calcium concentration  
with increase in blood pressure. In general, life style factors like lack of exercise and physical 
activity, sedentary jobs, habit of smoking and consuming alcohol all are also associated with 

 
Recent Trends in Hypertension Genetics Research 

 

105 

enhancement in blood pressure and more so when the individuals are genetically 
predisposed to the condition. 

2.2 Genetic factors 

2.2.1 Inheritance of hypertension  

Inter individual variations in BP levels are known to be inherited with 30% of contribution 
although the exact genetic factors that contribute to the variations are not clearly established  
The concept of genetic basis for hypertension originated 50yrs back itself with the proposal 
of Platt (1967) who stated that essential hypertension arises due to a single dominant gene. 
He observed that blood pressure values among the sibs followed a bimodal distribution 
with two peaks corresponding to systolic blood pressure of 130 mm mercury inherited by 
the normal gene and those with 160 mm mercury inherited by the gene for hypertension. At 
the same time Pickering (1967) proposed his view that blood pressure is inherited as a 
multifactorial condition since the frequency distribution curves (bell shaped) for blood 
pressure in the relatives of patients were observed to be similar in shape to the distribution 
observed in the population based sample. The distribution however showed a shift upwards 
to one extreme or skewed by about the same amount at all ages. Further evidences for the 
possible involvement of genes for hypertension comes from the population studies 
exhibiting greater similarity in the measurement of blood pressure within families than 
between families (Longini et al, 1984). This familial resemblance appears to be present at all 
levels of blood pressure and hence same genes can be predicted to influence blood pressure 
over all values- the hypothesis proposed by Pickering.  Given an affected first-degree 
relative, the risk of hypertension is found to be increased 2-5 fold in family members as 
compared to the population risk. Studies conducted on familial aggregation of hypertension 
demonstrated correlation in the blood pressure levels between sibs and between parents and 
children (ranging from 0.14-0.18) and between monozygotic twins (ranging from 0.55-0.58) 
as opposed to dizygotic twins (ranging from 0.25-0.27) supporting the genetic basis for the 
condition. This observation is strengthened further by the presence of higher concordance 
rate among biological sibs as opposed to adopted siblings living in the same household 
(Mimura, 1973; Biron et al, 1976; Feinleib et al., 1977; Rice et al., 1989; Williams et al, 1991; 
Oscar et al., 2000). As family members share genes and environment, the correlations 
regarding blood pressure levels between them may also result due to interaction with 
shared environment. However, relatively low blood pressure correlations observed between 
pairs of spouse (0.06-0.08) implicate a substantial influence of genetic factors when family 
blood pressure correlations are considered. Furthermore, adoption studies indicated higher 
correlation in the levels of blood pressure between the parents and their biological children 
than between parents and their adopted children (Biron et al, 1976) emphasising genetic 
basis for blood pressure.  

The strength of a genetic component for a multifactorial condition like hypertension is 
estimated as heritability, which is defined as the proportion of phenotypic variance due to 
genetic factors over the total phenotypic variance observed. Heritability encompasses two 
genetic components causing effects that are a) Additive and b) Dominant effects. Narrow-
sense heritability, denoted as h2 reflects the additive genetic effects and is considered as a 
measure of predictability of offspring trait values based on parental trait values whereas 
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broad-sense heritability estimates denoted as H2 include dominant gene effects which 
explain part of the heritability resulting due to the effects of major genes. However, these 
major genes do not generally contribute substantially to the heritability of complex 
quantitative traits like blood pressure in the general population. Large family-based studies 
conducted have estimated 20-40% narrow-sense heritabilities for DBP and SBP (North et al, 
2003) and around 60% in twin studies (Williams et al, 1991).  

Effect of age was also demonstrated on the heritability estimates for blood pressure by the 
studies on adult twins which was higher than in case of infant twins (Scott et al, 2010). This 
suggests that blood pressure heritability increases with age. In general heritability of blood 
pressure attributed to all the genetic factors varies from 25% in pedigree studies to 65% in 
twin studies.  

2.2.2 Genetic determinants 

Genes responsible for hypertension in reality may be the ones that are meant to regulate 
blood pressure levels in an individual. Such genes are not likely to be the causative 
mutations, but they may be akin to "oncogenes" which are essential to life but may be 
getting abnormal in function at a given time. So the genes for hypertension are normal but 
impacted by the confounders raising the blood pressure level leading to clinical expression 
of the condition. Neel et al. (1998) rightly used the term “Syndromes of impaired genetic 
homeostasis” to diseases arising due to mismatching of previously adaptive genotypes and 
modern environmental conditions. In populations without any hypertensinogenic factors 
blood pressure measurements follow a normal distribution but will be skewed towards 
right of the curve with narrow base or less variance. With the addition of hypertensinogenic 
factors like insulin resistance, obesity, high sodium intake, circulating angiotensin levels etc.,  
the distribution may be skewed further to the right, with flatter curve and more variance 
indicating increase in the frequency of subjects with hypertension who get plotted under the 
tail end of the distribution (Oscar et al., 2000, Fig-2) The hypertensinogenic factors 
themselves may possibly have important genetic component and may act as intermediary 
phenotypes enhancing or decreasing the blood pressure levels like in case of obesity which 
is observed to be a  risk factor  for enhancing  blood pressure. Severe the obesity greater is 
the risk observed for developing hypertension. Concerning the molecular basis of essential 
hypertension, the focused view is that in populations blood pressure has a quasi-unimodal 
distribution and in a person with higher blood pressure values, higher are the chances of 
him possessing the disease-type variant alleles of the susceptibility causing gene. Thus 
greater number of susceptibility genes are likely to be impaired in hypertensives as 
compared to normotensives (Kato, 2002) (Fig-3).  

The advanced molecular biological technologies developed in the recent past helped in 
identifying as many as 17 independent mutations in genes associated with hypertension (8 
genes) or hypotension (9 genes) (Lifton et al., 2001; Table- 3). These monogenic Mendelian 
forms of hypertension are rare and arise mostly due to the errors in different metabolic 
pathways. Mechanism underlying these genes does not explain the blood pressure 
variability observed in populations (Staessen et al., 2003).  Hence efforts were focused more 
on the gene(s) and interacting confounding factors that influence the blood pressure 
variations leading to the clinical expression of essential hypertension. Several strategies 
were applied to meet this end which led to the consensus that hypertension is more likely a 
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Fig. 2. Hypothetical Curves of liability for BP in general population and relatives of 
Probands. A- Mean BP levels in population; B-Mean BP levels in relatives of probands. 

 

 
Fig. 3. Linear increase of BP levels with increasing variant alleles. 

cumulative burden of many genes with small effects. It is now accepted that hypertension is 
a multifactorial condition with the interplay of several genes with small effects. The search 
proved to be tough due to the realities like a) Lack of standardisation and arbitrary 
dichotomisation of a continuous variable into hypertensive and normotensive groups b) 
Requirement of very large sample sizes to obtain good statistical power c) Inappropriate 
selection of controls d) Population admixture and stratification e) Failure to account for 
confounders like environmental and epigenetic factors which themselves may be associated 
with independent genetic variants (like obesity, salt and potassium intake etc.), f) 
Assessment of the effects of environmental factors on genetic variants which develops over 
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time at different levels in different individuals and finally g) Presence of genetic 
heterogeneity where inter-individual variations in blood pressure levels are observed with 
reference to the associated genetic variants and also environmental factors which adds to the 
reduction in the power of the study considerably. Against all the odds, research on 
hypertension genetics has made remarkable progress in the last two decades towards better 
understanding of the condition mainly due to the development of wet lab technologies, 
biostatistical approaches for data analysis and bioinformatics tools.  
 

Syndrome Mutations In Mode of 
Inheritance 

Glucocorticoid remediable aidosteron 
ism (GRA) 

Chimerical gene containing 
promoter area of AS and 
coding region of 11βH  

Dominant 

Apparent mineralocorticoid excess 
(AME) 

Absence of 11βHSD  Recessive 

Liddle syndrome β or γ  subunit of ENaC  Dominant 
Pseudohypoaldosteronism type 2  One of the Genes mapped to 

1q31-42, 12p13 and 17p11-q21 
Dominant 

Hypertension induced by pregnancy Mineralocorticoid receptor  Dominant 
Hypertension with brachydactyly Gene mapped to 12p11.2-12.2 Dominant 
Defective aldosterone Aldosterone Synthase or 21 

hydroxylase 
Recessive 

Dominant Pseudohypoaldosteronism 
 type 1 (PHA1) 

Mineralocorticoid receptor Dominant 

Recessive Pseudohypoaldosteronism 
type 1 (PHA1) 

α,β or γ subunit of ENac Recessive 

Peroxisome proliferators activated 
receptor gamma (PPARγ) 

PPARγ Dominant 

Gitelman’s syndrome Thiazide sensitive Nacl cotrans  
-porter 

Recessive 

Bartter’s syndrome Ion transporters  Recessive 

Table 3. Mendelian forms of blood pressure dysregulation. 

3. Methods for identifying genetic determinants 
Presently two major approaches viz., a) Association studies b) Linkage analysis are being 
adopted to identify the genetic components underlying complex diseases including essential 
hypertension. 

3.1 Association studies 

This approach is based on comparison of cases with controls to examine whether an allele or 
genotype of particular polymorphism (Table- 4) at candidate gene loci are seen more 
frequently in disease populations than in a control population. This approach requires 
careful selection of controls with adequate sample size that has statistical power to validate 
the results. The controls planned should match with the disease population for parameters 
like sex, age, ethnicity, socioeconomic status, accurate diagnosis etc. The controls should 
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also be screened for the presence of hypertension and history of associated conditions like 
diabetes, thyroid disorders, cardiac disorder, stroke etc., (which may have genes 
overlapping with genes for hypertension) and should be drawn at random from the same 
population/ethnic group from where the patient group is selected. The controls drawn from 
the population are unrelated and thus expected to have random distribution of the marker 
alleles selected. For age related condition like hypertension which increases in frequency 
with age, one should be certain that the control subjects are not likely to be the carriers for 
the hypertension susceptible genes. It is rather difficult to achieve this requirement and one 
way of reducing the bias in selecting the controls will be to include such of the individuals 
who are older than the mean age of onset reported for the patient group and also subjects 
who do not have the family history of the condition. A better alternative choice of controls 
would be the unaffected normal sibs who are elder to the patients so that they would have 
crossed the age at expression of the condition in that family at the time of investigation. 
Further sibs share common environment and hence it would be possible to sort out the 
genetic component underlying the condition from the environmental factors. The careful 
selection of the controls can avoid the spurious conclusion on the associations found 
between the disease and the polymorphic loci.  

 

Type of Marker No. of 
Loci Features 

 
Blood Group antigens 
 

 
>25 

 
Genotype cannot always be inferred from the 
phenotypes. Difficult for physical localization 
 

Serum Proteins 
 

30 Often limited polymorphism. Difficult for physical 
localization 
 

Leaucocyte antigens (HLA) 1 
 

HLA system with A, B, C, D and DR loci each harboring 
hundreds of alleles thus resulting extensive 
polymorphism. Is  highly informative 
 

Restriction Fragment Length  
Polymorphisms (RFLPs) 
 

>105 Two allele markers, maximum heterozygosity 0.5, 
genotyped using Southern blotting and PCR techniques. 
Easy for physical localization 
 

Variable number of tandemn  
repeats (VNTRs) 
 

>104 Many alleles and highly informative. Easy for physical 
localization. Tend to cluster near the ends of 
chromosomes 
 

Microsatellites 
 

>105 Many alleles and highly informative.Easy for physical 
localization. Distributed throughout the genome 
 

Single Nucleotide Polymorp- 
hisms (SNPs) 
 

>4x105 Less informative than microsatellites. Can be genotyped 
on a very large scale using automated equipment 

 

Table 4. Polymorphic genetic markers used in genetic analysis and identification of disease 
genes. 
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Association studies rely on the phenomenon of linkage disequilibrium (LD) and are 
conducted to evaluate the risk for developing the disease by the individuals carrying a 
specific genotype or allele of polymorphic candidate loci. These loci when  co-dominant 
have three genotypes (AA, Aa and aa) determined by the combination of two alleles (A and 
a). In normal population the distribution of genotypes and the alleles are expected to be in 
“Hardy-Weinberg equilibrium” (HWE) and there may be deviations from the equilibrium 
when events of migration, genetic drift, selection etc., operate in a given population. 
Deviations in genotypic and allele frequencies of a marker gene from HWE in a patient 
population indicate possible association of the disease susceptible gene with the marker 
allele that may cause risk to the carrier individual of that allele for developing the condition.  

Linkage disequilibrium (LD) results when the frequency of one or more gametic 
combinations of alleles at two loci A and B does not coincide with the combined individual 
frequencies of the two alleles i.e. PA1B1 ≠   pA1pB1.  

In this context the term linkage does not refer exclusively to loci on the same chromosome, 
but it also includes loci on other chromosomes. Linkage disequilibrium (D) is measured as 
the product of frequency of gametes with the same type of alleles minus the product of the 
frequencies of gametes with different types of alleles  

       D= PA1B1 PA2B2 - PA1B2 PA2B1  

When D = +0.25, only gametes with same type of alleles A1B1 and A2B2 occur in a 
population. When D = 0, the two loci are considered to be in genetic equilibrium 

Lower the frequency of recombination between the loci, longer the time it takes for the 
genes to reach equilibrium. After several generations, the two genes do not reach 
equilibrium because of absence of crossing over due to absolute linkage between them. 

The significance of associations is judged by the values of “Odds Ratios” (ORs) computed 
by comparing patient and control groups for the frequencies of marker alleles/genotypes as 
a ratio. The ORs obtained for any allele/genotype is compared against a reference value of 
1.0, the ratio obtained when the distribution of genotypes of  a polymorphism remains more 
or less similar n both patient and control groups. OR’s can deviate significantly from 1.0 and 
when the OR is significantly >1.0, then the locus tested is considered to be in positive 
association with the disease, causing risk to the individuals carrying the particular 
genotype/allele; when it is significantly <1.0, it is interpreted that the marker allele is 
negatively associated and offers protection to the carrier individual against the disease. The 
ORs are computed for alleles (A vs. a) or for one genotype against any of the other two 
genotypes (AA vs. Aa; AA vs. aa and Aa vs. aa) and also for one genotype against the 
pooled frequencies of other two genotypes (AA vs. Aa + aa; Aa vs. AA + aa and aa vs. AA + 
Aa). These values are also represented as those obtained under “Dominant Model” [(which 
specifically tests the association of having at least one minor allele say ‘a’ (i.e. in Aa or aa 
individuals) versus not having it at all (AA individuals)] and “Recessive Model” [(which 
specifically tests the association of having the minor allele “a” in homozygous state (aa) 
versus having at least one major allele A (Aa or AA individuals)]. 

Odds Ratios are also computed to predict risk of alleles of individual markers and/or 
multiple markers. When multiple marker alleles are used to test associations, Bonferroni 
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corrections is applied to validate the significance of risk obtained for the individual markers 
studied. In addition, ORs can also be computed for haplotypes/haploblocks formed by a set 
of alleles of marker genes  on the same chromosome along with the disease gene. Haplotype 
associations provide information on the combinations of certain alleles present on the same 
chromosome as the disease gene. Associations of the disease gene found with certain 
haplotypes may enhance or circumvent the risk estimates obtained for single marker allele. 

The association detected can be positive or negative and the criteria required for high 
quality positive and negative case control studies are described by Sharma and Jeunemaitre 
(2000). The criteria suggested for  Positive case-control study are -  large sample size; well 
matched controls; accurate definition of the phenotype; a priori estimation of the power of 
the study; small p-values adjusted to the number of  SNPs tested; biological plausibility and 
functional significance; independent replication in several populations; confirmation in 
family based studies; high ORs/attributable risk and for a Negative case-control study these 
criteria are - large sample size; well matched controls; accurate definition of the phenotype; 
biological plausibility and functional significance; a priori estimation of the power of the 
study; testing at least three polymorphisms at the same locus; independent replication in at 
least one other populations; haplotype analysis.        

The positive associations of the marker alleles tested with the disease may result due to a) 
Functional relationship between the marker allele and the disease susceptibility genes b) 
Pleiotropic effect of the disease causing genes c) Epistatic (Non-allelic) interaction between 
marker alleles and disease causing genes d) Linkage disequilibrium between marker loci 
and disease causing loci e) Effect of natural selection. Absence of association may indicate 
no role of the markers studied in the causation of the disease. The finding could be a false 
negative resulting obviously due to lack of power and does not refute the hypothesis of 
association. It should be noted that there is strong inverse relationship between the 
frequency of a given allele in a population and the number of probands needed to test its 
contribution to the phenotype particularly with those with low heritability expected like in 
hypertension (Sharma and Jeunemaitre, 2000). Contribution of rare alleles cannot be ruled 
out because of lack of power. By increasing the sample size the contribution of rare alleles 
can be brought to light. Negative results found in a population/ethnic group need not 
replicate in other populations/ ethnic groups since in different populations different genetic 
variants may either cause risk  or protection to the condition. It is possible that in 
populations there may be more number of alleles causing susceptibility and less number of 
alleles counteracting the onset of hypertension. The analysis of intermediate demographic, 
biological or clinical phenotypes associated with hypertension also may help to subdivide 
the patient population into homogeneous groups and help in further analysis to achieve 
more precise results.  

Association studies in general are widely pursued because i) The study is easy to conduct 
based on cases and controls  since there is feasibility of collecting large number of samples 
from unrelated individuals without much difficulty, ii) It does no require any assumption 
about inheritance pattern,  iii) Statistical power of the study is relatively large with the 
requirement of 1,000 samples to detect the relative risk of 1.5 for a given genotype iv) 
Candidate genes can be selected for conducting the study based on the physiology and 
biochemistry related to the disease process v) Small chromosomal region ranging between 
3kb - 50kb in size is enough to detect linkage between the putative gene for the condition 
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Association studies rely on the phenomenon of linkage disequilibrium (LD) and are 
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ORs are computed for alleles (A vs. a) or for one genotype against any of the other two 
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Aa). These values are also represented as those obtained under “Dominant Model” [(which 
specifically tests the association of having at least one minor allele say ‘a’ (i.e. in Aa or aa 
individuals) versus not having it at all (AA individuals)] and “Recessive Model” [(which 
specifically tests the association of having the minor allele “a” in homozygous state (aa) 
versus having at least one major allele A (Aa or AA individuals)]. 

Odds Ratios are also computed to predict risk of alleles of individual markers and/or 
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corrections is applied to validate the significance of risk obtained for the individual markers 
studied. In addition, ORs can also be computed for haplotypes/haploblocks formed by a set 
of alleles of marker genes  on the same chromosome along with the disease gene. Haplotype 
associations provide information on the combinations of certain alleles present on the same 
chromosome as the disease gene. Associations of the disease gene found with certain 
haplotypes may enhance or circumvent the risk estimates obtained for single marker allele. 

The association detected can be positive or negative and the criteria required for high 
quality positive and negative case control studies are described by Sharma and Jeunemaitre 
(2000). The criteria suggested for  Positive case-control study are -  large sample size; well 
matched controls; accurate definition of the phenotype; a priori estimation of the power of 
the study; small p-values adjusted to the number of  SNPs tested; biological plausibility and 
functional significance; independent replication in several populations; confirmation in 
family based studies; high ORs/attributable risk and for a Negative case-control study these 
criteria are - large sample size; well matched controls; accurate definition of the phenotype; 
biological plausibility and functional significance; a priori estimation of the power of the 
study; testing at least three polymorphisms at the same locus; independent replication in at 
least one other populations; haplotype analysis.        

The positive associations of the marker alleles tested with the disease may result due to a) 
Functional relationship between the marker allele and the disease susceptibility genes b) 
Pleiotropic effect of the disease causing genes c) Epistatic (Non-allelic) interaction between 
marker alleles and disease causing genes d) Linkage disequilibrium between marker loci 
and disease causing loci e) Effect of natural selection. Absence of association may indicate 
no role of the markers studied in the causation of the disease. The finding could be a false 
negative resulting obviously due to lack of power and does not refute the hypothesis of 
association. It should be noted that there is strong inverse relationship between the 
frequency of a given allele in a population and the number of probands needed to test its 
contribution to the phenotype particularly with those with low heritability expected like in 
hypertension (Sharma and Jeunemaitre, 2000). Contribution of rare alleles cannot be ruled 
out because of lack of power. By increasing the sample size the contribution of rare alleles 
can be brought to light. Negative results found in a population/ethnic group need not 
replicate in other populations/ ethnic groups since in different populations different genetic 
variants may either cause risk  or protection to the condition. It is possible that in 
populations there may be more number of alleles causing susceptibility and less number of 
alleles counteracting the onset of hypertension. The analysis of intermediate demographic, 
biological or clinical phenotypes associated with hypertension also may help to subdivide 
the patient population into homogeneous groups and help in further analysis to achieve 
more precise results.  

Association studies in general are widely pursued because i) The study is easy to conduct 
based on cases and controls  since there is feasibility of collecting large number of samples 
from unrelated individuals without much difficulty, ii) It does no require any assumption 
about inheritance pattern,  iii) Statistical power of the study is relatively large with the 
requirement of 1,000 samples to detect the relative risk of 1.5 for a given genotype iv) 
Candidate genes can be selected for conducting the study based on the physiology and 
biochemistry related to the disease process v) Small chromosomal region ranging between 
3kb - 50kb in size is enough to detect linkage between the putative gene for the condition 
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and marker genes vi) About 100,000 SNPs are enough to conduct genome wide association 
scans (GWAS). The only disadvantage in the study is the possibility of obtaining false 
positives because of population stratification and heterogeneity of the condition. Population 
stratification can be resolved by studying additional polymorphic loci located on different 
chromosomal regions and verifying for differences in the allele frequencies in the 
population. Unaffected family members can be used as controls to avoid the contribution of 
associated confounding factors. Other limitations of an association study are, it cannot 
detect genetic linkage of loosely linked loci. Since the approach can detect linkage only 
when the polymorphism and the disease susceptible gene loci are in linkage disequilibrium, 
the study can be conducted only by using candidate genes rather than the anonymous DNA 
markers. It should be remembered that lack of linkage disequilibrium between the loci 
studied does not necessarily imply absence of linkage. When the marker and disease 
causing mutation loci are located several million base pairs away, the linkage can still be 
detected using more powerful techniques to analyse the data. 

3.2 Linkage analysis 

Linkage is a phenomenon that deals with the tendency of any two traits (phenotypes, 
marker alleles etc.) to co-segregate among family members of extended pedigrees because 
the loci that harbor these genes are physically located on the same chromosome with 
defined distance. The strength of the linkage depends on the distance between the two loci 
which is represented as Centi Morgan (cM).  cM is a unit that indicates the probability of 
recombination, consequence to the crossing over occurring between the two loci present on 
the same chromosome and is expressed as percentage. Greater the distance between the two 
loci, higher will be the frequency of crossing over leading to recombination occurring 
between the loci being tested. The analysis of linkage is carried out as a) Two point analysis 
where the distance between two loci i.e. disease causing locus and marker locus are assessed 
and b) Multipoint analysis where several loci presumably including the disease causing 
locus are tested for the distance between them. Multipoint linkage analysis helps to resolve 
the order of location of the candidate loci and the position of the disease causing locus in 
relation to them. It also identifies the candidate loci flanking the disease gene locus. Linkage 
between any two loci is computed as lod score based on which distance between any two 
loci can be determined that is expressed in terms of Centi Morgans or cM. Lod Score 
analysis can be i) parametric or ii) non-parametric. For parametric estimations a precise 
genetic model or inheritance pattern for the condition under study should be known along 
with the gene frequencies and penetrance of  the genotype of the markers studied. With 
valid model it stands as a powerful method to scan and localize Mendelian disease genes 
within 20-Mb segment of the chromosome. In contrast, nonparametric method is applicable 
for conditions for which precise inheritance pattern can not be assigned like in hypertension. 
It is also referred as “model free” method and depends on identifying the alleles or 
chromosomal segments that are shared by affected individuals in a given family or 
population, resulting in resemblance/concordance for the two traits being studied. 

3.2.1 Parametric method  

Parametric method is applied for  localizing/mapping genes for the condition with definite 
model of inheritance. For the mapping of gene(s) for an autosomal dominant condition, 
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conventional method of Linkage analysis is carried out based on the estimation of likelihood 
of the genetic marker loci (Table -4) which are polymorphic with high heterozygosity that 
co-segregate along with disease among the family members through generations. It is based 
on the estimation of Lod score (L) that is defined as the likelihood of obtaining a 
family/pedigree with the segregation of marker and disease loci together in the presence of 
certain amount of recombination between them (depicted as θ or x or r) and which varies 
from 0.0-0.5) compared to the likelihood of obtaining the same family/pedigree when there 
is no recombination between the marker and disease loci ( i.e. θ or x or r = 0.5) i.e. when the 
recombination frequency between the two loci is maximum which means that there is 
absence of linkage  

Maximum likelihood estimate (mle) of recombination fraction (referred as θ or x or r) is 
used for determining linkage between two loci on a chromosome based on the relative 
probability (PR) of having obtained the family. The PR is determined by calculating the 
probability of having obtained the various combinations of the particular trait under 
consideration on the assumption of there being no measurable linkage (H0= No linkage; θ = 
0.5) and comparing this with the probabilities based on a range of recombination fractions θ 
varying from 0.00 to 0.05, i.e. 
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PR   is expressed as its logarithm. The log10 of PR is called as log of the odds or lod score. 
Lod score value of ≥ 3.0 indicates that the two loci tested are linked, value of 2.0 as evidence 
of strong linkage, value of 1.0 as evidence for tentative linkage and that of -2.0 absence of 
linkage. The Lod score of 2.0 that is suggestive of linkage can be further evaluated by 
analyzing more candidate/marker loci and by screening additional members of the family. 

Large extended pedigrees with valid power are required for linkage estimations and gene 
mapping of an autosomal dominant condition. Extent of penetrance and population 
frequency of the gene in question and information on phase of linkage are required while 
using this method. 

For an autosomal recessive condition where the parents of the affected individual are 
invariably blood relatives and heterozygous, different approach is adopted. It is ascertained 
whether both the alleles in the homozygous affected inbred individual are demonstrably 
transmitted representing copies of an allele present in a common recent ancestor. Such 
alleles in the homozygotes are referred as “Identical by descent” or as IBD. When the 
alleles carried by an individual are identical, but are not demonstrably inherited from the 
common ancestor implying that they have two different origins, then they are referred as 
“Identical by state” or as IBS (Fig- 4). Hence IBS analysis is based on population 
frequencies and not on Mendelian probabilities. The inbred individual is expected to be 
homozygous for the segment of the chromosome with some loci flanking to the disease 
causing locus. By examining the segregation of such flanking loci (haplotypes) from the 
phenotypically normal but heterozygous parents to the affected offspring, one can estimate 
whether the disease causing locus and the candidate loci are linked based on the extent of 
recombination occurring between the loci studied. For linkage analysis of an autosomal 
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and marker genes vi) About 100,000 SNPs are enough to conduct genome wide association 
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associated confounding factors. Other limitations of an association study are, it cannot 
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the study can be conducted only by using candidate genes rather than the anonymous DNA 
markers. It should be remembered that lack of linkage disequilibrium between the loci 
studied does not necessarily imply absence of linkage. When the marker and disease 
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detected using more powerful techniques to analyse the data. 
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marker alleles etc.) to co-segregate among family members of extended pedigrees because 
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defined distance. The strength of the linkage depends on the distance between the two loci 
which is represented as Centi Morgan (cM).  cM is a unit that indicates the probability of 
recombination, consequence to the crossing over occurring between the two loci present on 
the same chromosome and is expressed as percentage. Greater the distance between the two 
loci, higher will be the frequency of crossing over leading to recombination occurring 
between the loci being tested. The analysis of linkage is carried out as a) Two point analysis 
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between any two loci is computed as lod score based on which distance between any two 
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genetic model or inheritance pattern for the condition under study should be known along 
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within 20-Mb segment of the chromosome. In contrast, nonparametric method is applicable 
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conventional method of Linkage analysis is carried out based on the estimation of likelihood 
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co-segregate along with disease among the family members through generations. It is based 
on the estimation of Lod score (L) that is defined as the likelihood of obtaining a 
family/pedigree with the segregation of marker and disease loci together in the presence of 
certain amount of recombination between them (depicted as θ or x or r) and which varies 
from 0.0-0.5) compared to the likelihood of obtaining the same family/pedigree when there 
is no recombination between the marker and disease loci ( i.e. θ or x or r = 0.5) i.e. when the 
recombination frequency between the two loci is maximum which means that there is 
absence of linkage  

Maximum likelihood estimate (mle) of recombination fraction (referred as θ or x or r) is 
used for determining linkage between two loci on a chromosome based on the relative 
probability (PR) of having obtained the family. The PR is determined by calculating the 
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Large extended pedigrees with valid power are required for linkage estimations and gene 
mapping of an autosomal dominant condition. Extent of penetrance and population 
frequency of the gene in question and information on phase of linkage are required while 
using this method. 

For an autosomal recessive condition where the parents of the affected individual are 
invariably blood relatives and heterozygous, different approach is adopted. It is ascertained 
whether both the alleles in the homozygous affected inbred individual are demonstrably 
transmitted representing copies of an allele present in a common recent ancestor. Such 
alleles in the homozygotes are referred as “Identical by descent” or as IBD. When the 
alleles carried by an individual are identical, but are not demonstrably inherited from the 
common ancestor implying that they have two different origins, then they are referred as 
“Identical by state” or as IBS (Fig- 4). Hence IBS analysis is based on population 
frequencies and not on Mendelian probabilities. The inbred individual is expected to be 
homozygous for the segment of the chromosome with some loci flanking to the disease 
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phenotypically normal but heterozygous parents to the affected offspring, one can estimate 
whether the disease causing locus and the candidate loci are linked based on the extent of 
recombination occurring between the loci studied. For linkage analysis of an autosomal 



 
Genetics and Pathophysiology of Essential Hypertension 

 

114 

recessive condition less than 10 pedigrees with the affected offspring and parents are 
considered adequate. There is no need to have information on the extended pedigrees. This 
method is useful for identifying genes for rare autosomal recessive conditions where the 
parents are invariably blood relatives/cousins and hence have higher chance of inheriting 
same mutant allele from the common ancestor. Also the method is suitable to study the 
small families with affected children but phenotypically normal parents who could be the 
founder members in small communities. For very rare alleles, two independent origins of 
alleles in the homozygotes are unlikely and hence IBS will become similar to IBD. This is 
unlikely with common alleles where there is possibility of having identical genes in the 
homozygote individual that are not IBD in origin. For IBD analysis multiple loci with 
multiple alleles logically will yield better results. Both IBD and IBS methods can be used to 
estimate linkage by examining the shared chromosomal segments or alleles for nuclear 
families (sib-pair studies for concordance/resemblance for the two loci) or in the whole 
population descending from FOUNDER population.  IBD method of analysis is more 
powerful but the study has to be conducted using large number of affected relatives 
specially the parents.  

 
a. Identity by State for allele 1 b. Identity by Descent for allele 1 

Fig. 4. Pedigrees showing transmission of alleles that are identical by state (IBS) and 
identical by descent (IBD). 

3.2.2 Non-parametric or model free method 

3.2.2.1 Linkage disequilibrium (LD) mapping 

Linkage disequilibrium may result due to a mutation in individual/individuals in the 
world population at some point in human history. These mutations would have 
segregated in the following generations along with the neighboring loci on the affected 
chromosome. In successive generations the recombination events scramble the alleles of 
the loci surrounding the disease causing gene. After several generations, the disease genes 
and the loci that are closely linked with it from the original chromosome remain together 
with no chances of further recombination between them. As a result the frequency of the 
two linked genes exceeds or will be in disequilibrium with that predicted by multiplying 
together their individual frequencies. This phenomenon referred as linkage 
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disequilibrium (LD) is defined as non-random association of alleles at two or more loci 
present on the same or different chromosomes. The region of the chromosome with 
disease and linked neighbouring loci form a part of the unique haplotype on the ancestral 
chromosomal fragment and such segments help in mapping the genes more precisely for 
monogenic or multifactorial conditions. The distance between the loci mapped through 
LD estimations is often less than 1-2 cM, lower limit that can be resolved by conventional 
genetic linkage studies. Now several free soft wares like Haploview, PLINK, Gene hunter 
etc., are available to evaluate the level of LD, haplotype associations with disease causing 
genes, LD mapping, etc.,  

LD mapping can be extended to nuclear families by performing “Transmission 
Disequilibrium Test” (TDT). 

Transmission disequilibrium Test (TDT), is a family-based study to test whether a marker is 
associated with the disease. Families with parents and one or more children are used for the 
test. It is irrelevant if either parent is affected. or not. For this test parents who are 
heterozygotes for the marker allele are selected and number of offspring with the allele 
transmitted are compared with those without the transmission. The test is not affected by 
opulation stratification. An extended TDT test, ETDT is developed to handle data from 
multiallelic markers like microsatellites. The test can be applied when only one parent is 
available but the results may be biased. When both the parents are not available, sib-TDT 
can be applied. The test involves genotyping of the probands and their parents and selection 
of heterozygous parents (they may or may not be affected). If “a” is the frequency with 
which a heterozygous parent transmits the marker X1 to the affected offspring and “b” is the 
frequency with which the other allele X2 is transmitted, then TDT is tested by the statistic 
which follows chi-square distribution with 1 degree of freedom                

 χ2  =  (a-b)2    (a+b)  

3.2.3 Sib pair method 

Identifying disease genes for hypertension following conventional Lod Score method is not 
possible because recombination events cannot be detected and mode of inheritance can not 
be easily modeled. Further the condition is age dependent and often parents of the patients 
will not be available for evaluation. Information on the offspring of the patients is also not  
useful as they would not have reached the mean age of expression of the condition in a 
given family and also the population from where the patients are drawn. Hence the family 
studies will have to be horizontal since reliable information about the disease can be 
obtained only from the sibs of the affected who will also be available for clinical and 
laboratory investigations. 

Sib-pair analysis which is based on concordance or co-occurrence of marker alleles and 
disease susceptibility gene among pairs of sibs in multiple families is considered to be a 
more powerful method when compared to association studies as it does not depend on 
phenomenon of LD as is the case in the latter. It is a robust test for linkage analysis 
particularly when the inheritance model cannot be predicted. For any given locus parents 
carry four distinguishable alleles whose transmittance to the offspring can be traced. The sib 
pairs can be grouped into four categories where pairs may inherit both, one or none (2, 1, 0) 
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recessive condition less than 10 pedigrees with the affected offspring and parents are 
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Fig. 4. Pedigrees showing transmission of alleles that are identical by state (IBS) and 
identical by descent (IBD). 
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disequilibrium (LD) is defined as non-random association of alleles at two or more loci 
present on the same or different chromosomes. The region of the chromosome with 
disease and linked neighbouring loci form a part of the unique haplotype on the ancestral 
chromosomal fragment and such segments help in mapping the genes more precisely for 
monogenic or multifactorial conditions. The distance between the loci mapped through 
LD estimations is often less than 1-2 cM, lower limit that can be resolved by conventional 
genetic linkage studies. Now several free soft wares like Haploview, PLINK, Gene hunter 
etc., are available to evaluate the level of LD, haplotype associations with disease causing 
genes, LD mapping, etc.,  

LD mapping can be extended to nuclear families by performing “Transmission 
Disequilibrium Test” (TDT). 

Transmission disequilibrium Test (TDT), is a family-based study to test whether a marker is 
associated with the disease. Families with parents and one or more children are used for the 
test. It is irrelevant if either parent is affected. or not. For this test parents who are 
heterozygotes for the marker allele are selected and number of offspring with the allele 
transmitted are compared with those without the transmission. The test is not affected by 
opulation stratification. An extended TDT test, ETDT is developed to handle data from 
multiallelic markers like microsatellites. The test can be applied when only one parent is 
available but the results may be biased. When both the parents are not available, sib-TDT 
can be applied. The test involves genotyping of the probands and their parents and selection 
of heterozygous parents (they may or may not be affected). If “a” is the frequency with 
which a heterozygous parent transmits the marker X1 to the affected offspring and “b” is the 
frequency with which the other allele X2 is transmitted, then TDT is tested by the statistic 
which follows chi-square distribution with 1 degree of freedom                

 χ2  =  (a-b)2    (a+b)  

3.2.3 Sib pair method 

Identifying disease genes for hypertension following conventional Lod Score method is not 
possible because recombination events cannot be detected and mode of inheritance can not 
be easily modeled. Further the condition is age dependent and often parents of the patients 
will not be available for evaluation. Information on the offspring of the patients is also not  
useful as they would not have reached the mean age of expression of the condition in a 
given family and also the population from where the patients are drawn. Hence the family 
studies will have to be horizontal since reliable information about the disease can be 
obtained only from the sibs of the affected who will also be available for clinical and 
laboratory investigations. 

Sib-pair analysis which is based on concordance or co-occurrence of marker alleles and 
disease susceptibility gene among pairs of sibs in multiple families is considered to be a 
more powerful method when compared to association studies as it does not depend on 
phenomenon of LD as is the case in the latter. It is a robust test for linkage analysis 
particularly when the inheritance model cannot be predicted. For any given locus parents 
carry four distinguishable alleles whose transmittance to the offspring can be traced. The sib 
pairs can be grouped into four categories where pairs may inherit both, one or none (2, 1, 0) 



 
Genetics and Pathophysiology of Essential Hypertension 

 

116 

of the alleles from the parents with the probability of 25%, 50% and 25%  (expected ratio of  
1:2:1, Fig-5). 

 
Fig. 5. Pedigree showing allele sharing between the sib pairs. Numbers in parenthesis 
denote the expected number of alleles shared by the sibs under Mendelian segregation. 

If both the sibs in a pair are affected with a genetic disease then they are expected to share 
segment of the chromosome carrying disease locus. Affected sib pairs (ASP) are genotyped 
for the selected markers, and chromosomal region is searched where sharing by the sibs is 
above the expected 1:2:1 ratios of sharing 2, 1, and 0 alleles that are IBD. If the sib pairs are 
tested for IBS, the deviation from expected 1:2:1 ratio should be based on population 
frequencies. ASP analysis is a preferred method for studying conditions like hypertension 
since it is easy to identify and collect the sib pairs than the affected families and the analysis 
is model free. Multipoint analysis rather than the single point analysis is preferred since it 
offers opportunity to extract IBD information about alleles on the shared chromosomal 
segment (haplotypes) more efficiently. The lod scores computed in ASP analysis is indicated 
as NPL scores. The chromosomal segment identified by ASP analysis is usually large and 
not feasible for positional cloning. Yet the method stands as a main tool to search for the 
susceptibility genes for common non-Mendelian diseases like hypertension in view of its 
simple approach and robustness.  

3.3 Epistatic interaction 

Identification of interaction between genes and genes and environmental factors in 
explaining complexity of human diseases has been challenging. There is increasing evidence 
that epistasis or gene-gene (non-allelic) interactions play an important role in determining 
an individual’s risk for developing complex diseases like hypertension (Williams teal, 2000; 
Tsai et al., 2003). New tools are developed to detect such synergistic interaction between 
alleles/genes arising due to epistatic phenomenon and modification of phenotypes like 
gradation in severity etc., due to additive effects or simple correlations between them. One 
such tool that is being used in interpreting the results for conditions like hypertension is 
“multifactor dimensionality reduction (MDR) analysis” - a nonparametric, model-free test 
alternative to logistic regression for detecting and characterizing nonlinear interactions 
among discrete genetic and environmental attributes. 
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MDR method combines attribute selection, attribute construction, classification, cross-
validation and visualization to provide a comprehensive and powerful data mining 
approach to detect, characterize and interpret nonlinear interactions. The method is effective 
in detecting multilocus interactions among different polymorphisms of many different 
genes. It is a data reduction strategy (Ritchie et al, 2001) and in this model multilocus 
genotypes are pooled into high risk and low risk groups, effectively reducing the 
dimensionality of the genotype predictors from N dimensions to one dimension. The new 
one-dimensional multilocus genotype variable is evaluated for its ability to classify and 
predict disease status using cross-validation and permutation testing. MDR is advantageous 
program as it identifies evidence for high-order gene–gene interactions in the absence of any 
statistically significant independent main effects in simulated data (Ritchie et al, 2003).  

4. Strategies 
Several strategies are being used while searching for the genes causing susceptibility to 
essential hypertension such as  i) Candidate gene approach, ii) Use of intermediary 
phenotypes, iii) Genome wide Association scans (GWAS) ,.iv) Animal models.  Combination 
of two or more of these methods is also used. 

4.1 Candidate gene approach 

Candidate genes are defined as the genes that might be responsible for the onset of an 
inherited disorder. They are identified without reference to their chromosomal location. 
First a candidate chromosomal region is identified by linkage studies etc., and then the 
candidate genes from within the chromosomal region by verifying from the list of human 
genes available on the websites (NCBI; HuGe Literature Finder). From among the possible 
candidate genes thus identified, the one that is likely to be involved in biochemical, cellular 
or physiological functions contributing to the disease process are screened for mutation(s) 
that are likely to affect the structure, expression or function of the protein(s) associated with 
the disease development. The potential role of the candidate genes can be examined by 
using the methodologies adopted for linkage and association studies.  

Now more than 350 candidate genes have been implicated for hypertension that involves 
several different biochemical pathways (HuGE Literature Finder). Candidate genes for 
hypertension are selected logically based on already established effect on cardiovascular 
and renal function and on the basis of known pathophysiology of hypertension. Genes for 
monogenic forms of hypertension identified by molecular pathology for cases mentioned in 
Table-3 also act as candidates to study essential hypertension. A variety of candidate genes 
have been identified for essential hypertension that are related to the RAAS pathway, 
sodium epithelial channel, adrenergic function, renal kallikrein-kinin system, alpha 
adducin, endothelial dysfunction, lipoprotein metabolism, hormone receptors, growth 
factors and many more (Table - 5).  

Several studies from different ethnic groups demonstrated association of the potent 
candidate genes with essential hypertension that showed positive and negative results. 
These studies could not be replicated in different populations and the reason for the 
inconsistency in the results is mainly attributed to the heterogeneity in the samples studied 
leading to type 1 (false positive) and type 2 (false negative) errors. Lack of statistical power 
due to small samples screened and use of  improper controls are among the other reasons. 
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Table 5. (contd.) Some of the candidate genes reported with positive association for essential 
hypertension. 
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Table 5. (contd.) Some of the candidate genes reported with positive association for essential 
hypertension. 
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Selection of wrong candidate genes, location of the causative genes upstream or 
downstream from the candidate genes studied and discovery of new pathways for which 
candidates are not yet identified also contribute to the lack of success in some of the studies 
conducted. 

4.1.1 Candidate genes associated with essential hypertension 

Table -5 depicts some of the positive associations reported between essential hypertension 
and polymorphic candidate genes related to various pathways.  

RAAS Pathway: The RAAS is an important regulator of cardiovascular function and blood 
pressure (Soldner et al, 1996; Ferrario et al, 2006). It consists mainly of 4 genes including 
renin (REN) that converts angiotensinogen (AGT) to angiotensin I which is metabolized by 
angiotensin-converting enzyme (ACE)  to form angiotensin II, which can act on angiotensin 
II type 1 receptors (AGTR1) to mediate blood pressure elevations by mechanisms including 
direct effects on vascular tone and indirect effects via alterations of renal function. Thus 
REN, AGT, ACE and AGTR1 act synergistically on the phenotype of blood pressure. Each of 
the corresponding genes has several polymorphisms that can be associated with altered 
expression or function of the corresponding gene product. While each of these 
polymorphisms may potentially affect the regulation of blood pressure, most studies have 
focused on only few polymorphisms in each of these genes i.e., M235T, -217G>A, T174M, -
20A>C of the AGT gene, an insertion deletion polymorphism involving 287bp in intron 16 of 
the ACE gene and the 1166A>G in the 3’ untranslated part of the AGTR1 gene.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 235T allele of the AGT gene is associated with a step wise increasing level of circulating 
angiotensinogen (gene dose response; Sethi et al, 2003). The positive correlation between 
polymorphism M235T and AGT plasma concentration has been observed in different 
populations (Mettimano et al, 2001; Agachan et al, 2003; Yan et al, 2006). Allele AGT*235T 
shows linkage disequilibrium with a variant in the AGT-gene promoting area – a 
replacement of adenine by guanine in nucleotide 6 (-6A>G). It has been suggested that such 
mutation -6A>G interferes in the interaction of transcriptor factors with AGT promoter, thus 
influencing the gene transcription baseline rate. An increase in AGT gene expression may 
increase the production of angiotensin II by RAAS, thus resulting in the expansion of blood 
volume, which in turn would increase blood pressure. AGT gene is primarily expressed in 
the liver and adipose tissue, and C/EBPs family transcription factors play a crucial role in 
regulating expression of a number of genes in these tissues. A study conducted by Sudhir et 
al (2002) showed that recombinant glucocorticoid receptor (GR) and C/EBP family 
transcription factors bind strongly to nucleoside A compared with nucleoside G at -217 
position of AGT promoter region resulting in increased transcriptional activity of -217A 
allele which may be involved in essential hypertension. Further, -20A>C located between 
the TATA box and the transcription initiation site is thought to modulate gene expression in 
a gender specific manner (Zhao et al, 1999). Tomoaki  et al (1997) demonstrated that plasma 
angiotensinogen levels increase linearly with the number of -20C allele and that the subjects 
with the CC genotype are associated with the highest plasma levels of AGT. In in-vitro 
studies by Zhao et al (1999) the A-20C polymorphism has been found to influence basal 
transcription of angiotensinogen as well as stimulate transcription in response to receptor 
binding. 
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ACE insertion/deletion polymorphism was characterized in 1990 and studies have 
suggested that this polymorphism interferes in ACE serum concentration. DD Genotype 
individuals would have the highest ACE serum concentrations (Sayed et al, 2004; Mondry et 
al, 2005) and it is estimated that allele D would contribute with approximately half the 
variation of ACE plasma levels (O’Donnell et al, 1998). Significant gender differences were 
also reported in ACE I/D polymorphism. Compared with the II genotype, DD 
homozygosity was associated with higher risk of hypertension in studies conducted on 
women (Gu et al, 1994; Kiema et al, 1996; Sipahi et al, 2006) whereas two other population 
studies (O’Donnell et al, 1998, Higaki et al, 2000) found that the D allele was significantly 
associated with hypertension in men but not in women. 

1166A>C at position 1166 in the 3’ untranslated (UTR) region of the AGTR1 gene was 
identified and was significantly shown to be associated with hypertension  by Bonnardeux 
et al (1994). However it is not clear whether this polymorphism alters mRNA 
polyadenylation or destabilization signal. It is possible that this polymorphism may be in 
LD with a functional variant located elsewhere in the AGTR1 gene or within a nearby gene 
that could explain the observed associations of this variant with cardio vascular phenotypes 
(Abdollahi et al, 2005). Therefore, this suppression may lead to the loss of cellular 
capabilities which protect against an excessive angiotensin II action (Grzegorz et al, 2002).  

The renin-angiotensin system thus plays an important role in the inter-related hormonal 
mechanisms that regulate blood pressure and electrolyte/blood volume homeostasis. The 
RAS is activated when there is loss of blood volume or drop in blood pressure (such as in a 
hemorrhage) or low concentration of sodium in plasma, whereas factors that increase these 
parameters tend to suppress its function.  

Sympathetic Nervous System: The sympathetic nervous system has also been implicated in 
the cardiovascular physiology and hypertension. The sympathetic nervous system primarily 
regulates the cardiovascular physiology by the release of catecholamines and activation of 
adrenergic receptors (AR). The human 2B-adrenoceptor is encoded by the ADRA2B gene 
located on chromosome 2q12 (Regan et al. 1988).  A common variant form of the this gene 
which encodes a receptor protein with a insertion/deletion (I/D) of three glutamate 
residues located in the third intracellular loop of the receptor has been associated with EHT 
(Lockette et al.1995; Wowern et al. 2004). 

Endothelial Dysfunction: Of the substances exerting their effect on vascular endothelium, 
Endothelial Nitric Oxide Synthase (NOS3) and Endothelin 1 (END-1) play an important 
role in regulating vascular tone. NOS3 gene synthesizes Nitric Oxide (NO), which is a 
potent vasodilator and the END-1 gene product acts as a strong vasoconstrictor called 
endothelin.  Endothelin exerts its physiological functions via its receptors on the vascular 
smooth muscle cells (VSMC), by activating cascade of intracellular molecules that increase 
the calcium ion concentration, resulting in vasoconstriction. However, NO lowers these 
calcium ions to basal level, to relax the constricted VSMC, resulting in vasodilation. Thus, 
the delicate balance between the NO and endothelin is required for smooth functioning of 
vascular tone. Generation of reactive oxygen species (ROS), from various metabolic 
pathways, scavenge the NO, reducing the NO bioavailability leading to endothelial 
dysfunction. Polymorphisms in NOS3 and END-1 genes have been associated with 
hypertension in some populations. 
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Lipid Metabolism: Essential Hypertension has been frequently associated with serum lipid 
abnormalities. This suggests that there may be common underlying genetic determinants 
between blood pressure regulation and lipid metabolism. Membrane ion transport, which 
has been related to hypertension can be altered by lipid abnormalities and could have some 
involvement in the mechanisms that link high triglyceride concentrations and hypertension. 
LPL is thought to function as a "gate keeper" for fatty acid (FA) uptake into organs 
(Greenwood, 1985); however, patients with LPL deficiency have no obvious defect in 
adipose tissue. To date, only a few studies have explored the relation between the genetic 
variants near or in the LPL gene and blood pressure variation. Positive linkage or association 
has been described in some studies, which indicate that the LPL gene may be an important 
candidate for affecting the risk of Essential Hypertension or BP variation (Sass et al 2000; 
Pan et al 2000; Wu et al 1996; Chu et al, 2001).  

Ion Transporters: G-Proteins are expressed in all cells of the human body and their main 
role is to translate signals from the cell surface into a cellular response. Polymorphisms in 
gene coding for G-protein subunits are expected to have a significant effect on the 
cardiovascular system. Hence, studying the genetic polymorphisms of the components of 
this system might give a new insight into the genetics of hypertension and may suggest 
novel downstream targets for therapy. 

In addition to the above, a number of other candidate genes have been investigated as 
contributing to hypertension in case control studies including those involved in renal 
kallikrein-kinin system, growth factors (TGF-β), cytoskeletal proteins (alpha adducin), 
harmone receptors (PNMT1) etc., 

4.2 Intermediate phenotypes 

Difficulties were observed in conducting linkage studies for hypertension using 
multigeneration families mainly due to the heterogeneity factor, lack of clear cut 
inheritance model and substantial environmental influence. It is now understood that 
“intermediate phenotypes” may help resolving this problem to certain extent (Dudley et 
al, 1992). It is based on the view that the individual genetic determinants having specific 
biochemical, physiological, demographic phenotype may contribute to the increase in 
blood pressure levels leading to hypertensive state. These phenotypes determined by 
single genetic loci, segregate in families following Mendelian inheritance. Such families 
showing intermediate phenotypes can be identified and the locus causing the phenotype 
may be detected.  Since intermediate phenotypes are directly determined by the action of 
a particular gene, the influence of environment will also be less as compared to complex 
conditions like hypertension. Use of such phenotypes with greater heritability and early 
penetrance, have several advantages over the use of blood pressure phenotype as such. It 
helps, in identifying homogeneous group among the heterogeneous patient population 
like in hypertension. It also enables selection of large samples because even younger 
patients who are still normotensive can be identified with genetic risk for hypertension in 
the preclinical stage itself and this information will be useful for genetic analyses and at 
arriving better conclusions. In addition, it enables mapping of quantitative traits loci 
(QTL) in sibling pairs simultaneously testing for intermediate phenotypes. This approach 
is expanded to accommodate nuclear families of any size and also Transmission 
Disequilibrium Test (TDT; Timberlake et al., 2001).  Ideal intermediate phenotype is 
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suggested by these authors to have the features like - an association with essential 
hypertension; high heritability; high penetrance; early onset among offspring of affected 
parents; a bimodal distribution; causal role in the pathogenesis of elevated blood 
pressure; should suggest the candidate genes for testing hypertension. Further the 
intermediate phenotypes should be easier to genotype by noninvasive methods to test the 
relatives of the probands since invasive tests might deter the relatives from participating 
in the study.  

One of the simple and measurable intermediate phenotype that enhances the blood pressure 
to the level of clinical expression of hypertension is obesity/overweight. Obesity is 
considered as an hypertensinogenic factor that causes elevation in blood pressure leading to 
greater skewness in the normal distribution curve of blood pressure levels (Fig-2). So 
individuals with obesity, especially morbid obesity can be considered as those at higher risk 
for hypertension. In other words obesity can be considered as one of the preclinical 
symptoms for essential hypertension.  

Williams et al., (1992) described a phenotype called “non-modulation” characterized by 
non-modulation of aldosterone secretion and renal blood flow by angiotensin II infusion in 
a subset of hypertensive patients. i.e. the response is blunted to angiotensin II infusion. This 
parameter can be used to identify subjects at risk for developing hypertension in the 
patients at later years. Among other examples of intermediate phenotype useful for 
identifying candidates for screening for hypertension include M235T polymorphism located 
in exon 2 of AGT gene. The substitution of Methionine by Threonine at 235 position of the 
gene has been associated with increased levels of angiotensin in circulation leading to 
vasoconstriction and high blood pressure (Hopkins et al., 1996). Age, gender and interaction 
between genotypes have been described to contribute to this trait (Williams et al., 1992). In 
another instance cases with salt resistant hypertension have been associated with increased 
levels of urinary free cortisol with bimodal distribution and is considered to identify the 
new subset among hypertensives (Litchfield et al., 1998). Similarly urinary excretion of 
kallikrein which is an index of renal tissue expression of kallikrein has been associated with 
salt sensitive hypertension and hence can be used as intermediate phenotype for screening 
for essential hypertension specially in African-Americans (David et al., 2001). Other 
promising intermediate phenotypes are related to physiology and biochemistry of 
autonomic and sympathetic nervous system functions that can identify several subsets of 
hypertensive patients. In the following years list of intermediate phenotypes is expected to 
emerge that can be used successfully in linkage and association studies and would help in 
better understanding of mechanism underlying hypertension apart from resolving 
heterogeneity related with the condition. 

4.3 Genome Wide Scans (GWS) 

Since no single gene is solely responsible for the development of hypertension and it is 
tedious to study all the 350 implicated genes one by one for their causal role, genome wide 
scans (GWS) are attempted to identify susceptible regions on chromosomes comparing 
microsatellites/SNP variations that are spaced at regular intervals of 10-30 cM across the 
genome among large number of patients with appropriate controls and through linkage 
analysis, mapping and genome wide association studies (GWAS). These regions then can be 
searched for positional candidate genes and possible mutations in them, to conclude on the 
mechanism of the disease process and explore better management measures. 
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Lipid Metabolism: Essential Hypertension has been frequently associated with serum lipid 
abnormalities. This suggests that there may be common underlying genetic determinants 
between blood pressure regulation and lipid metabolism. Membrane ion transport, which 
has been related to hypertension can be altered by lipid abnormalities and could have some 
involvement in the mechanisms that link high triglyceride concentrations and hypertension. 
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(Greenwood, 1985); however, patients with LPL deficiency have no obvious defect in 
adipose tissue. To date, only a few studies have explored the relation between the genetic 
variants near or in the LPL gene and blood pressure variation. Positive linkage or association 
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candidate for affecting the risk of Essential Hypertension or BP variation (Sass et al 2000; 
Pan et al 2000; Wu et al 1996; Chu et al, 2001).  
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gene coding for G-protein subunits are expected to have a significant effect on the 
cardiovascular system. Hence, studying the genetic polymorphisms of the components of 
this system might give a new insight into the genetics of hypertension and may suggest 
novel downstream targets for therapy. 

In addition to the above, a number of other candidate genes have been investigated as 
contributing to hypertension in case control studies including those involved in renal 
kallikrein-kinin system, growth factors (TGF-β), cytoskeletal proteins (alpha adducin), 
harmone receptors (PNMT1) etc., 

4.2 Intermediate phenotypes 

Difficulties were observed in conducting linkage studies for hypertension using 
multigeneration families mainly due to the heterogeneity factor, lack of clear cut 
inheritance model and substantial environmental influence. It is now understood that 
“intermediate phenotypes” may help resolving this problem to certain extent (Dudley et 
al, 1992). It is based on the view that the individual genetic determinants having specific 
biochemical, physiological, demographic phenotype may contribute to the increase in 
blood pressure levels leading to hypertensive state. These phenotypes determined by 
single genetic loci, segregate in families following Mendelian inheritance. Such families 
showing intermediate phenotypes can be identified and the locus causing the phenotype 
may be detected.  Since intermediate phenotypes are directly determined by the action of 
a particular gene, the influence of environment will also be less as compared to complex 
conditions like hypertension. Use of such phenotypes with greater heritability and early 
penetrance, have several advantages over the use of blood pressure phenotype as such. It 
helps, in identifying homogeneous group among the heterogeneous patient population 
like in hypertension. It also enables selection of large samples because even younger 
patients who are still normotensive can be identified with genetic risk for hypertension in 
the preclinical stage itself and this information will be useful for genetic analyses and at 
arriving better conclusions. In addition, it enables mapping of quantitative traits loci 
(QTL) in sibling pairs simultaneously testing for intermediate phenotypes. This approach 
is expanded to accommodate nuclear families of any size and also Transmission 
Disequilibrium Test (TDT; Timberlake et al., 2001).  Ideal intermediate phenotype is 
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suggested by these authors to have the features like - an association with essential 
hypertension; high heritability; high penetrance; early onset among offspring of affected 
parents; a bimodal distribution; causal role in the pathogenesis of elevated blood 
pressure; should suggest the candidate genes for testing hypertension. Further the 
intermediate phenotypes should be easier to genotype by noninvasive methods to test the 
relatives of the probands since invasive tests might deter the relatives from participating 
in the study.  

One of the simple and measurable intermediate phenotype that enhances the blood pressure 
to the level of clinical expression of hypertension is obesity/overweight. Obesity is 
considered as an hypertensinogenic factor that causes elevation in blood pressure leading to 
greater skewness in the normal distribution curve of blood pressure levels (Fig-2). So 
individuals with obesity, especially morbid obesity can be considered as those at higher risk 
for hypertension. In other words obesity can be considered as one of the preclinical 
symptoms for essential hypertension.  

Williams et al., (1992) described a phenotype called “non-modulation” characterized by 
non-modulation of aldosterone secretion and renal blood flow by angiotensin II infusion in 
a subset of hypertensive patients. i.e. the response is blunted to angiotensin II infusion. This 
parameter can be used to identify subjects at risk for developing hypertension in the 
patients at later years. Among other examples of intermediate phenotype useful for 
identifying candidates for screening for hypertension include M235T polymorphism located 
in exon 2 of AGT gene. The substitution of Methionine by Threonine at 235 position of the 
gene has been associated with increased levels of angiotensin in circulation leading to 
vasoconstriction and high blood pressure (Hopkins et al., 1996). Age, gender and interaction 
between genotypes have been described to contribute to this trait (Williams et al., 1992). In 
another instance cases with salt resistant hypertension have been associated with increased 
levels of urinary free cortisol with bimodal distribution and is considered to identify the 
new subset among hypertensives (Litchfield et al., 1998). Similarly urinary excretion of 
kallikrein which is an index of renal tissue expression of kallikrein has been associated with 
salt sensitive hypertension and hence can be used as intermediate phenotype for screening 
for essential hypertension specially in African-Americans (David et al., 2001). Other 
promising intermediate phenotypes are related to physiology and biochemistry of 
autonomic and sympathetic nervous system functions that can identify several subsets of 
hypertensive patients. In the following years list of intermediate phenotypes is expected to 
emerge that can be used successfully in linkage and association studies and would help in 
better understanding of mechanism underlying hypertension apart from resolving 
heterogeneity related with the condition. 

4.3 Genome Wide Scans (GWS) 

Since no single gene is solely responsible for the development of hypertension and it is 
tedious to study all the 350 implicated genes one by one for their causal role, genome wide 
scans (GWS) are attempted to identify susceptible regions on chromosomes comparing 
microsatellites/SNP variations that are spaced at regular intervals of 10-30 cM across the 
genome among large number of patients with appropriate controls and through linkage 
analysis, mapping and genome wide association studies (GWAS). These regions then can be 
searched for positional candidate genes and possible mutations in them, to conclude on the 
mechanism of the disease process and explore better management measures. 



 
Genetics and Pathophysiology of Essential Hypertension 

 

124 

Genome wide scanning (GWS) is an indirect strategy in which affected individuals, siblings 
or family members with more than two affected individuals are genotyped for a number of 
polymorphic DNA markers (short tandem repeats and  simple sequence repeats) covering 
the entire chromosomal complement/genome. A set of bout 300-400 short tandem 
polymorphic repeats that are spaced for every 10cM is used in most genome scans. This 
covers approximately 3000 cM of the human genome. Later simple sequence repeats or 
microsatellites with an assembly of 3000 markers that are spaced with a distance of 1.5 cM 
were used to obtain better resolution of the genome map. Further resolution was achieved 
with the discovery of single nucleotide polymorphisms (SNPs) that are distributed for every 
300 bases in the genome. They are ~4x106 in number and are easily identified with 
automated sequencing and other techniques like restriction fragment length polymorphisms 
(RFLPs). Being more stable and non-mutable, screening for SNPs as markers is now pursued 
in genome scan attempts to detect linkage by LD mapping between marker loci and 
quantitative trait locus (QTL) like hypertension. Significance of the results obtained is 
determined based on the lod scores plotted as a function of the location in cMs along the 
genome. Generally lod score value of ≥3.6 is considered significant indicating presence of 
linkage while a value of >2.2 is considered suggestive and the value >1.5 is considered as 
interesting. Additional polymorphic markers and inclusion of more number of patient 
samples and family members can improve the lod scores obtained and reduce the events of 
false negative results.  

In human genome there are regions of high LD occurring as blocks ranging from 10 to 
>100kb separated by regions of little or no disequilibrium. Each block with high LD 
comprises small number of haplotypes and study of these haplotypes or haploblocks 
reduces the number of SNP markers to be screened to detect linkage or association with the 
disease gene with required precision and resolution. SNPs can be selected from 
International HapMap Project – a global consortium that has the information on all common 
SNPs recorded from different populations across the world. Through the genome wide 
association scan (GWAS) approach, SNPs from this project are selected to study the 
common diseases and traits based on “common disease common variant” (CDCV) 
hypothesis (Doris, 2002). In GWAS approach no assumptions are made about the location or 
function of the variant. Now genotyping micro chips with thousands of SNPs are available 
that offer much better coverage of human genome. Depending on the population/ethnic 
group studied relevant informative SNPs/tag SNPs from within or outside the genes can be 
selected and the GWAS can be conducted using ≥300,000 SNPs. 

GWAS scan the genome for association signal without selecting for gene regions. Gene-
centric approach to GWAS was proposed by Jorgenson and Witte (2006) since genic variants 
are more likely to be functionally important than nongenic variants. Further, variants in 
many genes are in low LD than those outside genes and hence may be difficult to capture by 
indirect association. Therefore instead of focusing on the whole genome, concentrating on 
the genic regions alone can provide increased coverage of the genes and also reduce the 
number of genotyping and burden on cost and time. The genic approach has greater power 
to detect variants within the genes when it suffers power for non-genic variants. Using 
HapMap data Jorgenson and Witte (2006) could demonstrate that it is more efficient in 
detecting causal variants than when whole genome approach is adopted. They suggest that 
combination of indirect genotyping data with gene based SNPs in high priority region 
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would be the best overall GWAS strategy. Alternate approach would be to use stringent LD 
threshold in genic regions to overcapture these regions. 

The major limitation of GWAS study is the high expenditure involved to screen very large 
sample sizes, for getting small effects. A new approach to reduce the cost of GWAS is to 
conduct the study in stages/phases. In phase I a proportion of samples are genotyped for all 
the markers and then in phase II a proportion of these markers are genotyped in the 
remaining samples (Skol et al., 2007; Hastie et al., 2010).  

The major issue in the study design of GWAS strategy is about the significance threshold. 
The conventional statistical significance determined using P-value threshold of 0.05 is not 
appropriate for GWAS because large number of tests performed increases the chance of type 
I error. Risch and Merikanga (1996) proposed new threshold levels now widely adopted 
which states that P <5 x 108 which corresponds to equivalent false positive rate of  5% for 
1000 000 independent tests of  association. The significance of the results can be tested using 
Bonferroni correction i.e. by dividing 0.05 threshold by the number of tests performed. 
Other issues are concerned to the evaluation of statistical power of the samples to obtain 
valid conclusion and resolution of problems related to population stratifications.   

Initial studies of GWAS have reported positive results with identification of chromosomal 
regions harboring disease susceptible genes but they failed to replicate in other studies 
because of overestimate of effective size. Other reasons were technical errors, small sample 
sizes, poor choice of controls and population stratification leading to type I error or false 
positives. These defects are rectified to certain extent using relevant corrections. National 
Cancer Institute and National Human Genome Research Institute Working Group on 
Replication in Association Studies recommended the criteria for replication. More number 
of GWAS are performed in the past decade identifying susceptible regions on the human 
chromosomes for essential hypertension. 

GWAS case-control study designs may not detect the rare variants causing blood pressure 
variations. From 1000 genome project - an open resource catalogue of human genetic 
variation run by international consortium intensely genotyped samples that can be obtained 
to study low frequency or rare variants for fine mapping of the regions of interest. The 
project aims to describe over 90% of genetic variation down to 1% minor allele frequency 
(MAF). Next generation deep sequencing technology also facilitates the detection of rare 
variants needed for fine mapping. 

4.3.1 Genome wide scans for hypertension 

Attempts to map the genes for hypertension picked in 1990s, initially based on the study of 
sib-pairs, affected families and by genome wide scanning for identifying the susceptible 
regions. One of the earliest studies by Lifton et al. (1991) reported that mean allele sharing at 
the locus of sodium-hydrogen antiporter (APNH) was not greater than expected from 
random assortment in 93 hypertensive sib pairs.  

Wellcome Trust Case Control Consortium (WTCCC), Control for Heart and Aging Research 
in Genome Epidemiology (CHARGE), Family Blood Pressure Programme (FBPP), British 
Genetics of Hypertension (BRIGHT), Global Blood Pressure Genetics (Global BPgen), Amish 
Family Diabetes Study (AFDS) all have reported genome wide scans results on variants 
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Genome wide scanning (GWS) is an indirect strategy in which affected individuals, siblings 
or family members with more than two affected individuals are genotyped for a number of 
polymorphic DNA markers (short tandem repeats and  simple sequence repeats) covering 
the entire chromosomal complement/genome. A set of bout 300-400 short tandem 
polymorphic repeats that are spaced for every 10cM is used in most genome scans. This 
covers approximately 3000 cM of the human genome. Later simple sequence repeats or 
microsatellites with an assembly of 3000 markers that are spaced with a distance of 1.5 cM 
were used to obtain better resolution of the genome map. Further resolution was achieved 
with the discovery of single nucleotide polymorphisms (SNPs) that are distributed for every 
300 bases in the genome. They are ~4x106 in number and are easily identified with 
automated sequencing and other techniques like restriction fragment length polymorphisms 
(RFLPs). Being more stable and non-mutable, screening for SNPs as markers is now pursued 
in genome scan attempts to detect linkage by LD mapping between marker loci and 
quantitative trait locus (QTL) like hypertension. Significance of the results obtained is 
determined based on the lod scores plotted as a function of the location in cMs along the 
genome. Generally lod score value of ≥3.6 is considered significant indicating presence of 
linkage while a value of >2.2 is considered suggestive and the value >1.5 is considered as 
interesting. Additional polymorphic markers and inclusion of more number of patient 
samples and family members can improve the lod scores obtained and reduce the events of 
false negative results.  

In human genome there are regions of high LD occurring as blocks ranging from 10 to 
>100kb separated by regions of little or no disequilibrium. Each block with high LD 
comprises small number of haplotypes and study of these haplotypes or haploblocks 
reduces the number of SNP markers to be screened to detect linkage or association with the 
disease gene with required precision and resolution. SNPs can be selected from 
International HapMap Project – a global consortium that has the information on all common 
SNPs recorded from different populations across the world. Through the genome wide 
association scan (GWAS) approach, SNPs from this project are selected to study the 
common diseases and traits based on “common disease common variant” (CDCV) 
hypothesis (Doris, 2002). In GWAS approach no assumptions are made about the location or 
function of the variant. Now genotyping micro chips with thousands of SNPs are available 
that offer much better coverage of human genome. Depending on the population/ethnic 
group studied relevant informative SNPs/tag SNPs from within or outside the genes can be 
selected and the GWAS can be conducted using ≥300,000 SNPs. 

GWAS scan the genome for association signal without selecting for gene regions. Gene-
centric approach to GWAS was proposed by Jorgenson and Witte (2006) since genic variants 
are more likely to be functionally important than nongenic variants. Further, variants in 
many genes are in low LD than those outside genes and hence may be difficult to capture by 
indirect association. Therefore instead of focusing on the whole genome, concentrating on 
the genic regions alone can provide increased coverage of the genes and also reduce the 
number of genotyping and burden on cost and time. The genic approach has greater power 
to detect variants within the genes when it suffers power for non-genic variants. Using 
HapMap data Jorgenson and Witte (2006) could demonstrate that it is more efficient in 
detecting causal variants than when whole genome approach is adopted. They suggest that 
combination of indirect genotyping data with gene based SNPs in high priority region 
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would be the best overall GWAS strategy. Alternate approach would be to use stringent LD 
threshold in genic regions to overcapture these regions. 

The major limitation of GWAS study is the high expenditure involved to screen very large 
sample sizes, for getting small effects. A new approach to reduce the cost of GWAS is to 
conduct the study in stages/phases. In phase I a proportion of samples are genotyped for all 
the markers and then in phase II a proportion of these markers are genotyped in the 
remaining samples (Skol et al., 2007; Hastie et al., 2010).  

The major issue in the study design of GWAS strategy is about the significance threshold. 
The conventional statistical significance determined using P-value threshold of 0.05 is not 
appropriate for GWAS because large number of tests performed increases the chance of type 
I error. Risch and Merikanga (1996) proposed new threshold levels now widely adopted 
which states that P <5 x 108 which corresponds to equivalent false positive rate of  5% for 
1000 000 independent tests of  association. The significance of the results can be tested using 
Bonferroni correction i.e. by dividing 0.05 threshold by the number of tests performed. 
Other issues are concerned to the evaluation of statistical power of the samples to obtain 
valid conclusion and resolution of problems related to population stratifications.   

Initial studies of GWAS have reported positive results with identification of chromosomal 
regions harboring disease susceptible genes but they failed to replicate in other studies 
because of overestimate of effective size. Other reasons were technical errors, small sample 
sizes, poor choice of controls and population stratification leading to type I error or false 
positives. These defects are rectified to certain extent using relevant corrections. National 
Cancer Institute and National Human Genome Research Institute Working Group on 
Replication in Association Studies recommended the criteria for replication. More number 
of GWAS are performed in the past decade identifying susceptible regions on the human 
chromosomes for essential hypertension. 

GWAS case-control study designs may not detect the rare variants causing blood pressure 
variations. From 1000 genome project - an open resource catalogue of human genetic 
variation run by international consortium intensely genotyped samples that can be obtained 
to study low frequency or rare variants for fine mapping of the regions of interest. The 
project aims to describe over 90% of genetic variation down to 1% minor allele frequency 
(MAF). Next generation deep sequencing technology also facilitates the detection of rare 
variants needed for fine mapping. 

4.3.1 Genome wide scans for hypertension 

Attempts to map the genes for hypertension picked in 1990s, initially based on the study of 
sib-pairs, affected families and by genome wide scanning for identifying the susceptible 
regions. One of the earliest studies by Lifton et al. (1991) reported that mean allele sharing at 
the locus of sodium-hydrogen antiporter (APNH) was not greater than expected from 
random assortment in 93 hypertensive sib pairs.  

Wellcome Trust Case Control Consortium (WTCCC), Control for Heart and Aging Research 
in Genome Epidemiology (CHARGE), Family Blood Pressure Programme (FBPP), British 
Genetics of Hypertension (BRIGHT), Global Blood Pressure Genetics (Global BPgen), Amish 
Family Diabetes Study (AFDS) all have reported genome wide scans results on variants 
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associated with variations in blood pressure and development of hypertension. Many of the 
initial studies could not meet the significance threshold criteria and in some chromosomal 
regions linkage were suggested.  WTCCC reported the first genome-wide association scan 
results that captured 65 variants on 2000 hypertensives from unrelated participants of 
BRIGHT study (Caulfield et al., 2003). However the study did not reach the required 
statistical significance (5 x 107) for hypertension and it was thought to be due to use of 
improper controls and inclusion of less number of tagged variants with large size effect 
(Barret et al., 2006; Padmanabhan et al., 2008). FBPP comprising four multi-centre network 
(GENOA, GenNet, HyperGen, SAPPHIRe) conducted studies on different ethnic groups 
with different selection criteria. None of the four centers reported significant results of the 
genome scan and the maximum lod score obtained was 2.96 showing linkage to diastolic 
blood pressure on the region of chromosome 1 in Caucasians (Thiel et al., 2003). BRIGHT 
study (Caulfield et al., 2003) with largest homogeneous Caucasian resource with 2010 
sibling pairs in 1599 families found by locus counting method a principle locus for 
hypertension on 6q with lod score of 3.21 that attained genome wide significance and also 
evidence of linkage for three other loci located on 2q, 5q an 9q. These regions did not 
overlap with that reported in FBPP study. Xu et al, (1999) using 367 polymorphic markers 
studied 200,000 Chinese adults comprising sib-pairs (207 concordant, 258 high concordant 
and low concordant and parents) and showed  that though no regions achieved 5% genome 
wide significance level, regions of chromosomes 3, 11, 15, 16 and 17 were linked with lod 
scores of >2.0. In their study on systolic blood pressure of 427 sibling pairs Krushkal et al., 
(1999) identified four regions on chromosome 2, 5, 6 and 15 with significant linkage. These 
regions include many potential candidate genes like phospholamban, dopamine receptor 
Type1A, Estrogen receptor calmodulin, sodium calcium exchanger etc. Pankaj Sharma et al, 
(2000) from a genome wide study identified the region on chromosome 11 to carry a new 
candidate gene for hypertension and suggested the need for replication of these results 
before attempting for positional cloning. Genome scan for blood pressure in Dutch 
dyslipidemic families (Hooman Allayee et al, 2001) showed suggestive evidence for linkage 
of diastolic BP to lipoprotein lipase gene locus on chromosome 8p. They also found evidence 
for linkage of systolic blood pressure to plasma apolipoprotein B levels to a locus on 
proximal chromosome 19p. Using 904 microsatellite markers, Kristjansson et al., (2002) 
reported linkage to chromosme18q with an allele sharing lod score of 4.60 in 490 
hypertensive patients belonging to 120 extended Icelandic families. Rice et al., in the same 
year performed genome GWS using 509 markers on 317 black individuals from 114 families 
and 519 white individuals from 99 families that revealed evidence for linkage (p<0.0023) 
with base line blood pressure that replicated with other studies that located putative regions 
on 2p, 3p.3 and 12q.33. Von Woweren et al., (2003) from their study on genome scan of 91 
Scandinavian families reported one region on chromosome 14 that reached significance 
threshold and 2 more regions that were suggestive of linkage with early onset hypertension. 
In 26 Utah pedigrees linkage of pulse pressure was suggested with loci on 8p and 12q 
regions by Camp et al., (2003). In a Large Chinese hypertensive kindred with 387 
individuals Gong et al., (2003) found a locus on chromosome 12p that overlapped with the 
region containing the gene for autosomal dominant hypertension with type E brachydactyly 
that was mapped in large Turkish kindred (Schuster et al., 1996). This condition is now 
discovered as due to deletion, a reinsertion and inversion by Bahring et al., (2004). Charles et 
al., (2004) in their review of the GWS studies conducted earlier to 2004 summarized that all 
human chromosomes except for 13 and 20 have loci for blood pressure, hypertension or pre-
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eclampsia. Regions on chromosomes 1,2,8,11,12,15,16,18 and 19 were replicated in more 
than one study and there were 3 cytogenetic intervals on chromosome 2 (2p25.3-p16.3; 
2p16.1-p12; 2q23.3-q24.3) harboring loci for blood pressure that was also replicated in more 
than one study.  Caulfield et al, (2003) associated with British Genetics of hypertension 
(BRIGHT) programme, phenotyped 2010 affected sibling pairs drawn from 1599 severely 
hypertensive families completed 10 Centi Morgan genome wide scan. Their conclusion was 
that human essential hypertension has an oligogenic element (with a few genes involved in 
the determination of the trait) possibly superimposed on more genetic effects, and that 
several genes may be tractable to a positional cloning strategy. In a large sample of 2959 
individuals from 500 families from NHLBI, Hunt et al., (2002) identified five regions with 
lod score suggestive of linkage of hypertension with loci on chromosomes 1,7,12 and 15 and 
evidence of best linkage with a locus on chromosome 6 with systolic blood pressure. In a 
study of 177 Australian Caucasian hypertensive sib-pairs, Rutherford et al, (2004) showed 
significant excess allele sharing of D18S61 marker. At this region adenylate cyclase-
activating polypeptide gene-1 (ADCYAP1) involved in vasodilation shows association with 
hypertension. As a complement to linkage and association studies Zhu et al, (2005) carried 
out admixture mapping using genome scan micro satellite markers among African 
Americans participating in the Lung, and Blood Institute’s Family Blood Pressure 
Programme. Using 269 microsatellite markers the authors concluded that chromosome 6q24 
and chromosome 21q21 may contain genes influencing risk for hypertension in African 
Americans. Kamide et al, (2005) genotyped (796 hypertensives and 1084 normotensives) 47 
polymorphisms in 14 genes lying between nucleotide 8,845,292 and 11,946,689 which 
includes D2S2278 and D2S168 loci on chromosome 2 and concluded that GREB1 and 
HPCAL1 are the candidates for hypertension susceptibility. Chen et al, (2005) conducted 
autosomal genome scan in 775 white siblings and found suggestive  linkage for total area of 
systolic and diastolic blood pressure on chromosome 4 and diastolic blood pressure 
incremental area on chromosome 18. In these regions candidate genes for hypertension like 
alpha and beta adducin, sodium bicarbonate co-transporter and G-protein coupled receptor 
kinase 4 are located.  

In the recent past novel regions in the genome are localized for blood pressure and 
hypertension employing large number of  samples and SNP markers. Org et al. (2009) 
studied 395,102 SNPs in 1,644 individuals from the KORA S3 cohort study, but could not 
find the results reaching significance level of p≤10-8 for blood pressure or hypertension. The 
authors replicated 80 strongest associations with blood pressure and hypertension  in two 
other European cohorts and identified a variant CDH13 (cadherin 13 preprotein) locus 
(rs11646213) to be associated with hypertension and blood pressure. Newton-Chech et al., 
(2009) in the GBP consortium performed largest GWAS study considering blood pressure as 
continuous trait. They identified association of SBP with three loci (MTHFR, CYP17A1 and 
PLCD), DBP with 5 loci (FGF5, C10orf107, SH2B3, CYP1A2 and ZNF 652) at genome wide 
significance levels (p<5 x 10-8). They also found association of 8 variants with hypertension 
in the same direction as blood pressure. Levy et al., (2009) performed for the CHARGE 
group consortium a metanalysis of in 29,136 participants from six different cohort studies 
and with the population of 34,443 from GBP-gen. Their attempt revealed many novel 
variants for DBP and SBP with genome wide level of significance. Use of meta-analysis in 
the GWAS studies helps in achieving near complete genetic coverage. Meta-analysis studies 
by Global BPgen and CHARGE consortia have taken the number of loci to a total of 8 for 
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associated with variations in blood pressure and development of hypertension. Many of the 
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eclampsia. Regions on chromosomes 1,2,8,11,12,15,16,18 and 19 were replicated in more 
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significance levels (p<5 x 10-8). They also found association of 8 variants with hypertension 
in the same direction as blood pressure. Levy et al., (2009) performed for the CHARGE 
group consortium a metanalysis of in 29,136 participants from six different cohort studies 
and with the population of 34,443 from GBP-gen. Their attempt revealed many novel 
variants for DBP and SBP with genome wide level of significance. Use of meta-analysis in 
the GWAS studies helps in achieving near complete genetic coverage. Meta-analysis studies 
by Global BPgen and CHARGE consortia have taken the number of loci to a total of 8 for 
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systolic, 11 for diastolic pressure and 6 for hypertension (Sajjad Rafiq et al., 2010). Yet more 
attempts world wide are needed to fix the genes responsible for the pathogenesis of elevated 
blood pressure in terms of the role played by the genes, epidemiology factors and 
interaction between them. 

4.4 Comparative genomics 

The approach of analyzing genetic basis of any disease is through comparative genomics 
where data from animal studies are used to extrapolate the interpretations about the 
mechanisms to human conditions. For human hypertension animal models offer advantages 
because mating and environment can be controlled. Crossing of inbred strains resolves the 
problem of heterogeneity. Differences in many genes like renin, Na+/K+ ATPase α subunit 
have been reported between hypertensive and normotensive strains of rats. Genetic 
polymorphisms in renin gene of Dahl rats are found to co-segregate with blood pressure in a 
dose dependent way supporting the involvement of the genes in the regulation of blood 
pressure. Similar results on co-segregation was not found for the alleles of Na+/K+ ATPase 
α subunit. Data from the studies on hypertensive rodent strains indicated that genes on 
human chromosome 17 are responsible for human hypertension. Two closely linked 
microsatellite markers D17S183 and D17S934 which are close to ACE gene locus were 
significantly associated with essential hypertension (Julier et al., 1997). The region on human 
chromosome 17 is syntenic to rat chromosome 10. There were also studies refuting 
significant linkage of hypertension to chromosome 17. Study on the translation of QTLs 
between rats and humans predicted 26 chromosomal regions in the human genome that are 
likely to contain genes controlling hypertension (Stoll et al., 2000). Many other studies on 
animal models helped in furthering the knowledge of conserved genomic region involved in 
the regulation of blood pressure and progress in this direction will improve the status of 
knowledge of mechanisms underlying human hypertension. 

5. Future scope for hypertension management 
Despite the fact that effective drugs are available, only about one out of three people has 
their blood pressure successfully controlled, and the blame is attributed to the undesirable 
side effects and the poor oral drug compliance. Keeping in mind the increasing incidence 
of hypertension and the patients inconsistency for the polypharmacy, immunization 
against renin and the angiotensins, although with less success, are being attempted. More 
recently, immunization against angiotensin-I with PMD-3117 vaccine, angiotensin-II with 
CYT006-AngQb vaccine and targeting angiotensin-II type 1A receptor with ATR12181 
vaccine have provided optimism in the development of a hypertension vaccine (Pandey et 
al., 2009). Ang Qb vaccine has proved to become the first vaccine ever to lower (-9/-4 mm 
Hg) blood pressure in human beings (Pandey et al., 2009). Vaccine could induce long 
lasting effects with a dosing interval of months, increasing patient acceptability and 
compliance and thus a better control of high blood pressure.  This approach has a major 
advantage as it can reduce the usage of medication by the patients. The results of this new 
biotherapy for hypertension are intriguing and promising, and vaccination for 
hypertension may turn out to be very useful in many patients. The impact of this 
treatment can revolutionarise the management of essential hypertension- a disease that 
poses public health problems. 
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6. Glossary 
Bonferroni correction: is a multiple-comparison correction used when several  dependent or 
independent statistical tests are performed simultaneously  

Candidate gene study: A study of specifically selected (candidate) genes in which variation 
is hypothesized to influence the risk of a disease. 

Diastolic blood Pressure: represents the minimum pressure in the arteries when the heart is 
at rest. 

Dominant Model: This model specifically tests the association of having at least one minor 
allele say ‘a’ (either Aa or aa) versus not having it at all (AA). 

Epistatic Interaction: An epistatic interaction between two genes (non allelic) occurs when 
the phenotypic impact of one gene depends on another gene, often exposing a functional 
association between them. 

Hardy-Weinburg equilibrium: An idealised state in which gene and genotypic frequencies 
in populatioin do not change from generation to generation in the absence of migration, 
genetic drift, selection 

Haplotype: is a set of closely linked genetic markers present on one chromosome of the 
homologous pair which tend to be inherited together and not easily separable by 
recombination. 

Heretability: Heritability is the proportion of variation in a phenotype (trait, characteristic 
or physical feature) that is thought to be caused by genetic variation among individuals. It is 
a measure of the degree to which the variance in the distribution of a phenotype is due to 
genetic causes. In the broad sense it is measured by the total genetic variance divided by the 
total phenotypic variance. In the narrow sense it is measured by the genetic variance due to 
additive genes divided by the total phenotypic variance. 

Hypertension (HTN): or high blood pressure is a cardiac chronic medical condition in 
which the systemic arterial blood pressure is elevated above the normal levels 

Linkage: Linkage is the tendency of phenotypes marker alleles etc., to co-segregate in a 
pedigree because their determinants lie close together on a given chromosome. 

Linkage Disequilibrium: Non random association of the gens present on the same or any 
other chromosome.  

Odds Ratio:  is one of a range of statistics used to assess the risk of a particular outcome (or 
disease) if a certain factor (or exposure) is present. 

Pleiotropy: Pleiotropy is the phenomenon whereby a single gene has multiple consequences 
in numerous tissues. Pleiotropic effects stem from both normal and mutated genes, but 
those caused by mutations are often more noticeable and easier to study. 

Polymorphism: Genetic Polymorphism is the presence of more than two allelic forms at a 
given locus in such frequencies that the rarest of them is not just due to recurring mutations 
but is due to a phenomenon called “polymorphisms”. The frequency of the rarest 
allele/form as a rule is taken as > 1.0% 
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advantage as it can reduce the usage of medication by the patients. The results of this new 
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Recessive Model: This model specifically tests the association of having the minor allele “a” 
as both alleles (aa) versus having at least one major allele d (Aa or AA). 

Systolic Blood Pressure: represents the maximum pressure exerted in the arteries when the 
heart contracts. 

Tagged SNPs: are representative single nucleotide polymorphisms (SNP) in a region of the 
genome with high linkage disequilibrium  

Transmission disequilibrium test (TDT): A family-based study to compare the proportion 
of alleles transmitted (or inherited) from a heterozygous parent to an affected child. Any 
significant deviation from 0.50 in transmission ratio implies an association. 
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1. Introduction 
Essential hypertension (EH) is a polygenic and multifactorial disorder that results from 
genetic and/or environmental factors (Lifton et al., 2001). This disease has no identifiable 
origin, but results from a disturbance of systems regulating blood pressure (BP) such as 
several circulating and local neurohumoral and vasoactive factors. Genetic variations of 
these factors could play a role in the genesis of EH which represents a major risk factor for 
ischemic heart disease, stroke, peripheral vascular disease and progressive renal damage 
(Mesrati, 2007). EH rises with age, and it aggregates with other cardiovascular risk factors, 
such as dyslipidaemia, glucose intolerance, hyperinsulinaemia, abdominal obesity, and 
hyperuricaemia. Other environmental factors influence this disease like high dietary intake 
of sodium, alcohol, and stress. Family history, appears to play a major role because EH is 
more likely to develop in individuals when there is a strong family history. Several studies 
have identified a variety of candidate genes in EH as well as their interaction with one 
another and with the environment. Among these hypertension-predisposition genes 
investigated, genes involved in the renin-angiotensin-aldosterone system, 
catecholaminergic/adrenergic function, genes of signal transduction system as G protein β3-
subunit, sodium channel system, α adducin and atrial natriuretic peptides. Several other 
biomarkers have been reported to increase the ability to predict EH such as hormone 
receptors like glucagon receptor and insulin like growth factor 1 (O’Shaughnessy, 2001, 
Timberlake et al., 2001) and other systems as endothelin, apolipoprotein and cytokine 
systems. In this chapter, we expose the genetic markers of EH and their expression related to 
lifestyle through several strategies such as investigation of specific candidate genes, 
genome-wide searches, use of intermediate phenotypes, comparative genomics and a 
combination of these methods (Timberlake et al., 2001) 

2. Candidate genes in hypertension 
A large number of candidate genes previously known and novel candidate genes that 
mediate susceptibility to hypertension are identified. The notion that hypertension is a 
polygenic disease, is reinforced by advanced biotechnological tools, and data are provided 
as to the actual number of genes involved, gene-gene interaction or gene-environment-
interaction. The renin-angiotensin-aldosterone system is widely implicated and other gene 
systems are also emerging. 
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1. Introduction 
Essential hypertension (EH) is a polygenic and multifactorial disorder that results from 
genetic and/or environmental factors (Lifton et al., 2001). This disease has no identifiable 
origin, but results from a disturbance of systems regulating blood pressure (BP) such as 
several circulating and local neurohumoral and vasoactive factors. Genetic variations of 
these factors could play a role in the genesis of EH which represents a major risk factor for 
ischemic heart disease, stroke, peripheral vascular disease and progressive renal damage 
(Mesrati, 2007). EH rises with age, and it aggregates with other cardiovascular risk factors, 
such as dyslipidaemia, glucose intolerance, hyperinsulinaemia, abdominal obesity, and 
hyperuricaemia. Other environmental factors influence this disease like high dietary intake 
of sodium, alcohol, and stress. Family history, appears to play a major role because EH is 
more likely to develop in individuals when there is a strong family history. Several studies 
have identified a variety of candidate genes in EH as well as their interaction with one 
another and with the environment. Among these hypertension-predisposition genes 
investigated, genes involved in the renin-angiotensin-aldosterone system, 
catecholaminergic/adrenergic function, genes of signal transduction system as G protein β3-
subunit, sodium channel system, α adducin and atrial natriuretic peptides. Several other 
biomarkers have been reported to increase the ability to predict EH such as hormone 
receptors like glucagon receptor and insulin like growth factor 1 (O’Shaughnessy, 2001, 
Timberlake et al., 2001) and other systems as endothelin, apolipoprotein and cytokine 
systems. In this chapter, we expose the genetic markers of EH and their expression related to 
lifestyle through several strategies such as investigation of specific candidate genes, 
genome-wide searches, use of intermediate phenotypes, comparative genomics and a 
combination of these methods (Timberlake et al., 2001) 

2. Candidate genes in hypertension 
A large number of candidate genes previously known and novel candidate genes that 
mediate susceptibility to hypertension are identified. The notion that hypertension is a 
polygenic disease, is reinforced by advanced biotechnological tools, and data are provided 
as to the actual number of genes involved, gene-gene interaction or gene-environment-
interaction. The renin-angiotensin-aldosterone system is widely implicated and other gene 
systems are also emerging. 
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2.1 The renin-angiotensin-aldosterone system  

The renin-angiotensin-aldosteron system (RAAS) is implicated in the control of BP and 
sodium balance. This system plays a key role in the regulation of kidney function. Genetic 
variations of components of the RAAS such as the renin (REN), angiotensinogen (AGT), 
angiotensin II-type 1 receptor (AGTR1), angiotensin-converting enzyme (ACE) (Allikmets et 
al., 1999) and aldosterone (CYP11B2) genes have been shown to be associated with 
susceptibility to EH.  

2.1.1 Renin 

Renin is the catalytic enzyme acting on angiotensinogen. It is encoded  by the renin (REN) 
gene located at the 1q32 region. Several studies prove that the REN gene increases BP and 
susceptibility to hypertension. REN gene insertion/deletion (I/D) polymorphism is found to 
be associated with EH (Ying et al., 2010) and multiple REN SNPs are significantly associated 
with risk for hypertension. In the single SNP analysis, the strongest association with 
hypertension was seen with rs6693954, which is in high linkage disequilibrium with 
rs2368564 located at intron 9 (Sun et al., 2001). The REN-5312T allele has been reported to be 
associated with elevated diastolic BP (Vangjeli et al., 2010). Furthermore, the Bgl I variant in 
intron 1 and the 10501G/A SNP in exon 9 were associated with hypertension in US white 
and Gulf Arabs group from the United Arab Emirates (Frossard et al., 2001, Ahmad et al., 
2005). In addition, an association of C-4021T and C-3212T with hypertension has been 
identified in African Americans (Zhu et al., 2003) and  a SNP in intron 4 (54620025A/C) was 
shown to be associated with elevated BP and hypertension in Spanish women (Mansego et 
al., 2008).  All these studies provide evidence that renin is an important candidate gene for 
EH. 

2.1.2 Angiotensinogen 

Angiotensinogen (AGT) gene located on chromosome 1q42-43, contains five exons spanning 
13 kb (Gaillard et al., 1989). AGT is cleaved by renin to the decapeptide angiotensin (Ang) I 
precursor of Ang II. Significant evidence supporting the genetic susceptibility of the AGT 
locus for hypertension has been provided by many studies in various ethnic groups. A 
number of associated single nucleotide polymorphisms (SNPs) has been identified including 
M235T (rs669), T174M (rs4762), and G-217A (rs5049). Several studies have reported that the 
235T and T174 allele increased the risk of EH (Jeunmaitre, 2008, Kunz et al., 1997, Fang et al., 
2010, Sethi et al., 2003). Moreover, mutation in the promoter region that involves the 
presence of an adenine (A) instead of a guanine (G) 6 bp upstream from the transcription 
initiation site (G-6A) has been reported to have a positive correlation with hypertension 
(Wang et al., 2002). This mutation has been identified in a Taiwanese aboriginals, where the 
prevalence of the -6A and 235T variants of the AGT gene are high and are significantly 
associated with hypertension (Wang et al., 2002). Among all these AGT polymorphisms 
gene, the M268T variant is the most studied in several populations and representes a 
candidate gene for EH (Gopi-Chand et al., 2011).  

2.1.3 Angiotensin-converting-enzyme 

The angiotensin-converting-enzyme (ACE) is located on chromosome 17q23. In addition to 
increasing the production of Ang II, it is also responsible for the degradation of bradikinin, a 
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vasodilating and natriuretic substance. Several polymorphisms were present in the ACE 
gene but the prominent of these polymorphisms is the insertion or deletion (I/D) of 287 pb 
in intron 16 of this gene. Previous studies have reported that this polymorphism affected 
both serum ACE concentration and BP (Rigat et al., 1990), and DD genotype carriers have 
twice as high as ACE concentration compared to II genotype carriers, while subjects with ID 
genotype has intermediate or moderate ACE plasma concentration. In several studies, the D 
allele showed statistically significant relationship with hypertension in different 
populations. Thus, the ACE gene is a candidate gene for EH in humans. 

2.1.4 Angiotensin II type 1 receptor 

The human gene for angiotensin II type 1 receptor (AGTR1) located at chromosome 3q21-25, 
has a length of > 55 kb, is composed of five exons and four introns. A single nucleotide 
polymorphism (SNP) has been described in which there is either an adenine (A) or a 
cytosine (C) base (A/C) transversion in position 1166 in the 3’ untranslated region of the 
gene (Bonnardeaux  et al., 1994). The +1166A/C polymorphism is the most studied and 
evaluated. Nine other SNPs influencing AGTR1 expression were described (Erdmann et al., 
1999) and seven other SNPs reported in the 5’ flanking region of the gene, were not in 
linkage equilibrium with +1166A/C polymorphism (Poirier et al., 1998, Takahashi et al., 
2000). Moreover, the SNP at nucleotide position +573 was investigated in hypertension and 
diabetes (Doria et al., 1997, Chaves et al., 2001) and several other new SNPs have been 
described, however, not all of them are associated with hypertension. In some studies, a 
linkage disequilibrium was shown betweeen these new SNPs and the +1166 A/C 
polymorphism, in particular the -153 A/G polymorphism (Lajemi et al., 2001). In addition, 
the +1166 A/C variant in the AGTR1 gene was associated with the severe form of EH 
(Bonnardeaux et al., 1994; Kainulainen et al., 1999) and in Caucasian hypertensive subjects 
with a strong family history, the C allele was over-represented (Wang et al., 1997) and more 
frequent in women with pregnancy induced hypertension. Several other studies have 
reported significant interaction between the AGTR1 +1166A/C polymorphism and 
hypertension in different populations (Wang &Staessen, 2000, Henskens et al., 2003). So, the 
1166 A/C polymorphism in the AGTR1 gene is a biomarker for EH. 

2.1.5 Angiotensin II type 2 receptor 

The angiotensin II type-2 receptor (AGTR2) gene is located on the X-chromosome. It consists 
of 3 exons and 2 introns, with the entire open reading frame of the AGTR2 located on exon 3 
(Martin & Elton 1995). The AGTR2 is thought to oppose the growth promoting effect of the 
AGTR1 and was the mediator for vasodilatation, natriuresis and apoptosis of smooth 
muscle cells. A commonly occurring intronic polymorphism has been described at a lariat 
branch-point in intron 1 (Nishimura et al. 1999). Its position, described relative to the 
translation initiation site of the human AGTR2 gene, is (−1332A/G) (Nishimura et al. 
1999), although it has also been previously described by others (Erdmann et al., 2000) as 
(+1675). It is located 29 bp before exon 2, close to the region that is important for 
transcriptional activity (Warnecke et al. 1999). The AGTR2 A1675G polymorphism was 
shown to be involved in the development of EH in male (Zivkovic et al., 2007, Delles et al. 
2000, Jin et al., 2003a, Alfakih et al., 2004), whereas the G4599A polymorphism located in 
exon 3 of the AGTR2 gene was associated with hypertension in women. Other SNPs in the 
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vasodilating and natriuretic substance. Several polymorphisms were present in the ACE 
gene but the prominent of these polymorphisms is the insertion or deletion (I/D) of 287 pb 
in intron 16 of this gene. Previous studies have reported that this polymorphism affected 
both serum ACE concentration and BP (Rigat et al., 1990), and DD genotype carriers have 
twice as high as ACE concentration compared to II genotype carriers, while subjects with ID 
genotype has intermediate or moderate ACE plasma concentration. In several studies, the D 
allele showed statistically significant relationship with hypertension in different 
populations. Thus, the ACE gene is a candidate gene for EH in humans. 
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The human gene for angiotensin II type 1 receptor (AGTR1) located at chromosome 3q21-25, 
has a length of > 55 kb, is composed of five exons and four introns. A single nucleotide 
polymorphism (SNP) has been described in which there is either an adenine (A) or a 
cytosine (C) base (A/C) transversion in position 1166 in the 3’ untranslated region of the 
gene (Bonnardeaux  et al., 1994). The +1166A/C polymorphism is the most studied and 
evaluated. Nine other SNPs influencing AGTR1 expression were described (Erdmann et al., 
1999) and seven other SNPs reported in the 5’ flanking region of the gene, were not in 
linkage equilibrium with +1166A/C polymorphism (Poirier et al., 1998, Takahashi et al., 
2000). Moreover, the SNP at nucleotide position +573 was investigated in hypertension and 
diabetes (Doria et al., 1997, Chaves et al., 2001) and several other new SNPs have been 
described, however, not all of them are associated with hypertension. In some studies, a 
linkage disequilibrium was shown betweeen these new SNPs and the +1166 A/C 
polymorphism, in particular the -153 A/G polymorphism (Lajemi et al., 2001). In addition, 
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with a strong family history, the C allele was over-represented (Wang et al., 1997) and more 
frequent in women with pregnancy induced hypertension. Several other studies have 
reported significant interaction between the AGTR1 +1166A/C polymorphism and 
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1166 A/C polymorphism in the AGTR1 gene is a biomarker for EH. 
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of 3 exons and 2 introns, with the entire open reading frame of the AGTR2 located on exon 3 
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exon 3 of the AGTR2 gene was associated with hypertension in women. Other SNPs in the 
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AGTR2 gene were identified by Zhang et al. (2003) suggesting a relationship between the 
1334T/C polymorphism and the development of hypertension in a Chinese population.  

2.1.6 Aldosterone synthase 

The enzyme aldosterone synthase (CYP11B2) is the key enzyme in the final steps of 
aldosterone biosynthesis. It is encoded by the CYP11B2 gene located on chromosome 8q22 
(Hilgers & Schmidt, 2005, Brand et al., 1998). Several polymorphisms have been identified 
in the CYP11B2 gene (White & Rainey, 2005). Among them, the promoter region C-344T 
polymorphism (rs id 1799998) is the best evaluated. This polymorphism either increases 
aldosterone to renin ratio in essential hypertensives or decreases aldosterone production, 
leading to sodium wasting and decreased excretion of potassium (Nicod et al., 2003, 
Matsubara et al., 2004). Furthermore, several studies have shown that the C-344T 
polymorphism is implicated in the risk of EH (Kumar et al., 2003, Gu et al., 2004) and 
other cardiovascular parameters. So the CYP11B2 gene is associated with the 
development of EH. 

2.2 Sodium system  

Several studies have examined the genetic influence on BP responses to dietary sodium and 
potassium intake in different populations. These studies have identified many candidate 
genes related to salt sensitivity of BP (Beeks et al., 2004). With the use of association or 
linkage studies, it appears that mutations increasing renal sodium reabsorption raise BP. 
The majority of these genes encode for renal ion channels and transporters or for 
components of hormonal or paracrine systems participating in the regulation of renal 
sodium reabsorption. All the genes involved in BP control are described in humans and in 
mice. 

2.2.1 Epithelial Sodium channel 

Epithelial sodium channel (Enac) is an amiloride sensitive epithelial sodium channel, 
composed of three subunits: α, β, and γ and encoded by different genes. SCNNIA gene 
coded for subunit α, located on human chromosome 12p13, and involved in aldosteronism 
and pseudohypoaldosteronism type I. SCNNIB and SCNNIG genes coded respectively for  
β, and γ subunits are related to monogenic form of salt sensitive hypertension (Kamida et 
al., 2004). The SCNNIA G2139 allele (Iwai, 2002, Wong, 1999) and Thr663Ala were reported 
to be associated with hypertension. A variety of mutations Gly589Ser, Thr594Met, 
Arg597His, Arg624Cys, Glu632Gly, Gly442Val and Val434Met has been shown in the 
SCNNIB gene and were implicated in the pathogenesis of systolic BP. In black individuals, 
the T594M mutation of the β subunit of this gene increases the risk of hypertension (Baker et 
al., 1998, Dong et al., 2002). In addition, a Japanese study (Matsubara et al., 2002) indicated a 
linkage between systolic BP and microsatellite markers on chromosome 16p12.3, a region 
close to the gene coding for the β and γ subunits of Enac gene (Wong et al.; 1999). Another 
study (Hyun-Seok et al., 2010) identified several SNPs in SCNNIB, SCNNIG genes and 
showed a link between hypertension and these polymorphisms. A recent study (Zhao et al., 
2011) reported multiple common SNPs in SCNNIG associated with BP response to sodium 
intervention. 
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2.2.2 Thiazide sensitive Na+Cl- cotransporter  

The sodium chloride cotransporter (NCC) is the thiazide sensitive Na-Cl cotranporter (TSC) 
located at the apical membrane of the distal convoluted tubule of the nephron (Plotkin et al., 
1996), accounts for the absorption of 5% of the salt filtered at the glomerulus (Obermuller et 
al., 1995). The TSC gene, consisting of 26 exons that encode 1021 amino acid residus, is 
located on chromosome 16q13. Mutations in the human TSC gene is associated with a loss of 
TSC function, as seen in Gitelman’s syndrome, an autosomal recessive disease that affects 
BP regulation (Simon et al., 1996). Several TSC gene variants have been reported in different 
populations. TSC gene polymorphisms (C2736A, C1420T, G816C) were identified in 
Swedish population and only homozygous A2736 and T1420 alleles were significantly 
associated with EH in this population (Melander et al., 2000), whereas the G2736A was 
related to hypertension  in Japanese women. Other SNPs of TSC gene rs7204044 and 
rs13306673 were studied in Mongolian and Han populations. TSC gene rs 7204044 is a 
genetic factor for EH in these two ethnicities, but rs13306673 is a genetic factor for EH only  
in Han population (Chang et al., 2011). 

2.2.3 NEDD4L  

NEDD4L is a ubiquitin ligase that controls the expression of the kidney epithelial sodium 
channels. The NEDD4L gene located on human chromosome 18q21, is an attractive 
candidate gene in pathogenesis for hypertensive disorders (Pankow et al., 2000). Several 
SNPs, including a common SNP (rs4149601) known to result in abnormal splicing, are 
identified in African Americans, American whites, and Greek whites with EH (Russo et al., 
2005). In Swedish subjects, the rs4149601 polymorphism and an intronic NEDD4L marker 
(rs2288774) were associated with systolic and diastolic BP, as a consequence of altered 
NEDD4L interaction with EnaC (Fava et al., 2006). Moreover, SNP (rs513563) in NEDD4L 
was associated with hypertension in both African and Caucasian whites (Russo et al., 2005). 
In Chinese Hans, another rs3865418 variant of NEDD4L gene was implicated in the 
prevalence of EH in this population (Wen et al., 2008). 

2.2.4 Na+ K+ /ATPase 

The Na+K+/ATPase (NAK) is an integral membrane protein responsible for establishing 
and maintaining the electrochemical gradients of Na+ and K+ across the plasma membrane. 
The NKA is characterized by a complex molecular heterogeneity consisting of α, β and γ 
subunits. Four different α-polypeptides (α1, α2, α3, and α4) and three distinct β-isoforms 
(β1, β2, and β3) have been identified in mammalian. The α1 subunit is ubiquitous and 
predominates in the kidney, whereas the α2 subunit is most prevalent in the brain, heart, 
and muscle cells (Sweadner, 1989). The NAK catalytic subunit is encoded by multiple genes 
(Lalley et al., 1978) and separate genes encoding the α isoforms were identified in human 
(Shull & Lingrel, 1987). In mouse, the gene encoding the α1 subunit (ATP1A1) has been 
assigned to mouse chromosome 3. The α2 subunit gene (ATP1A2) is located on mouse 
chromosome 7 but the gene encoding the α3 subunit is located on mouse chromosome 1. 
The Na+K+/ATPase β3 subunit gene, which also exhibits a distinctive and complex tissue-
specific pattern of expression (Mercer et al., 1986), maps to the same region of chromosome 
1, but is not tightly linked to the α3 subunit gene. Genetic studies have reported that the 
3’end of the gene for the α2 subunit (ATP1A2) and the β subunits (ATP1B1) variants were 
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was associated with hypertension in both African and Caucasian whites (Russo et al., 2005). 
In Chinese Hans, another rs3865418 variant of NEDD4L gene was implicated in the 
prevalence of EH in this population (Wen et al., 2008). 

2.2.4 Na+ K+ /ATPase 

The Na+K+/ATPase (NAK) is an integral membrane protein responsible for establishing 
and maintaining the electrochemical gradients of Na+ and K+ across the plasma membrane. 
The NKA is characterized by a complex molecular heterogeneity consisting of α, β and γ 
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associated with BP and hypertension (Shull et al., 1990, Kasantsev et al., 1992, Masharani & 
Frossard, 1988, Glenn et al., 2001) but the Bgl II ATP1A1 polymorphism gene in the first 
intron is associated with diabetic neuropathy (Vague et al., 1997). In addition, SNPs has 
been described, close to the ATP1A1 gene (D1S453, 160 kb) in Sardinian hypertensive and 
normotensive cohort (Glorioso et al., 2001). This study has identified an interaction of 
ATP1A1 and Na+K+2Cl-Cotransporter genes in Human EH. 

2.3 Adducin 

Adducin is a cytoskeleton protein that promotes the binding of spectrin with actin and may 
modulate a variety of other cell functions such as ion transport (Matsuoka et al., 2000). It is 
an heterodimeric protein consisting of an α-subunit and β-subunit or and α-subunit and γ-
subunit, composed of three different subunits: adducin α, β, and γ which are encoded by 
three genes (ADD1, ADD2, ADD3) located on different chromosomes (Matsuoka et al., 
2000). Adducin is one among the proteins that regulate Na+K+/ATPase activity. 
Abnormalities in adducin by genetic mutation have been shown to influence the surface 
expression and maximum velocity of Na+K+/ATPase and subsequently faster renal tubular 
Na+ reabsorption (Mische et al., 1987). Clinical and experimental studies have reported that 
the α adducin gene mutations could affect renal Na+ transport and explain a large 
proportion of BP variation (Bianchi et al., 1994, Barlassina et al., 1997), suggesting the 
involvement of mutated adducin variants in sodium-dependent hypertension. In animal 
models, single nucleotide polymorphisms (SNPs) in the ADD1 gene lead to increased 
tubular Na+ reabsorption and hypertension (Tripodi et al., 1996). In humans, a guanine to 
thymine SNP at nucleotide 614 in exon 10 of the ADD1 gene (rs4961) leads to a glycine (Gly) 
to tryptophan (Trp) change at amino acid position 460. This polymorphism has been 
associated with elevated untreated BP (Lanzani et al., 2005) and hypertension salt sensitivity 
(Barlassina et al., 2000, Turner et al., 2003). 

2.3.1 ADD1  

The gene encoding human ADD1 is mapped onto the chromosome location 4p16.3. Two 
missense mutations G460W and S586C in the human α adducin gene (ADD1) were shown to 
be associated with EH (Cusi et al., 1997). The common molecular variant of the ADD1 gene 
causing the substitution of tryptophan instead of glycine (Gly460Trp) at amino acid position 
460 was found to be associated with increased risk of hypertension in different population 
(Cusi et al., 1997, Ju et al., 2003). 

2.3.2 ADD2 

C1797T ADD2 gene silent polymorphism in exon 15 was reported to be associated with 
hypertension in post menopausal women (Wang et al., 2002), in oral contraceptive users and 
in high salt intake populations. In Polish and Russian subjects (Tikhonoff et al., 2003), BP 
and the prevalence of hypertension were associated with the C1797T polymorphism in the β 
(ADD2), particularly in post menopausal women (Cwynar et al., 2005). 

2.3.3 ADD 3 

In ADD3 gene, the A to G substitution polymorphism located in intron 11 (IVS11 þ386A>G 
–rs3731566) exists but neither previous publications nor genome browser databases 
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provided any suggestion about its functional role. Previous studies on populations and 
patients have demonstrated that the ADD1 Gly460Trp polymorphism, alone or in 
combination with variation in the ADD3 (IVS11 þ386A>G) or ACE (I/D) genes, inuences 
the peripheral and central BP (Cwynar et al., 2005). Indeed, mean arterial pressure increased 
to the largest extent in patients carrying both the mutated ADD1Trp allele and the ADD3 
GG genotype. Interaction between the ADD1 and ADD3 genes, which are located on 
different chromosomes, is in keeping with the heterodimeric structure of the adducin 
protein and strengthens the role of these genes compared with that of other loci mapping 
near to the adducin subunits (Kuznetsova et al., 2008). 

2.4 Natriuretic peptides 

The natriuretic peptide system (NP), with its diverse actions on renal and hemodynamic 
function and vasoactive hormone activity continues to attract attention as a potentially 
major regulator of body fluid volume and arterial pressure. The atrial natriuretic peptide 
(ANP), mainly produced by right atria in response to volume expansion, influences BP and 
body fluid homeostasis (Ogawa et al., 1995). This system consists of a family of three 
peptidic hormones A-type NP (ANP), B-type NP (BNP), and C-type NP (CNP) that interact 
with three receptors NP receptor A (NPRA), NP receptor B (NPRB) and NP clearance 
receptor (NPRC). The NPRC is encoded by the NPR3 gene and is a determinant of NP 
plasma concentration. 

Genetic variants of the ANP system are involved in the etiology of hypertension (Rutlege et 
al., 1995, Kato et al., 2000), for this reason ANP is proposed as a candidate gene with salt-
sensitive HT in some studies (Rutlege et al., 1995, Ciechnowicz et al., 1997). Several 
polymorphisms have been described in the human ANP gene: -C664G, G1837A, T2238C 
polymorphisms and a microsatellite marker of both NPRA and BNP genes were 
characterized (Rubattu et al., 2006). The T2238C ANP and the G1837A ANP intronic gene 
polymorphisms have been reported to be associated with left ventricular mass in human EH 
(Schmieder et al., 1996) and increased risk of ischemic stroke (Rubattu & Volpe, 2001). An 
I/D polymorphism at position 15129 of the 3’UTR of NPRA gene deletion variant is 
associated with hypertensive family history and higher systolic BP. 

In the BNP gene, a variable number of tandem repeat (VNTR) polymorphism in the 5’-
flanking region (-1241 nucleotides from the major transcriptional initiation site) was 
discovered. This VNTR polymorphism is a tandem repeat of the 4-nucleotide sequence 
TTTC appears to be a useful genetic marker of EH in females (Kosuge et al., 2007). 

In CNP gene, four polymorphisms are identified : G733A, G1612C, G2347T and G2628A, 
two polymorphisms in the promoter region, one polymorphism in the coding region (exon 
2) that accompanied an amino acid change from Gly to Val at amino acid position 61, and 
one polymorphism in the 3′-non coding region. Only the G2628A genotype in 3′-UTR was 
associated with BP and made greater contribution to hypertension (Ono et al., 2002). Overall 
these observations, suggested that atrial gene peptides could be considered candidate 
markers in EH.  

2.5 Signal transduction pathways genes 

The basic signal transduction steps are mediated through specific receptors binding, G 
protein coupled receptors and some growth factors. Specific receptors like adrenergic 
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provided any suggestion about its functional role. Previous studies on populations and 
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receptors, glucagon receptor and growth factors as insulin-like growth factor 1 (IGF-I)  
genes are assumed to be important mediator in the pathophysiological response to BP 
increase. Mutation into the genes encoding signal transduction pathways have been 
associated with hypertension. 

2.5.1 G Proteins  

The main role of G proteins is to translate signals from the cell surface into a cell (Siffert, 
2003) to mediate the intracellular effects of many hormones and peptides. A polymorphism 
C3T at nucleotide 825 in exon 10 of the β3 subunit of GTP binding protein (GNB3/C825T) 
has been identified (Bohm et al., 1997). This polymorphism is associated with enhanced 
intracellular signal transduction (Siffert et al., 1998) and has been reported to be associated 
with a variety of cardiovascular risk factors, including hypertension (Siffert et al., 1998, 
Schunkert et al., 1998, Benjafield et al., 1998), obesity (Siffert et al., 1999, Casiglia et al., 2008), 
diabetes (Bluthner et al., 1999) or dyslipidemia (Ishikawa et al., 2000, Hayakawa et al., 2007). 
A significantly higher frequency of the T allele has been identified in EH (Beige et al., 1999, 
Siffert, 1996). The mechanism whereby the 825T variant may lead to hypertension remains 
unknown, but it may involve an increase of Na-H exchanger activity (Siffert, 1996) which 
enhanced renal sodium reabsorption and induced the BP increase. Several studies have 
demonstrated that the 825T allele of GNB3 is associated with hypertension (Benjafiel et al., 
1998, Beige et al., 1999, Dong et al., 1999, Hengstenberg et al., 2001, Timberlake et al., 2001, 
Casiglia et al., 2008).  Together, these studies highlight the importance of the GBN3/C825T 
variant gene in EH. 

2.5.2 Glucagon receptor 

The glucagon is involved in the regulation of electrolyte and water homeostasis. The effects 
of glucagon are mediated through its binding to a specific receptor (GCG-R), a 480–amino 
acid protein, which belongs to the superfamily of G protein–coupled transmembrane 
receptors (Laburthe et al., 1996). A Gly40Ser missense mutation in exon 2 of this receptor 
induced a lower affinity of the receptor for glucagon and a reduced cAMP response in 
transfected cells (Hansen et al., 1996). In humans, carriers of the mutation have a 
significantly lower increased plasma glucose concentration in response to glucagon infusion 
(Tonolo et al., 1997). A decrease in receptor activity in vivo might contribute to common EH 
by reducing the renal natriuretic effect of glucagon. Several studies have shown that the 
GCG-R plays a role in the predisposition to EH (Chambers & Morris, 1996, Tonolo et al., 
1997). Other studies have reported significant association of the Gly40Ser polymorphism in 
hypertensive women with family history of hypertension in both parents (Chambers & 
Morris, 1996, Morris et al., 1997), whereas in French people, the Gly40Ser GCG-R variant 
was associated with hypertension only in men (Brand et al., 1999). Therefore, the glucagon 
receptor gene (GCG-R) could be a candidate gene for predisposition to human EH. 

2.5.3 Insulin-like growth factor 1 

The insulin-like growth factor 1 (IGF-I) is assumed to be an important mediator in the 
pathophysiological response to increased BP in the vessel wall, and low circulating IGF-I 
levels have been associated with cardiovascular disease development (Juul et al., 2002). The 
absence of the 192 bp allele in the promoter region of the IGF-I gene variant was associated 
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with low circulating IGF-I levels and linked to systolic BP. An increased risk of developing 
atherosclerosis was shown in hypertensive subjects with this IGF-I polymorphism. 
The genetic variation of the IGF-I receptor may affect the susceptibility to ischemic stroke 
(Cheng et al., 2008) and the diversity of left ventricular structure in hypertensives (Horio et 
al., 2010). The (IGF-I) is a mediator in limiting the damaging effects of high BP on the EH. 

2.6 Noradrenergic system 

The sympathetic nervous system acts through two main groups of adrenergic receptors, α 
and β with several subtypes α1 and α2 receptors and β receptors have the subtypes β1, β2 
and β3, all linked to Gs proteins. The adrenergic system affects blood pressure by cardiac 
output and peripheral resistance regulation. Several studies have identified the implication 
of the β adrenergic receptors in the genesis of hypertension and many candidate gene 
studies have evaluated the association of one or more polymorphisms of adrenergic 
receptors in cardiovascular diseases, suggesting involvement of adrenergic pathways in EH. 

2.6.1 β1-adrenergic receptor  

The β1 adrenergic receptor (ADRB1), is a 7-transmembrane Gs protein coupled receptor. 
The ADRB1 is located on chromosome 10 (Hoehe et al., 1995) and is expressed in cardiac 
myocytes (Strader et al., 1994). Several polymorphisms of the ADRB1 exist, but two major 
single nucleotide Ser49Gly and Arg389Gly (Maqbool et al., 1999) are associated with BP. 
Arg389Gly variant is located in the intracellular cytoplasmic tail near the seventh 
transmembrane region of the receptor, which is a Gs-protein binding domain. The Arg389 
polymorphism mediates a higher isoproterenol-stimulated adenylate cyclase activity than 
the Gly389 variant in vitro (Moore et al., 1999). The Ser49Gly polymorphism is located in the 
extracellular amino-terminal region of the receptor (Moore et al., 1999), but the potential 
functional consequence of this polymorphism is unknown. The genetic variants of the β1 
adrenergic receptor could play an important role in the development of hypertension, 
because the β1 adrenergic receptor is essential in cardiac output regulation and the ADRB1 
inhibitor reduces BP. Several studies have investigated the effects of these polymorphisms 
on resting haemodynamics and the incidence of hypertension, showing significantly higher 
diastolic BP and heart rates than siblings carrying either one or two copies of the 389G allele 
(Bengtsson et al., 2001).  

2.6.2 β2-adrenergic receptor  

The β2-adrenergic receptor (ADRB2) is responsible for vasodilatation in the vasculature via 
the cAMP pathway in smooth muscle cells or by release of nitric oxide (NO) from vascular 
endothelium (Eisenach et al., 2002). This receptor is implicated in the pathogenesis of 
hypertension. The ADRB2 gene located on chromosome 5q, is intronless, and codes for 413 
amino acids. The most common SNPs in the ADRB2 gene include amino acid position 16, 
which contains either glycine or arginine (major/minor allele: Gly16/Arg), and amino acid 
position 27, which contains either glutamine or glutamic acid (Gln27/Glu). Some studies 
have shown that these two polymorphisms are associated with resistance to desensitization 
(Green et al., 1994, Green et al., 1995), but others have reported that the Gly16 variant 
ADRB2 gene is associated with EH in different populations (Lang et al., 1995, Svetkey et al., 
1997, Kotanko et al., 1997, Timmermann et al., 1998, Lou Y et al., 2011). Moreover, another 
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variant, the A46G in the ADRB2 gene is significantly associated with EH risk only in male 
among the Northern Han Chinese population (Lou et al., 2011). Therefore, the β2 adrenergic 
receptor gene is considered a candidate gene for the development of EH.  

2.6.3 β3-adrenergic receptor  

The β3-adrenergic receptor (ADRB3) gene is located on chromosome 8p and codes for 396 
amino acids. The ADRB3 gene contains a SNP that encodes either tryptophan or arginine 
(Trp64/Arg). This polymorphism is considered most relevant to lipolysis and 
thermogenesis. The ADRB3 genotype appears to have some influence in the development of 
obesity and appears to impact insulin resistance and the development of diabetes. So, The 
ADRB3 gene is not implicated in the risk of EH. 

2.7 Endothelin system  

Potent vasoconstrictor peptides, composed of three member family of peptides, namely 
endothelin-1 (ET-1), endothelin-2 (ET-2), endothelin-3 (ET-3) and their receptors, have a 
convincing role in EH. High circulating endothelin plasma levels have been reported in EH 
and genetic variants identified in the different component of endothelin system genes are 
involved in the etiology of hypertension. 

2.7.1 Endothelin 1 

Endothelin (ET)-1, produced by vascular endothelial cells, is a potent vasoconstrictor that 
acts as a modulator of vasomotor tone, cell proliferation, and vascular remodeling 
(Yanagisawa et al., 1988, Levin, 1995). The biological actions of ET-1 are mediated by two 
different receptors, ET-A receptor (ET-A) and ET-B receptor (ET-B). The interaction of ET-1 
with ET-A in vascular smooth muscle cells is primarily responsible for ET-1–mediated 
vasoconstriction, whereas endothelial cell expressing ET-B promotes vasodilation (Haynes 
et al., 1995, Hirata et al., 1993). ET-1 is implicated in the pathogenesis of hypertension, heart 
failure, atherosclerosis, chronic kidney disease, and diabetes (MacGregor et al., 2000). High 
circulating endothelin plasma levels have been reported in EH. Human ET-1 gene is located 
on chromosome 6 and encodes a 21-amino acid peptide. Several SNPs in the endothelin 
system genes have been shown to have functional relevance and association with 
cardiovascular phenotypes and/or diseases (Taupenot et al., 2003). A G5665T 
polymorphism named Lys198Asn polymorphism of the preproendothelin-1 gene has been 
shown to be associated with higher BP in Caucasians and in Japanese populations with the 
T allele (Asai et al., 2001, Jin et al., 2003b). Therefore, the ET-1 is a candidate responsible for 
EH. 

2.7.2 Endothelin 2 

ET-2 is expressed in the right atria. A single A985G base change in the ‘3-UTR of the ET-2 
gene was identified in hypertensives when BP was assessed as a quantitative trait. The 
difference in genotype and allele frequencies between the extremes of BP suggests that the 
ET-2 locus influences the severity rather than the initial development of hypertension 
(Sharma et al., 1999). 

 
Candidate Genes in Hypertension 

 

149 

2.7.3 Endothelin-converting enzyme  

Endothelin-converting enzyme (ECE) is a main component in endothelin (ET) biosynthesis, 
leading to the generation of ET-1, a potent vasoconstricting peptide, and contributing to BP 
control. Two different ECE genes, ECE-1 (Xu & Yanagisawa, 1994) and ECE-2 (Emoto & 
Yanagisawa, 1995), have been identified, but only ECE-1 expression is altered in human 
cardiovascular diseases. The gene is located at chromosome 1 (Albertin et al., 1996), has a 
length of 120 pb and is consisting of 20 exons (Schweizer et al., 1997, Valdenaire et al., 1999, 
Funke-Kaiser et al., 2000). Human ECE-1 is expressed in four different isoforms: ECE-1a, 
ECE-1b, ECE-1c and ECE-1d (Shimada et al., 1995,  Valdenaire et al., 1999) generated from 
an additional prometers (Valdenaire et al., 1995, Valdenaire et al., 1999). The ECE-1b isoform 
expressed in endothelial and vascular smooth muscle cells (Valdenaire et al., 1999, 
Orzechowski et al., 1997), may contribute to vascular ET generation and BP regulation.   

Several polymorphisms have been described in the human ECE-1b promoter gene, but only 
combinations of two common variants within the 5’-flanking region (T-839G, C-338A) were 
significantly associated with high BP values in non-treated hypertensive females (Funke-
Kaiser et al., 2003). The -338A allele showed an increase in promoter activity compared with 
the wild-type promoter. Some studies conducted in African-American hypertensives have 
reported higher ECE-1 activity compared with white hypertensive patients (Grubbs et al., 
2002), indicating that genetic variability in the ET system, e.g. ECE-1 gene, could be linked 
with severity of EH (Funke-Kaiser et al., 2003). So, the ECE-1 gene is a candidate gene in EH. 

2.7.4 Endothelin receptors 

ET-1 acts through two receptors ET-RA and ET-RB. Several single SNPs spanning the ET-RA 
gene were typed. The substitution of a thymine for a cytosine located in the untranslated 
part of exon 8 of the ET-RA gene was associated with pulse pressure and hypertension 
(Benjafield et al., 2003). In addition, an association was reported between genotype at the 
rs5335 (C+70G) SNP and night systolic BP and diastolic BP (Rahman et al., 2008). In this 
study the rs5335 (C+70G) polymorphism of the ET-RA receptor gene has small effects on the 
risk of hypertension. In another study (Ormezzano et al., 2005),  the T allele of the ET-RA 
A/C+1222T polymorphism is associated with a reduction of baroreflex sensitivity in both 
healthy and hypertensive subjects. Likewise, a common polymorphism G1065A revealed 
that the AA+GA genotypes were significantly more frequent in salt-resistant than in salt-
sensitive individuals, suggesting a protective role for the A allele (Caprioli et al., 2008). 

2.7.5 Endothelial nitric oxide synthase  

Nitric oxide synthase (eNOS) synthesizes nitric oxide (NO), a potent vasodilator produced 
by endothelial cells. The eNOS gene (NOS3) is located at the 7q35-q36 region, has a length of 
21 kb and consisted of 26 exons. Variants of this gene have been investigated for association 
with hypertension and other cardiovascular disorders (Casas et al., 2006). Among them, 
three polymorphisms have been widely examined for clinical relevance (Casas et al., 2006, 
Cooke et al., 2007). A G894T substitution in exon 7 resulting in a remplacement of Glu to 
Asp substitution at codon 298 (rs1799983), an insertion-deletion in intron 4 (4a/b) consisting 
of two alleles (the a-deletion which has four tandem 27-pb repeats and the b-insertion 
having five repeats), and a T786C substitution in the promotor region (rs2070744). Several 
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studies have shown significant association of the eNOS3 polymorphisms gene with 
hypertension (Uwabo et al., 1998, M. Shoji et al., 2000, Jachymova et al., 2001, Hyndman et 
al., 2002). In the Chinese population, a significant and independent association between the 
eNOS-G894T polymorphism and EH has been shown (Men et al., 2001). In addition, a meta-
analysis of 33 studies have examined the eNOS G894T, 4a4b, T-786C, and G23T 
polymorphisms and their relationship to susceptibility for hypertension, and reported that: 
the allele 4b under a recessive model provided evidence of protection (Zintzaras et al., 2006). 
Thus, the eNOS gene is a risk factor for EH. 

2.8 Apolipoproteins 

Apolipoproteins are large complexes of molecules that transport lipids through the blood. 
They play a major role in lipid metabolism. Genetic variations identified in apolipoprotein 
genes have been shown to be involved in the risk of EH.  

2.8.1 Apolipoprotein B 

Apolipoprotein B (ApoB) is the main apolipoprotein of chylomicrons and low density 
lipoproteins (LDL), which occurs in the plasma in two main forms, ApoB48 and ApoB100. 
ApoB100 is synthesized in the liver and is present in very low density lipoproteins and their 
metabolic products. It is a principal ligand for low density lipoprotein (LDL) receptors 
(Boerwinkle et al., 1989) which mediate the uptake of LDL from the liver and peripheral 
cells. Like this, ApoB100 plays an important role in cholesterol homeostasis and a positive 
relationship has been established between coronary heart disease and LDL cholesterol with 
ApoB (Brunzell et al., 1984). The ApoB gene located at the 2p24 region (Knott et al., 1985), 
has a lengh of 42 kb, is composed of 29 exons (Blackhart et al., 1986). The 3' end of the ApoB 
gene exhibits a variable number of tandemly repeated (VNTR) short, A+T rich DNA 
sequences (Knott et al., 1986). Several studies have reported that ApoB 3'VNTR alleles is 
associated with EH (Philippe et al., 1999, Friedl et al., 1990).  

2.8.2 Apolipoprotein C3  

Genetic variation in the apolipoprotein C (ApoC3) gene, is associated with an increased risk of 
coronary heart diseases (CDH) (Sacks et al., 2000). ApoC3 is a protein of 79 amino acids, a 
constituent of triglyceride rich lipoprotein, including very low density lipoprotein (VLDL), 
chylomicron (CM), and high density lipoprotein (HDL) (Windler et al., 1985). It inhibits the 
lipoprotein lipase-induced hydrolysis of those particles (Ashavaid et al., 2002). ApoC3 exists in 
three different isoforms, according to the sialylation degree of the protein. Previous studies 
have shown that low ApoC3 levels may be associated with reduced CHD risk. Two 
polymorphisms located at positions −455 (T to C) and −482 (C to T) in the 5′ ApoC3 gene 
promoter region, have been shown to be associated with elevated levels of serum triglyceride 
and with a negative insulin response element (Dammerman et al., 1993). Another study has 
reported that the ApoC3 3206GG genotype was associated with a decrease in diastolic BP 
while the ApoC3 -482T allele was associated with a decrease in pulse pressure levels.   

2.8.3 Apolipoprotein E  

Apolipoprotein E (ApoE) gene situated on chromosome 19, appears in humans in three 
different forms named E2, E3 and E4 differing from each other by amino acid substitution in 
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two various positions (varying Cys112Arg and Arg158Cys) and coded by three alleles ε2, ε3 
and ε4 at a single gene locus. ApoE polymorphism is one of the common genetic factors 
responsible for inter-individual variations in lipid and lipoprotein levels. ApoE4 has a 
higher and ApoE2 much lower affinity to the LDL receptor. The ε2 allele is associated with 
the lowest while the ε4 allele with the highest plasma cholesterol levels. Therefore, ApoE4 
may be considered atherogenic (Curtiss & Boisvert, 2000), while ApoE2 seems to show a 
protective effect (Davignon et al., 1988). Some study has reported correlation between 
ApoE4 polymorphism and the incidence of CAD (Baroni et al., 2003). ApoE also seems to 
play a role in BP regulation. The ε4 allele influences the BP increasing effect of alcohol 
consumption. This gene environment interaction may have marked implications for the 
prevention and treatment of hypertension (Kauma et al., 1998). 

2.8.4 Lipoprotein lipase  

Lipoprotein lipase (LPL) is the main enzyme responsible for the hydrolysis of triglyceride 
(TG) present in circulating lipoproteins, and regulates high density lipoprotein 
concentrations. LPL gene located on chromosome 8p22 (Sparkes et al., 1987), has a length of 
30 kb (Deeb & Peng, 1989), is composed of 10 exons. Mutations in locus intron 6 of LPL gene 
(Oka et al., 1989, Zuliani & Hobbs, 1990) lead to hypertriglyceridemia, dyslipidemia leading 
to various disorders as coronary artery disease, hypertension and obesity. The association 
betweeen hypertension and the LPL locus (8p22) was reported by several studies (Chen et 
al., 2005, Yang et al., 2003). Significant evidence for linkage of systolic BP, but not diastolic 
BP has been associated with LPL locus located on the short arm of chromosome 8 (8p22) 
(Du-An et al., 1992). Another study has identified a S447X polymorphism in exon 9 of LPL 
gene that results from replacement of serine amino acid with a stop codon creating a 
restriction site. This study has reported  that the more common SS genotype is associated 
with a lower LPL activity compared with the infrequent SX/XX genotype and carriers of 
(SS) genotype were at high risk of developing hypertension (Salah et al., 2009). Another 
study, has suggested that a high concentration of triglyceride and/or low concentration of 
HDL-cholesterol are associated with high systolic BP and pulse pressure in hypertensive 
patients with the X447 allele of the LPL gene (Liu et al., 2004). Therefore, the LPL gene is 
considered as a candidate gene that could contribute to the development of EH. 

2.9 Cytokines 

Interleukin-6 (IL-6) is a multifunctional cytokine involved in inflammation, potentially 
influencing BP. The human IL-6 gene is located on chromosome 7p21 (Bowcock et al., 1988). 
Genetic variations of the IL-6 gene have been reported, and the commonly studied 
polymorphism is the functional variant -174G>C (Fishman et al., 1998). Association of this 
polymorphism with coronary artery diseases has been reported in some studies (Rauramaa 
et al. 2000, Berg et al., 2009, Pola et al 2002). In addition, this polymorphism has been shown 
to be associated in vivo with high levels of IL-6 (Jenny et al., 2002, Brull et al., 2001). 
Previous studies (Ridker et al., 2000, Chae et al., 2001) have reported that increased IL-6 
levels is correlated with high BP and may be an independent risk factor for hypertension. 
Moreover, in Japanese women, a weak association was reported between hypertension and 
other IL-6 gene promotor variants, the C/G substitution at −634, the G/A substitution at 
4391 in a 3- non-coding portion of exon 5, and the A/T variation in the −447 position 
(Nakajima et al., 1999). 
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2.10 Neuropeptide Y 

Neuropeptide Y (NPY) is a sympathetic cotransmitter with catecholamines (Takiyyuddin et 
al., 1994). It exhibits a vasoconstricting action and has multiple receptors, Y1-Y5. NPY 
interacts with the Y1 receptor (NPY1R) to control adrenergic activity and BP (Michalkiewicz 
et al., 2005). The gene encoding the NPY1R coupled with G proteins is located on 
chromosome 4q31.3-q32 (Eva et al., 2006). Genetic variation at the NPY1R locus has 
implications for heritable autonomic control of the circulation, and systemic hypertension 
(Wang et al., 2009).  Several NPY1R variants have been identified in EH. Both the promoter 
A-585T and the 3′-UTR A+1050G variants had important effects upon both diastolic BP and 
systolic BP and interacted to determine diastolic BP. Homozygous for both the promoter 
variant major allele (A/A at A-585T) and the 3′-UTR variant minor allele (G/G at A +1050G) 
had dramatic BP elevation (Wang et al., 2009). Moreover, other studies have reported that 
hypertension is influenced by the NPY T1128C polymorphism in South Indian population 
(Bhaskar et al., 2010) and in a Swedish hypertensive population (Wallerstedt et al., 2004). 
Therefore, the NPY gene is a candidate marker in EH. 

3. Gene-gene interactions in EH 
Large numbers of gene variants have been described in EH, and the pathogenic role of gene-
gene interaction has received increasing attention. Some study (Bell et al., 2006) has reported 
that the presence of epistatic interactions and locus heterogeneity in the underlying genetics 
of hypertension may explain the lack of replicated linkage (Williams, 2004). The developped 
linkage tests for multiple susceptibility loci applied to human data (Cordell, H.J., 1995, Cox, 
N.J., 1999) have contributed to advance of the gene-gene interactions studies, but these 
methods have examined only pre-selected regions. Thus, by two dimensional genome-scan 
approach, Bell et al., (2006) have identified signicant evidence for loci on chromosomes 5, 9, 
11, 15, 16 and 19, which inuence hypertension when gene-gene interactions are taken into 
account (5q13.1 and 11q22.1, two-locus lod score 5 5.72; 5q13.1 and 19q12, two-locus lod 
score 5 5.35; 9q22.3 and 15q12, two-locus lod score 5 4.80; 16p12.3 and 16q23.1, two-locus lod 
score 5 4.50). Another study (Williams et al., 2000) has examined the effects of allele 
interactions at 4 candidate loci. Three of the loci are in the renin-angiotensin-system: 
angiotensinogen, ACE, and AGTR1, and they have been associated with hypertension. The 
fourth locus studied is a previously undescribed locus, named FJ. In total, seven 
polymorphic sites at these loci were analyzed for their association with hypertension in 
normotensive and hypertensive age-matched individuals. There were no significant 
differences between the 2 phenotypic classes with respect to either allele or genotype 
frequencies. In this report, when authors have tested for nonallelic associations (linkage 
disequilibrium), they found that of  the 120 multilocus comparisons, 16 deviated 
significantly from random in the hypertensive class, but there were no significant deviations 
in the normotensive group. This study suggests that genetic interactions between multiple 
loci rather than variants of a single gene underlie the genetic basis of hypertension. The 
relation of many polymorphisms has been examined also in Chinese hypertensive patients 
(Dongfeng et al., 2006), in several candidate genes with the risk of hypertension: (1) renin-
angiotensin-aldosterone system, including ACE, AGTR1, and CYP11B2,  (2) sympathetic 
nervous system, including α-1 adrenergic receptor 1A (ADRA1), ADRB2, and tyrosine 
hydroxylase (TH); (3) lipoprotein metabolism, including LPL; (4) intracellular messengers, 
including GNB3 and NOS3 ; and (5) sodium and electrolyte balance, including G protein-
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coupled receptor kinase 4 (GRK4) and protein kinase lysine- deficient 4 (WNK4). Both 
single-locus and multilocus analyses revealed that two genes from the sympathetic system 
(TH and ADRB2) and one gene affecting the sodium balance (GRK4) were independently 
associated with the significant risk of hypertension in the Chinese Han population. In 
addition to these 3 individual predictors, an interaction between CYP11B2 and AGTR1, both 
from RAAS, was also found to be involved in the relationship with hypertension. These 
findings support the recognized understanding that complex genetic interactions account 
for hypertension risk. Additional studies have genotyped hypertensives at the AGT M235T, 
ACE I/D, CYP11B2 C-344T, REN, AGTR1 and/or ADD loci, have reported that 
combinations of polymorphisms at several of these loci steadily increase the odds ratio of 
predicting hypertension (Agachan B et al., 2003, Vasku A et al., 1998, Tsai CT et al., 2003). 
Another study (Tomaszewski et al., 2006) revealed epistatic interaction between ADRB2 and 
NPY in regulation of LDL levels in hypertensive subjects. The effect of NPY locus appears to 
be altered by ADRB2. Specifically, Leu7Leu genotype within NPY SNP was associated with 
increased concentrations of LDL only in the presence of Arg16Gln27. Taken together all 
these studies provide evidence that several functional polymorphisms within candidate 
genes act individually or together in the etiology of EH. 

4. Conclusion 
The actual number of candidate genes detected in EH studies reinforced the highly 
polygenic nature of this disease. Knowing the genes responsible for this condition is an 
important prerequisite to prevent the expression of these disease markers related to lifestyle, 
especially for predisposed subjects at risk. From a large series of studies conducted in 
humans and animals, the renin-angiotensin-aldosterone system constitued risk genes and 
other systems like sodium system genes, signal transduction system genes, endothelial 
system genes, and neurohormonal and adrenergic genes were involved in genetic 
predisposition of EH. In addition, several lessons could be learned from these genetic 
studies and applied to other additional candidate genes that would be necessary to identify 
in EH. Actual strategies used for genetic studies showed some limitations. As well the 
candidate gene strategy (which assumes that a given gene, or a set of genes involved in a 
specific function, might contribute in BP variation) as linkage and/or association studies 
suffered from limited sample sizes and a low prior probability of the selected candidate 
genes being associated with hypertension. Moreover, the sequence variants influencing the 
phenotype of EH have remained elusive, but with better mapping techniques, better 
phenotyping methods and systems biology approach, and potential gene-gene interactive 
model, we should begin to discover those variants that could lead to its enhanced 
prevention, detection, and treatment of EH. 
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2.10 Neuropeptide Y 
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significantly from random in the hypertensive class, but there were no significant deviations 
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loci rather than variants of a single gene underlie the genetic basis of hypertension. The 
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be altered by ADRB2. Specifically, Leu7Leu genotype within NPY SNP was associated with 
increased concentrations of LDL only in the presence of Arg16Gln27. Taken together all 
these studies provide evidence that several functional polymorphisms within candidate 
genes act individually or together in the etiology of EH. 
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important prerequisite to prevent the expression of these disease markers related to lifestyle, 
especially for predisposed subjects at risk. From a large series of studies conducted in 
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studies and applied to other additional candidate genes that would be necessary to identify 
in EH. Actual strategies used for genetic studies showed some limitations. As well the 
candidate gene strategy (which assumes that a given gene, or a set of genes involved in a 
specific function, might contribute in BP variation) as linkage and/or association studies 
suffered from limited sample sizes and a low prior probability of the selected candidate 
genes being associated with hypertension. Moreover, the sequence variants influencing the 
phenotype of EH have remained elusive, but with better mapping techniques, better 
phenotyping methods and systems biology approach, and potential gene-gene interactive 
model, we should begin to discover those variants that could lead to its enhanced 
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1. Introduction 
Hypertension is a common condition, a risk factor for heart disease, renal failure and stroke, 
affecting approximately 1 billion individuals worldwide and 200 million in China[1, 2]. Thus, 
understanding the underlying etiology of hypertension has been a major research focus, 
especially the genetics of essential hypertension (EH), large proportion of hypertension. 
Indeed, since the completion of the draft sequence of human genome, geneticists have 
announced that within 10 years they expect to determine the significance of the genome as 
related to essential hypertension[3]. Some progress has been made. For example, for systolic 
blood pressure alone, 27 nuclear loci have been identified in populations of European and 
African ancestry[3]. However, to date no consistent results have been obtained across 
ethnicity and races supporting the need for genetic studies in diverse populations [4-8]. 

While the nuclear genome has been studied extensively with respect to hypertension, much 
less work has been done with the mitochondrial genome (mtDNA). Yet there is evidence to 
suggest that mitochondria and mtDNA may be important in hypertension. For example, 
mitochondria produce reactive oxidative species (ROS) and these ROS can cause 
hypertension [9-11]. With respect to the evidence of mtDNA, a hallmark of involvement of 
mtDNA is maternal inheritance. Multiple studies have identified strong maternal 
inheritance of blood pressure, with one study suggesting that over one-third of 
hypertension could be attributed to mtDNA variation [12-14]. Interestingly, a variant in 
mitochondrial tRNAIle has been identified in a single family which segregated with 
hypertension and appeared causal [15]. Taken together, this work suggests the importance of 
looking at mtDNA variation to further our understanding of the underlying etiology of EH.  

2. Mitochondria 
2.1 Biogenesis and bioenergetics 

Matrilineal inheritance in EH pedigrees support the hypothesis that mitochondrial genes are 
also implicated in the pathogenesis of EH. Mitochondria evolved from protobacteria that 
inhabited primordial eukaryotic cells about 1.5 billion years ago and were first observed 
more than100 years ago by Altmann. It’s a small symbiotic (0.5-1μm) organelle combined 
with aerobic bacteria and primordial eukaryotic cells. 37 genes make up a mitochondrion 
within which thousands of mtDNA forming double-stranded 16569 base-pair.(Fig. 1) Of 
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1. Introduction 
Hypertension is a common condition, a risk factor for heart disease, renal failure and stroke, 
affecting approximately 1 billion individuals worldwide and 200 million in China[1, 2]. Thus, 
understanding the underlying etiology of hypertension has been a major research focus, 
especially the genetics of essential hypertension (EH), large proportion of hypertension. 
Indeed, since the completion of the draft sequence of human genome, geneticists have 
announced that within 10 years they expect to determine the significance of the genome as 
related to essential hypertension[3]. Some progress has been made. For example, for systolic 
blood pressure alone, 27 nuclear loci have been identified in populations of European and 
African ancestry[3]. However, to date no consistent results have been obtained across 
ethnicity and races supporting the need for genetic studies in diverse populations [4-8]. 

While the nuclear genome has been studied extensively with respect to hypertension, much 
less work has been done with the mitochondrial genome (mtDNA). Yet there is evidence to 
suggest that mitochondria and mtDNA may be important in hypertension. For example, 
mitochondria produce reactive oxidative species (ROS) and these ROS can cause 
hypertension [9-11]. With respect to the evidence of mtDNA, a hallmark of involvement of 
mtDNA is maternal inheritance. Multiple studies have identified strong maternal 
inheritance of blood pressure, with one study suggesting that over one-third of 
hypertension could be attributed to mtDNA variation [12-14]. Interestingly, a variant in 
mitochondrial tRNAIle has been identified in a single family which segregated with 
hypertension and appeared causal [15]. Taken together, this work suggests the importance of 
looking at mtDNA variation to further our understanding of the underlying etiology of EH.  

2. Mitochondria 
2.1 Biogenesis and bioenergetics 

Matrilineal inheritance in EH pedigrees support the hypothesis that mitochondrial genes are 
also implicated in the pathogenesis of EH. Mitochondria evolved from protobacteria that 
inhabited primordial eukaryotic cells about 1.5 billion years ago and were first observed 
more than100 years ago by Altmann. It’s a small symbiotic (0.5-1μm) organelle combined 
with aerobic bacteria and primordial eukaryotic cells. 37 genes make up a mitochondrion 
within which thousands of mtDNA forming double-stranded 16569 base-pair.(Fig. 1) Of 
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these genes, 24 encode RNAs necessary for protein synthesis (22 tRNAs and 2 rRNAs), The 
remaining 13 genes encode proteins that are critical subunits of the respiratory chain. 

 
 

 
Fig. 1. Human mitochondrial DNA (mtDNA) map showing location of selected pathogenic 
mutations associated with left ventricular hypertrophy or hypertrophic cardiomyopathy. 
Human mtDNA is a 16569 base pair circular molecule that codes for 7(ND1,2,3,4,4L,5 and 6) 
of 43 subunits of complex I; 1 (cytochrome b) of 11 subunits of complex III; 3 (COI, II and III) 
of 13 subunits of complex IV; and 2( ATPase 6 and 8) of 16 subunits of complex V. It also 
codes for small and large rRNAs and 22tRNAs, with adjacent letters indicating cognate 
amino acids. (Adapted from Hirano M et al. Mitochondria and the heart. Current Opinion in 
Cardiology 2001, 16:201–210.) 
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The mitochondrion contains an inner and an outer membrane which defines the matrix 
and the intermembrane space. The outer membrane is permeable to small molecules (up 
to 10 kDa ) whereas the inner membrane is freely permeable to oxygen and carbon 
dioxide. This relative impermeability of the inner membrane is essential for maintaining a 
proton gradient necessary for the synthesis of adenosine triphosphate (ATP). There are 
several unique features of mtDNA and mitochondrial genetics which are distinct from the 
features of nuclear genes and the principles of nuclear inheritance. First, mammalian 
mtDNA does not contain introns which make mtDNA mutations affect phenotype of 
diseases much more easily comparing to nuclear genes. Second, several mitochondrial 
genetic codons differ from the universal nuclear genetic code. UCG codes for tryptophan 
and not termination, AUA codes for methionine not isoleucine, and AGA and AGG are 
termination rather than arginine codons. AUA are possibly AUU are initiation codons as 
well as AUG. Third, only the mother contributes to the mtDNA pool of the offspring, It 
dues mostly to the fact to a large extent that sperm contains only 100 mtDNA while egg 
contains approximately 10,000 mtDNA[16]. Fourth, the fixation of mtDNA mutations is 
more than 10 times higher in comparison with the nuclear DNA mutation rate [17]. A 
possible explanation for this difference is the lack of protective histones and the absence 
of effective DNA repair systems within mitochondria. In addition, by being exposed to 
tremendous fluxes of oxygen, mtDNA may also be a target for the reactive oxygen species 
produced as by-products of oxidative phosphorylation. Fifth, an individual may carry 
several allelic forms of mtDNA, present in different proportions in different tissues [18,19]. 
The coexistence of more than one type of mtDNA within a cell, wide-type accompany 
with mutant type, is called heteroplasmy. Sixth, there is as yet no conclusive evidence 
demonstrating that orthodox recombination occurs between individual mtDNA 
molecules. New mtDNA alleles can thus only arise through spontaneous mutations. In 
spite of striking difference of morphological and inherited characteristics from nuclear 
genes, mitochondria have three major functions which associated with pathogenesis of 
diseases synergically. (energetic, reactive oxygen species, apoptosis). First, mitochondria 
offer about 90%-95% energy to cells through oxidative phosphorylation(OXPHOS). Five 
multipolypeptide enzyme complexes make up OXPHOS(Fig.2) as follows.: Complex 
I(NADH:ubiqunone oxidoreductase), II(succinate: uiquinone oxidoreductase), 
III(ubiquinol: ferrocytochrome C oxidoreductase), IV (cytochrome C oxidase) constitute 
electron transport train(ETC).Through ETC, energy is released to pump protons from 
inside the mitochondrial matrix across the mitochondrial inner membrane into the 
intermembrane space . And the electrochemical gradient(△ψ) results from ETC offers 
energy for complex V (H+- translocating ATP synthase) to produce adenosine 
triphosphate.  

Second, toxic by-products, reactive oxygen species(ROS) including O2-, H2O2 and .OH, 
derived from mitochondrial OXPHOS do harm to cells to variable extents according to 
different period of time exposure to ROS. Short-term exposure to ROS can reduce the 
activity of ETC and slow down the metabolism while long-term exposure will induce 
irreversible oxidative damage thus cause markedly reduction of mitochondrial  
function.  
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Third, mitochondria are implicated in the initiation of apoptosis in specific circumstances 
through opening mitochondrial permeability transition pore (mtPTP) within the 
membrane. Program cell death activates for the leaking of apoptosis-promoting factors 
located in matrix such as cytochrome c. apoptosis-initiation factor(AIF) and kinds of 
caspases by mtPTP.  

2.2 Mitochondria and heart diseases 

For the three basic functions of mitochondria indicated above, the hypothesis of 
mitochondria participates in pathogenesis of heart diseases have been supported by both 
experimental and clinical evidences. 

In 1988, the first disease-causing mutation of mtDNA were found that patients with 
mitochondrial myopathy identified a variety of functional defects of the mitochondrial 
respiratory chain, predominantly affecting complex I (NADH-CoQ reductase) or complex III 
(ubiquinol–cytochrome c reductase) in adult cases[20, 21].This discovery led to a rapid surge in 
the research into mitochondrial disorders, and there are now more than 200 different 
mtDNA mutations linked to human disease (http://www.mitomap.org) Given the fact that 
heart is a second largest oxygen-consumed organ within body with 12 % oxygen necessary 
to work averagely just less than brain, it follows that heart should be a harrowing victim for 
oxygen deficiency in vivo. Actually, Every heart beat consumes 2% of total cellular ATP. 
And 90% of its ATP is produced by mitochondrial oxidative phosphorylation. Thus, 
mitochondria are assumed to be implicated in the pathogenesis of multiple cardiovascular 
diseases, with regard to the basic functions of the organelle[22]. 

Mitochondria are found to influence all of the four major features of cadiomyocytes: 
excitability, contractility, conductibility and autorhythmicity to certain degree. The rate and 
force of contraction of heart muscle change according to ATP utilization. Patients with 
mtDNA deletions named sporadic rearrangements often develop atrioventricular blocks, 
which progress from mild to severe (type I to type III )[23, 24], respectively. Kearns-Sayre 
Syndrome (KSS) and Chronic Progressive External Ophthalmoplegia(CPEO) are the major 
multisystemic disorders which affect cardiac conductive system particularly. Diversity of 
cardiac conduction defects including prolonged intraventricular conductiontime, bundle-
branch block, and atrioventricular block often lead to sudden cardiac death. 4.9kb 
“common” deletion loci from ATP6 through COIII, ND3, ND4L, ND4, to ND5 contribute to 
KSS[25]. While A3243G mutation associates with maternally inherited PEO with RRF[26] and 
diabetes and deafness[27].Aon MA, et al introduced a novel conception “mitochondrial 
criticality” to describe the state in which the mitochondrial network of cardiomyocytes 
becomes very sensitive to small perturbations in reactive oxygen species (ROS), resulting in 
the scaling of local mitochondrial uncoupling and ΔΨm loss to the whole cell, and the 
myocardial syncytium. The energetic changes are translated into effects on the electrical 
excitability of the cell, inducing temporal heterogeneity of excitability in the heart, underlies 
the genesis of potentially lethal cardiac arrhythmias [28]. 

Except for arrhythmia and excitability, mitochondrial dysfunction has also been suggested 
to reduce contraction of heart thus result in heart failure and age-associated decline in heart 
function [29-32]. 
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Fig. 2. Diagram showing the relationships of mitochondrial oxidative phosphorylation 
(OXPHOS) to (a) energy (ATP) production, (b) reactive oxygen species (ROS) production, 
and (c) initiation of apoptosis through the mitochondrial permeability transition pore 
(mtPTP). The OXPHOS complexes, designated I to V, are complex I (NADH: ubiquinone 
oxidoreductase) encompassing a FMN (flavin mononucleotide) and six Fe-S centers 
(designated with a cube); complex II (succinate: ubiquinone oxidoreductase) involving a 
FAD (flavin adenine dinucleotide), three Fe-S centers, and a cytochrome b; complex III 
(ubiquinol: cytochrome c oxidoreductase) encompassing cytochromes b, c1 and the Rieske 
Fe-S center; complex IV (cytochrome c oxidase) encompassing cytochromes a + a3 and CuA 
and CuB; and complex V (H+-translocating ATP synthase). Pyruvate from glucose enters 
the mitochondria via pyruvate dehydrogenase (PDH), generating acetylCoA, which enters 
the TCA cycle by combining with oxaloacetate (OAA). Cis-aconitase converts citrate to 
isocitrate and contains a 4Fe-4S center. Lactate dehydrogenase (LDH) converts excess 
pyruvate plus NADH to lactate. Small molecules defuse through the outer membrane via 
the voltage-dependent anion channel (VDAC) or porin. The VDAC together with ANT, Bax, 
and the cyclophilin D (CD) protein are thought to come together at the mitochondrial inner 
and outer membrane contact points to create the mtPTP. The mtPTP interacts with the pro-
apoptotic Bax, anti-apoptotic Bcl2 and the benzodiazepine receptor (BD). The opening of the 
mtPTP is associated with the release of several pro-apoptotic proteins. Cytochrome c (cytc) 
interacts with and activates cytosolic Apaf-1, which then binds to and activates procaspase-
9. The activated caspase-9 then initiates the proteolytic degradation of cellular proteins. 
Apoptosis initiating factor (AIF) and endonuclease G (EndoG) have nuclear targeting 
peptides that are transported to the nucleus and degrade the chromosomal DNA. (Adapted 
from Wallance DC. Mitochondrial diseases in man and mouse. Science. 1999;283:1482-8.) 
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3. Genetic basis of EH 
3.1 Nuclear genes 

Previous studies of hypertension in humans and experimental animal models have 
identified a number of candidate genes that have been implicated as possibly contributing to 
essential hypertension. The renin-angiotensin-aldosterone system may play a prominent 
role in the genesis of hypertension, and polymorphisms of the genes coding for 
angiotensinogen, angiotensin-converting enzyme, angiotensin II type 1 and 2 receptors, and 
aldosterone synthase have been widely studied. Other mechanisms may involve the KLK 1 
gene of tissue kallikrein, gene variants of endothelial nitric oxide synthase and 
polymorphisms of the endothelin-1 gene. A number of studies have highlighted the 
potential contribution of polymorphisms of genes coding for inflammatory cytokines, 
adrenergic receptors and intracellular G proteins, which can activate Na+/K+ exchangers. 
Multiple researches found that the genetic findings may vary greatly according to the 
populations studied and the causal relationship between candidate genes and EH were 
difficult to establish firmly[33-35]. Further studies found that mitochondrial variants in EH 
were heatedly discussed in late 5 years. 

4. Mitochondrial genes 
4.1 Clinical researches of mtDNA mutation in EH 

Schwartz F, et al[36] investigated the contribution of the mitochondrial genome to 
hypertension and quantitative blood pressure (BP) phenotypes in the Framingham Heart 
Study cohort. Longitudinal BP values of 6421 participants (mean age, 53 years; 46% men) 
from 1593 extended families were analyzed. The role of mitochondrial influence in the 
hypertensives was 35.2% (95% confidence interval, 27-43%, P < 10) The mitochondrial 
heritabilities for multivariable-adjusted long-term average systolic BP and diastolic BP 
were, respectively, 5% (P < 0.02) and 4% (P = 0.11). Schwartz F, et al[37] compared maternal 
and paternal contributions to the familial aggregation of hypertension in 344 hypertensive 
probands.Among them, 69 were African American, 153 US Caucasian, 122 Greek 
Caucasian. It was found that the proportion of hypertensive mothers (81.7, 65.0 and 84.8% 
for African Americans, US Caucasians and Greek Caucasians, respectively) of these 
probands was significantly greater than the proportion of hypertensive fathers (50.0, 44.9 
and 48.3%, respectively) in all three ethnic groups. The lifetime risk of hypertension was 
significantly greater for mothers compared with fathers of these hypertensive probands 
(p<0.001). Examination of the proband's siblings indicated that maternal history of 
hypertension was associated with greater lifetime risk for hypertension than paternal 
history (p<0.01).Thus, it drew the conclusion maternal influence on blood pressure 
suggested involvement of mitochondrial DNA in the pathogenesis of EH. Muscari A, et al 
[38] hypothesized that hypertension is a condition resulted from elevated levels of reactive 
oxygen (ROS) and nitrogen (RNS) species. Mitochondria are important sites of ROS 
production, and a mitochondrial dysfunction, preceding endothelial dysfunction, might 
favor the development of hypertension. ROS production may also be induced by RNS, 
which inhibit the respiratory chain and may be generated through the action of a 
mitochondrial NO synthase. Mitochondrial uncoupling proteins are involved in both 
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experimental and human hypertension. Finally, an excessive production of ROS may 
damage mitochondrial DNA, with resultant impairment in the synthesis of some 
components of the respiratory chain and further ROS production, a vicious cycle that may 
be implicated in hypertensive states. 

5. Our studies of mtDNA mutation in EH 

To determine the relationship between mitochondrial genomic variation and essential 
hypertension, we performed a systematic and extensive screening of mitochondrial genes at 
the Institute of Geriatric Cardiology, Chinese PLA General Hospital in a large Chinese 
cohort. We focused on this Chinese population because of the high morbidity of essential 
hypertension in Chinese adults (nearly 11.8%)2 and the limited amount of research on this 
racial group. We used a population instead of family-based strategy for two reasons: 1) 
Large numbers of hypertensives without family history are not detected in China, and they 
might be overlooked for lacking of medical knowledge and regular checks. 2) The morbidity 
of essential hypertension is not totally family-based; 50-60% of hypertensives are 
sporadically distributed.2  

We sequenced mitochondrial genomes in 306 age and gender balanced Chinese 
hypertensives and controls. In the 153 hypertensives, putative functional changes included 4 
changes in rRNA genes, 11 changes in tRNA genes and 25 amino acid substitutions. The 
remaining variants were synonymous changes or non-coding regions. In the 153 controls, 1 
base change in the tRNA genes and 8 amino acid substitutions were found. A8701G in ATP6 
gene (belongs to haplogroup M) (P=0.0001) and C8414T in ATP8 gene (belongs to 
haplogroup D) (P=0.0001) were detected significantly different in the cases and controls. 
Interestingly, the cases were more likely to have two or more amino acid changes and RNAs 
variants as compared to the controls (24.75% versus 7.94%, P=0.0001). In addition, several 
variants were highly conserved and/or specifically located at the 3’ end adjacent to the 
anticodon, which may contribute to the stabilization of structure thus lead to the decrease of 
tRNA metabolism. In the cohort of hypertensives, there were several variants that occurred 
too infrequently to have sufficient statistical power but that have biologic plausibility. 
T4363C localized at the 3’ end adjacent to the anticodon, which contributed to the 
stabilization of structure thus lead to the decrease of tRNA metabolism. A4263G at the initial 
part of tRNAIle may influence the transcription of tRNA herein affect the steady-level of 
protein synthesis. And some other novel RNAs variants (C3168CC, G3173A, A3203G, 
T3290C, A4263G, T4363C, C4410A, T8311C) in 16s RNA, tRNALeu(UUR), tRNAIle, tRNAMet , 
tRNAGln and tRNALys only found in hypertensives but not controls. In coding regions, even 
though a novel point variant G8720C in ATP6 gene, with high conservation among species 
was not significant in epidemiological perspective. Synergetic interaction between 
mitochondrial mtSNPs and/or haplogroups is needed to be investigated in the future[39]. 
Sequence analysis then performed in tRNA genes, hot spots for cardiovascular diseases, in 
270 Chinese Han essential hypertensives and 270 controls. Lymphoblastoid cell lines were 
immortalized by transformation with the Epstein-Barr virus. Rates of oxygen consumption 
in intact cells were determined with a YSI 5300 oxygraph (Yellow Springs Instruments) on 
samples, harboring variants in tRNA genes. In the study, environmental factors including 



 
Genetics and Pathophysiology of Essential Hypertension 

 

174 

3. Genetic basis of EH 
3.1 Nuclear genes 

Previous studies of hypertension in humans and experimental animal models have 
identified a number of candidate genes that have been implicated as possibly contributing to 
essential hypertension. The renin-angiotensin-aldosterone system may play a prominent 
role in the genesis of hypertension, and polymorphisms of the genes coding for 
angiotensinogen, angiotensin-converting enzyme, angiotensin II type 1 and 2 receptors, and 
aldosterone synthase have been widely studied. Other mechanisms may involve the KLK 1 
gene of tissue kallikrein, gene variants of endothelial nitric oxide synthase and 
polymorphisms of the endothelin-1 gene. A number of studies have highlighted the 
potential contribution of polymorphisms of genes coding for inflammatory cytokines, 
adrenergic receptors and intracellular G proteins, which can activate Na+/K+ exchangers. 
Multiple researches found that the genetic findings may vary greatly according to the 
populations studied and the causal relationship between candidate genes and EH were 
difficult to establish firmly[33-35]. Further studies found that mitochondrial variants in EH 
were heatedly discussed in late 5 years. 

4. Mitochondrial genes 
4.1 Clinical researches of mtDNA mutation in EH 

Schwartz F, et al[36] investigated the contribution of the mitochondrial genome to 
hypertension and quantitative blood pressure (BP) phenotypes in the Framingham Heart 
Study cohort. Longitudinal BP values of 6421 participants (mean age, 53 years; 46% men) 
from 1593 extended families were analyzed. The role of mitochondrial influence in the 
hypertensives was 35.2% (95% confidence interval, 27-43%, P < 10) The mitochondrial 
heritabilities for multivariable-adjusted long-term average systolic BP and diastolic BP 
were, respectively, 5% (P < 0.02) and 4% (P = 0.11). Schwartz F, et al[37] compared maternal 
and paternal contributions to the familial aggregation of hypertension in 344 hypertensive 
probands.Among them, 69 were African American, 153 US Caucasian, 122 Greek 
Caucasian. It was found that the proportion of hypertensive mothers (81.7, 65.0 and 84.8% 
for African Americans, US Caucasians and Greek Caucasians, respectively) of these 
probands was significantly greater than the proportion of hypertensive fathers (50.0, 44.9 
and 48.3%, respectively) in all three ethnic groups. The lifetime risk of hypertension was 
significantly greater for mothers compared with fathers of these hypertensive probands 
(p<0.001). Examination of the proband's siblings indicated that maternal history of 
hypertension was associated with greater lifetime risk for hypertension than paternal 
history (p<0.01).Thus, it drew the conclusion maternal influence on blood pressure 
suggested involvement of mitochondrial DNA in the pathogenesis of EH. Muscari A, et al 
[38] hypothesized that hypertension is a condition resulted from elevated levels of reactive 
oxygen (ROS) and nitrogen (RNS) species. Mitochondria are important sites of ROS 
production, and a mitochondrial dysfunction, preceding endothelial dysfunction, might 
favor the development of hypertension. ROS production may also be induced by RNS, 
which inhibit the respiratory chain and may be generated through the action of a 
mitochondrial NO synthase. Mitochondrial uncoupling proteins are involved in both 

 
Mitochondrial Mutations in Essential Hypertension  

 

175 

experimental and human hypertension. Finally, an excessive production of ROS may 
damage mitochondrial DNA, with resultant impairment in the synthesis of some 
components of the respiratory chain and further ROS production, a vicious cycle that may 
be implicated in hypertensive states. 

5. Our studies of mtDNA mutation in EH 

To determine the relationship between mitochondrial genomic variation and essential 
hypertension, we performed a systematic and extensive screening of mitochondrial genes at 
the Institute of Geriatric Cardiology, Chinese PLA General Hospital in a large Chinese 
cohort. We focused on this Chinese population because of the high morbidity of essential 
hypertension in Chinese adults (nearly 11.8%)2 and the limited amount of research on this 
racial group. We used a population instead of family-based strategy for two reasons: 1) 
Large numbers of hypertensives without family history are not detected in China, and they 
might be overlooked for lacking of medical knowledge and regular checks. 2) The morbidity 
of essential hypertension is not totally family-based; 50-60% of hypertensives are 
sporadically distributed.2  

We sequenced mitochondrial genomes in 306 age and gender balanced Chinese 
hypertensives and controls. In the 153 hypertensives, putative functional changes included 4 
changes in rRNA genes, 11 changes in tRNA genes and 25 amino acid substitutions. The 
remaining variants were synonymous changes or non-coding regions. In the 153 controls, 1 
base change in the tRNA genes and 8 amino acid substitutions were found. A8701G in ATP6 
gene (belongs to haplogroup M) (P=0.0001) and C8414T in ATP8 gene (belongs to 
haplogroup D) (P=0.0001) were detected significantly different in the cases and controls. 
Interestingly, the cases were more likely to have two or more amino acid changes and RNAs 
variants as compared to the controls (24.75% versus 7.94%, P=0.0001). In addition, several 
variants were highly conserved and/or specifically located at the 3’ end adjacent to the 
anticodon, which may contribute to the stabilization of structure thus lead to the decrease of 
tRNA metabolism. In the cohort of hypertensives, there were several variants that occurred 
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age, gender, BMI, fasting blood sugar and blood lipids, contributing a lot to high blood 
pressure [40,41] didn’t exhibit difference between cases and controls. It was presumed that 
hereditary factors may associate with the pathogenesis of hypertension in the Chinese 
Han population. There were 26 variants in tRNA genes were found in hypertensives and 
these variants were not in controls. Functional analysis found that these variants may lead 
to deficiencies in tRNA 3’ end metabolism (3’ end cleavage, CCA addition and 
aminoacylation) and/or impairment of critical subunits of the respiratory chain, which 
help understanding of molecular mechanisms of mitochondrial tRNA genes in essential 
hypertension as follows: C3254T and A8348G mildly reduced the efficiency of aminoacyl-
tRNA synthetase (aaRS) [42]; A4295G reduced efficiency of tRNA 3′-processing 
endoribonuclease (tRNAseZ) and aaRS [43]; A4317G reorganized T-stem which markedly 
reduced the efficiency of tRNA 3′-processing endoribonuclease tRNAseZ, aaRS, and tRNA 
nucleotidyl transferase (CCAse) [44]. The other possible effects of tRNA mutations on 
tRNA modifications may be the reduction of efficiency of the binding properties of 
aminoacyl-tRNAs to mitochondrial elongation factor Tu (Ef-Tu) [45]. All of the above 
variants influenced the process of aminoacylation which affected tRNA metabolism and 
impaired the synthesis of protein ultimately. Most importantly, eight of these variants 
were highly conserved from bacteria to human beings (A4263G, A4295G, A4316TA, 
A4343G, A4388G, C4392T, C4410A and A4435G) thus minor changes in charge or 
structure may result in impairment of translation and affect the synthesis of protein. In 
addition, A4295G, A4435G and T4363C all localized at the 3’ end adjacent to the 
anticodon, which contributed to the stabilization of structure thus lead to the decrease of 
tRNA metabolism. Otherwise, a novel variant A4263G at the initial part of tRNAIle may 
influence the transcription of tRNA herein affect the steady-level of protein synthesis. It 
also possible that such mutations could affect the tRNAs correct decoding of the mRNA in 
the ribosome (by increase in frameshifting for example) and, particularly in the case of 
T4363C, could also interfere with aminoacylation, since glutaminyl-tRNA synthetases are 
known to interrogate the anticodon loop of tRNAGln during catalysis [46]. And some other 
novel tRNA variants (T4277C, T4353C, C4410A, T8311C) in tRNALeu(UUR), tRNAIle, 
tRNAMet, tRNAGln and tRNALys need to be further investigated in the future. Interestingly, 
functional analysis found significant reduction of oxygen consumption rate in two mutant 
cell lines carrying variants T4454C and A4263G. Oxygen consumption is a classical means 
of assessing energy expenditure, one component of energy balance [47, 48]. Cells and 
organisms are able to trigger an adaptive response to hypoxic conditions that is aimed to 
help them to cope with these threatening conditions [49]. Failing to keep the balance of 
oxygen consumption and production may cause cardiovascular diseases and is of 
particular significance in the pathogenesis of essential hypertension. A variant in 
mitochondrial tRNAIle has been identified in a single family which segregated with 
hypertension and appeared causal [14]. Interestingly, we deduced that except the A4263G 
and T4454C variants, there were other amino acid changes may contributing to 
hypertension by entire mitochondrial genome sequencing of the cells. This finding would 
suggest that there may be a threshold effect with some of these mtDNA variants. Such 
that often variability at a single locus will not be sufficient to increase hypertension risk. 
This is consistent with previous work that essential hypertension is controlled by multiple 

 
Mitochondrial Mutations in Essential Hypertension  

 

177 

genetic loci, each with a relatively weak effect in the population at large [50]. Most 
importantly, the oxygen consumption rate in cells harboring variants T4454C (P=0.0010) 
and A4263G (P=0.0001) decreased as compared to the average level of control cell lines. 
The findings suggested that variants located in mitochondrial tRNA genes may have 
biologic plausibility to implicate in the pathogenesis of Chinese essential hypertension. 

6. Prospects 
The mitochondrial influence in EH remains a lot of questions to be answered. The 
mitochondrial variants always seem to be infrequent and perhaps even private, relationship 
between nuclear genes and mitochondrial genes is obscure, enviromental influence 
somehow affects results of studies of mitochondria. All in all, there’s still a long way to go to 
disclose the secret of mitochondria and EH. 
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1. Introduction 
Left ventricular hypertrophy (LVH) is one of the vicious organ damages of essential 
hypertension. It contributes a lot to high mortality of essential hypertension due to sudden 
cardiac death, ventricular arrhythmia and heart failure. Multi-factors involve in the 
pathogenesis of hypertension-induced LVH including inherited variants as well as 
environmental factors. For the genetic influence, nucleus’ involvement has been discussed 
for years. However, much fewer interest has been put in the other inherited system—
mitochondrion. To make clear the relationship of mitochondria and LVH, we try to illustrate 
the clinical and pathological characteristics of LVH, the structure and function of 
mitochondria and mitochondrial role in LVH as follows: 

2. Left ventricular hypertrophy 
2.1 Definition, diagnostic standard, diversity in phenotypes 

Left ventricular hypertrophy (LVH) is a common complication of hypertension (the 
prevalence varies from 14 to 44% screening by echocardiography)[1] with multiple 
morphological and pathological characteristics which divide to subgroups as eccentric and 
concentric, asymmetric and symmetric hypertrophy according to heterogeneity in the 
pattern and extent of left ventricular wall thickening (see Fig. 1.)  

Echocardiography is often used as a sensitive screening and surveillance tool for LVH, 
especially to concentric and symmetric hypertrophy. Based upon a classic equation deduced 
by Devereux, R.B. (1987)[2]: 

 LV mass=1.04[(IVST+LVID+PWT)3-LVID3]0.001-13.6  

 BSA=0.006H+0.0128W-0.1529  

 LVMI=LVM/BSA  

Left ventricular mass index (LVMI) over 134g/m2 in men and above 110g/m2 in women are 
identified left ventricular hypertrophy.  

LVMI≤145 g/m2 is considered as mild, 145＜LVMI≤165 g/m2 as moderate, LVMI 
＞165g/m2 as severe[3]. Interventricular Septal Thickness(IVST)/Posterior wall 
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Thickness(PWT)≥1.3 is considered asymmetric hypertrophy; IVST/PWT≤1.3 identified 
symmetric; End Diastolic Diameter(EDD)＞50mm considered eccentric hypertrophy, 
EDD＜50mm identified concentric hypertrophy. In spite of diversity of phenotype LVH 
encompassed, the morbidity as well as mortality of cardiovascular events increase when 
induction of LVH.  

 
Fig. 1. Heterogeneity in the Pattern and Extent of Left Ventricular (LV) Wall Thickening in 
HCM Echocardiographic parasternal long-axis stop-frame images obtained in diastole 
showing A, massive asymmetric hypertrophy of ventricular septum (VS) with wall 
thickness >50 mm; B, pattern of septal hypertrophy in which the distal portion is 
considerably thicker than the proximal region at mitral valve level; C, hypertrophy sharply 
confined to basal (proximal) septum just below aortic valve (arrows); D, hypertrophy 
confined to LV apex (asterisk), consistent with the designation of apical hypertrophic 
cardiomyopathy (HCM); E, relatively mild hypertrophy in a concentric (symmetric) pattern 
with each segment of ventricular septum and LV free wall showing similar or identical 
thicknesses (paired arrows); F, inverted pattern of hypertrophy in which anterior VS is less 
substantially thickened than the posterior free wall (PW), which is markedly hypertrophied 
(i.e., 40 mm). Calibration marks are 1 cm apart. AO indicates aorta; AML, anterior mitral 
leaflet; and LA, left atrium. Reproduced from Maron BJ. Hypertrophic cardiomyopathy: a 
systematic review. JAMA. 2002, 287(10): 1308-20. 
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Fig. 2. M-mode echocardiogram of the left ventricle illustrating the standard measurement 
conventions. IVST= interventricular septal thickness; LVID= left ventricular internal 
dimension; PWT=posterior wall thickness ( Edited from Devereux, R.B. (1987) Detection of 
left ventricular hypertrophy by M-mode echocardiography. Anatomic validation, 
standardization, and comparison to other methods. Hypertension., 9 (Suppl II)，II-19-II-26.) 

Essential hypertensive patients with left ventricular hypertrophy increase their mortality 
rates due to all cardiovascular events from 2 to 10 times more than hypertensives without 
signs of cardiac hypertrophy [4]. Serving as an independent predictor of cardiovascular 
events in patients with hypertension, LVH is also a prognostic indicator of hypertension. 
Patients with normal left ventricular geometry have the best prognosis, those with 
concentric remodeling or eccentric hypertrophy have intermediate, and those with 
concentric left ventricular hypertrophy are identified the worst prognosis [5].  

Given the fact that left ventricular hypertrophy is an end-organ stage of hypertension, 
scientists have been striving for the pathogenesis and reversal strategies of left ventricular 
hypertrophy for years. 

3. Genetic background 
3.1 Nuclear genes 

Plethoras of evidences support the hypothesis that multiple nuclear genes contribute to left 
ventricular hypertrophy[6]. It is identified that LVH is influenced by polygenic mutations 
susceptibility to hemodynamic disorders such as salt-sensitivity, obesity and insulin-
resistance etc. Brendan AI. reported a genetic locus on chromosome 2 of the spontaneously 
hypertensive rat affects relative LV mass independently of blood pressure [7].Yasuyuki 
Tsujita indicated both genes on chromosome 7 and 17 that influences LVM in a manner 
dependent on blood pressure [8]. Interestingly, left ventricular hypertrophy shared the same 
pathological changes with hypertrophic cardiomyopathy such as myocyte disarray, 
interstitial fibrosis and artery wall thickness. Moreover, hypertrophic cardiomyopathy can 
result from mutations in 11 genes that encode sarcomere proteins, loci where genes 
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encoding contractile, cytoskeletal, and calcium regulatory proteins. Thus, we can rule out 
the possibility of indicated genes contribute to hypertrophy cardiomyopathy involving in 
hypertension-induced left ventricular hypertrophy [9]. 

4. Mitochondrial and left ventricular hypertrophy 
4.1 mtDNA mutations 

In the early stage of hypertension-reduced LVH, ventricular hypertrophy is an important 
compensatory response to increased load, accompanied by increased amounts of 
mitochondria [10], which makes it likely that upregulation of cardiac energy production is a 
mechanism allowing increased cardiac work. However, the mitochondrial function is 
impaired and the efficiency of mtDNA ultimately decreases dramatically with time passing 
by. Then, the equilibrium between oxygen offering and consuming will be broken as 
mitochondrial energy under specific thresholds. The hypothesis of biogenesis of LVH has 
been supported by plethora of mtDNA mutations. Majamaa-Voltti K et al [11] reported that 
3243A>G mtDNA mutation is associated with LVH. Lin Z, et al [12] found G8584A mtDNA 
mutation may influence LVH in hypertensives. In particular, several point mutations such 
as G4284A [13], A4295G [14], A4269G[15], A4317G[15] and A4300G[16] located in tRNAIle 
contribute to hypertrophic cardiomyopathy to certain degree. A systematic and extended 
mutational screening for the mitochondrial genome has been initiated in a large cohort of 
Chinese population by the Geriatric Cardiology Clinic at the Chinese PLA General Hospital, 
Beijing, China. Specific mutations within the mitochondria were further evaluated. Changes 
of tRNAs were measured by northern blotting using nonradioactive digoxigenin (DIG)-
labeled oligodeoxynucleotides specific for each RNA. Rates of oxygen consumption in intact 
cells were determined with av YSI 5300 oxygraph. Sequence analysis of mitochondrial DNA 
in one Chinese pedigree identified a novel A-G transition at position 4401 (A4401G) at the 
junction of tRNAMet and tRNAGln. The non-coding region mutation appeared to affect the 
processing of precursors in these mitochondrial tRNAs. The reduction in the rate of 
respiration and marked decreases in the steady-state levels of tRNAMet and tRNAGln were 
detected in the cells carrying this mutation. The novel mutation was absent in 270 Chinese 
control subjects. In conclusion, the non-coding region (A4401G) mutation was involved in 
the pathogenesis of left ventricular hypertrophy in Chinese hypertensives[17]. 

MtDNA mutations can divide into rearrangement mutations and base substitutions. And 
base substitution mutations are subcategorized into missence mutations (protein coding 
genes alterations) and protein synthesis mutations (RNAs genes changes).  

4.2 Rearrangement mutations 

Rearrangements of mtDNA due to deletions or duplications generally occur in sporadic 
patients. Duplications are probably not directly pathogenic, but it produces deleted mtDNA 
molecules, which implicated into different diseases [18,19]. The most prominent multi-
systemic disorders involved in cardiomyopathy are Kearn-Sayre Syndrome (KSS) and 
Chronic Progressive External Ophthalmoplegia(CPEO) The characteristic symptoms of KSS 
are cardiac conduction block, cardiomyopathy and caridoembolic stroke with ocular 
damage including ophthalmoplegia, ptosis, pigmentary degeneration of retina. Compared 
with cardiac conduction blocks, cardiomyopathy is a much less frequent and late-onset 
symptom in KSS caused by the relatively low abundance of rearranged mtDNA molecules 
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in the myocardium. Fromenty and colleagues [20] demonstrated that duplications 
represented an unusually high proportion (41-91%) of all rearranged molecules in hearts 
from two KSS patients. Because of the preferential accumulation of duplicated rather than 
deleted mtDNA molecules, the cardiomyopathy may be relatively spared in KSS.CPEO is 
another rearrangement mtDNA mutation represents a series of abnormalities covering 
ocular myopathy, mitochondrial myopathy, renal failure and diabetes mellitus [21]. 
McComish M found the changes of hypertrophy via endomyocardial biopsy on light 
microscopy[22].   

4.3 Missence mutaions 

Leigh’s syndrome is a most severe missence mutation with neural, spinal and cardiac 
defects. Hypertrophic cardiomyopathy, as a kind of cardiac defect of Leigh’s 
syndrome，results from series of genes involving OXPHOS including MTAP6, NARP8993G 
and A3243G mutation[23]. Missence mutations in the gene that encodes γ-2 regulatory 
subunit of the adenosine monophosphate-activated protein kinase(PRKAG2) have been 
reported to cause familial Wolff-Parkinson-White syndrome associated with conduction 
abnormalities and LVH [24,25]. 

4.4 Protein synthesis mutations 

Myoclonic epilepsy with ragged-red fibers (MERRF) is most frequently caused by an 
A8344G mutation in the tRNALys gene. In a review of 62 reported MERRF patients, about 
one third had clinical cardiomyopathy; 22% had Wolff-Parkinson-White syndrome[26]. 
Cardiac evaluation of two MERRF patients revealed asymmetric septal hypertrophy with 
diffuse hypokinesis of the left ventricle. [27] The G8363A mutation has been identified in two 
families with MERRF[28,29]. However, in two other families harboring this mutation, 
hypertrophic cardiomyopathy overshadowed the co-existing encephalopathy and hearing 
loss[30]. Another protein synthesis mutation is mitochondrial myopathy, lactic acidosis, 
stroke-like episode(MELAS) which accelerates the process of LVH secondary to 
vasculopathy[31]. After thorough review of database in Medline, we found that there are 16 
mitochondrial genes associated with hypertrophic cardiomyopathies derived from isolated 
or multisystemic disorder indicated in Table 1 . Thirteen point mutations are in tRNA genes, 
which do have very specific structural properties that allow an optimal positioning of 
signals for interaction with various partners such as the cognate aminoacyl-tRNA 
synthetases (the enzymes that charge the correct amino acid to the 3’ end of the specific 
tRNAs), translational initiation or elongation factors, and the ribosomal machinery. Three of 
these are tRNALeu(UUR) , tRNAIle and tRNALys, seem to be hot spots for cardiomyopathies. It 
is striking that most mutations in tRNAIle are associated with diseases that present primarily 
or exclusively with cardiomyopathy.A prime example of a tRNALeu(UUR) mutation associated 
with a multisystem disorder is A3243G, the most common cause of mitochondrial 
encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS) syndrome[32,33]. In a 
review of 110 reported MELAS patients, cardiac manifestations included congestive heart 
failure in 18%, Wolff-Parkinson-White syndrome in 14%, and cardiac conduction block in 
6%[34].The cardiomyopathy is most commonly hypertrophic[35,36]. Atypical presentations of 
the A3243G mutation have included maternally inherited PEO with RRF and diabetes and 
deafness[37]. In addition, isolated cardiomyopathy can be the presenting manifestation of this 
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mutation.[38-40]. Three other point mutations in the tRNALeu(UUR) have been associated with 
cardiomyopathies alone (A3260G, C3303T), associated with myopathy (A3260G, C3303T), or 
as part of the MELAS syndrome (C3254G, A3260G) [38,41-46], The C4320T mutation was also 
associated with a multiorgan disorder in a child who died at age 7 months of cardiac failure 
with hypertrophic cardiomyopathy and a severe encephalopathy manifesting as seizures, 
nystagmus, and spastic tetraparesis[47]. Intriguingly, the three other point mutations in the 
tRNAIle gene, A4295G, A4300G, and A4317G, have been identified only in patients with 
isolated hypertrophic cardiomyopathies [15,48-49] . 
 

Mutation Gene Clinical features Reference 

A3243G 
C3254G 
A3260G 
C3303T 
A4269G 
G4284A 
A4295G 
A4300G 
A4317G 
C4320T 
A8344G 
G8363A 
G8584A 
T8993G 
T9997C 
G15243A 
 

tRNALeu(UUR) 
tRNALeu(UUR) 
tRNALeu(UUR) 
tRNALeu(UUR) 
tRNAIle 
tRNAIle 
tRNAIle 
tRNAIle 
tRNAIle 
tRNAIle 
tRNALys 

tRNALys 

ATPase 6 
ATPase 6 
tRNAGly 
Cyt b 
 

MELAS;PEO;DM/De; 
Cardiomyopathy(H) 
MELAS 
Myopathy/cardiomyopathy(H); 
MELAS 
Encephalocardiomyopathy(H) 
Cardiomyopathy(H) 
Encephalomyopathy; cardiomyopathy 
Cardiomyopathy(H) 
Cardiomyopathy(H) 
Cardiomyopathy(H+Di) 
Cardiomyopathy(H) 
Cardiomyopathy(H)/encephalopathy 
MERRF/De/Cardiomyopathy(H) 
Encephalopathy/cardiomyopathy(H), 
MERRF 
NARP/MILS; cardiomyopathy 
Cardiomyopathy(H)/GI dysmotility 
Cardiomyopathy(H) 
 

[32,33, 38,39] 
[41] 
[42,43] 
[44] 
[50] 
[13] 
[14] 
[16] 
[15] 
[47] 
[51] 
[29-31] 
[12] 
[52] 
[53] 
[54] 
 

AID, aminoglycoside-induced deafness; De, deafness; Di, dilated (cardiomyopathy); DM, diabetes 
mellitus; GI, gastrointestinal; H, hypertrophic cardiomyopathy; MELAS, mitochondrial 
encephaomyopathy, lactic acidosis, and strokelike episodes; MERRF, myoclonus epilepsy with 
raggedred fibers; MILS, maternally inherited Leigh syndrome; NARP, neuropathy, ataxia, retinitis 
pigmentosa; PEO, progressive external ophthalmoplegia; (Adatpted from Hirano M et al. Mitochondria 
and the heart. Current Opinion in Cardiology 2001, 16:201–210.) 

Table 1. Mitochondrial DNA point mutations associated with hypertrophic cardiomyopathy 
alone or as a major component of a multisystem disorder 

5. Defects in mtDNA function 
In prior reviews, we noted that several of the cardiomyopathy-associated point mutations in 
tRNA genes accumulated deficiencies in end maturation, including 3’ end cleavage by 
tRNAase Z and CCA addition by tRNA ucleotidyl-transferase, and in aminoacylation which 
affected Trna metabolism thus impaired the synthesis of protein in the end[55-58]. 
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Fig. 3. The tRNA end processing pathway followed by aminoacylation. (A) tRNA is 
transcribed as a precursor, with a 50 end leader and a 30 end trailer. (B) RNase P has 
endonucleolytically cleaved the tRNA at +1. (C) tRNAse Z endonucleolytically cleaves the 
precursor on the 30 side of the discriminator base (N; +73). (D) CCAadding enzyme (CCAse) 
adds CCA to the 30 end of the tRNA (N) produced by tRNase Z cleavage. (E) tRNA is 
charged with the cognate amino acid by a specific aminoacyl-tRNA synthetase (aaRS). 
Dashed line from CCA in (D) to tRNAse Z between (B) and (C) with an X through it 
indicates that 3’-CCA of mature tRNase Z anti-determinant. (Adapted from Levinger L, et 
al. Mitochondrial tRNA 3' end metabolism and human disease.Nucleic Acids Res. 
2004:11;32(18):5430-41.) 

The other genes situated in anticodon stem resulted in missense changes of mitochondria 
herein influence function of protein variably and implicated in pathogenesis of 
cardiomyopathy. Of these mtDNA mutations, OXPHOS, ROS and apoptosis, three basic 
function of mtDNA are estimated as culprits of LVH. 

6. Oxidative phosphorylation (OXPHOS) 
In the early stage of LVH, genes involved in energy transportation including electron 
transportation chain, tricarboxylic acid (TCA) cycle , glycolysis , fatty acid(FA) metabolism 
downregulate, while genes devoted to mitochondrial protein transportation and synthesis 
upregulate. As a result, the expression of cytoskeletal genes increases as well as fetal genes 
which in line with enhancement of left ventricular mass and size[59]. The compensatory LVH 
is associated with normalization of myocardial oxygen consumption at the expense of a 
decrease in the ratio between cardiac work and oxygen consumption (efficiency) [60]. With 
the time passing by, cardiac working efficiency decreases to a lowest level and heart failure 
occurs.   

7. Reactive oxidative species 
Since ETC is inhibited, the electrons accumulate in the early stage of the ETC-generating 
CoQ10H: This ubisemiquinone can then donate electrons directly to molecular oxygen (O2) 
to give superoxide anion(O2.-). Superoxide anion is detoxified by the mitochondrial 
manganese superoxide dismutase(MnSOD, EC 1.15.1.1) to give H2O2, and H2O2 is converted 
to H2O by glutathione peroxidase-1(EC1.11.1.9). H2O2, in the presence of reduced transition 
metals, can also be converted to the highly reactive hydroxyl radical (.OH). Reactive 
Oxidative Species potentially has both adaptive and maladaptive signaling consequences. 
Role of oxidative stress and nitric oxide synthase Growth initiators including angiotensin II, 
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with hypertrophic cardiomyopathy and a severe encephalopathy manifesting as seizures, 
nystagmus, and spastic tetraparesis[47]. Intriguingly, the three other point mutations in the 
tRNAIle gene, A4295G, A4300G, and A4317G, have been identified only in patients with 
isolated hypertrophic cardiomyopathies [15,48-49] . 
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adds CCA to the 30 end of the tRNA (N) produced by tRNase Z cleavage. (E) tRNA is 
charged with the cognate amino acid by a specific aminoacyl-tRNA synthetase (aaRS). 
Dashed line from CCA in (D) to tRNAse Z between (B) and (C) with an X through it 
indicates that 3’-CCA of mature tRNase Z anti-determinant. (Adapted from Levinger L, et 
al. Mitochondrial tRNA 3' end metabolism and human disease.Nucleic Acids Res. 
2004:11;32(18):5430-41.) 
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α-agonists, TNF-α, and mechanical strain also promote the formation of reactive oxygen 
species (ROS) [61]. ROS hypertrophic response at low rates of ROS production to fibrosis [62] 
and myocyte death at high rates[63]. ROS formation is also stimulated by endothelial nitric 
oxide synthase (eNOS). In a transgenic eNOS knockout model with low ROS production, 
severely pressure-loaded hearts developed only modest concentric hypertrophy with little 
fibrosis and without left-ventricular cavity dilation.61 Consonant with overall knowledge[63], 
high rates of ROS production can thus contribute to the transition from left-ventricular 
hypertrophy to heart failure. Although these findings may be controversial [64], there has 
been recent confirmation of the concept [65]. Notably, plasma and pericardial markers of 
oxidative stress are increased in patients with chronic systolic failure of the left ventricle, 
with these increases related to the clinical severity of heart failure. Controversies in 
ventricular remodeling.[66] 

The chronic release of ROS has been recently linked to the development of left ventricular 
hypertrophy progression. The chronic release of ROS appears to derive from the 
nonphagocytic NAD(P)H oxidase and mitochondria. The experimental data are 
accumulating suggesting that abnormal activation of the nonphagocytic NAD(P)H oxidase 
in response to neurohormones (angiotensin II, norepinephrine, tumor necrosis factor-a) 
contribute to cardiac myocyte hypertrophy. In conclusion, the fibrosis, collagen deposition, 
and metalloproteinase activation involved in the remodeling of failing myocardium are 
dependent on ROS released. In animal model of chronic pressure overload, apoptosis has 
revealed as a pivotal trait of myocardial damage together with overproduction of 
extracellular matrix.  

8. Programme cell death 
Besides contractile disturbances of cardiomyocytes and interstitial and perivascular fibrosis, 
cardiomyocyte loss is now being considered as one of the determinants of the maladaptive 
processes implicated in the transition from compensated to decompensate left ventricular 
hypertrophy. A number of experimental evidence suggests that exaggerated apoptosis may 
account for the loss of cardiomyocytes in the hypertensive left ventricle. Furthermore, some 
factors intrinsic and extrinsic to the cardiomyocyte emerge as potential candidates to trigger 
apoptosis. Increased exposure of ROS accompany with decline in OXPHOS result in the 
opening of mtPTP, herein, apoptosis-initiated factors leak from inner membrane of 
mitochondrial to outer membrane. And apoptosis-related factors including procaspase and 
TNF-α are activated which cause a series pathway of apoptosis[67].  

9. Variability of phenotypes in left ventricular hypertrophy 
Phenotype of LVH is variable even for a same mtDNA mutation due to multiple causes. 
First, diversity in frequency and efficiency of mitochondria transit from eggs to zygotes. The 
more mutated mitochondria inherited from mother eggs, the higher probability phenotype 
will present. Second, difference in mutation load within separated organs cause the 
diversity in phenotype. Cells will not lose their function until high load of pathogenic 
mtDNA mutations are present, ranging from 60% to 90%, symptoms arise once mutations 
over certain threshold and lead to impaired mitochondrial protein synthesis, as well as a 
severe respiratory chain deficiency. Third, variability of influences derived from nuclear 
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genome. Mitochondrial diseases may result from nuclear DNA mutation (Mendelian 
mutation) or mitochondrial mutation(maternal inheritance).Mitochondrial synthesis and 
function require estimated 1000 polypeptides, 37 of which are encoded by mitochondrial 
(mt) DNA, the rest by nuclear (n) DNA.The nuclear DNA background might also influence 
phenotypic expression of mtDNA polymorphisms. In fact, Arbustini and colleagues have 
demonstrated the coexistence of mutations in mtDNA and β-myosin heavy chain (βMHC) in 
patients with hypertrophic cardiomyopathy, in which mtDNA mutations may contribute to 
the phenotypic variability of mendelian hypertrophic cardiomyopathies[68]. 

 
Fig. 4. Heteroplasmy: Mixed (heteroplasmic) populations of wild-type and mutant 
mitochondrial genomes are present. Filled circles indicate mutant mitochondrial genomes 
and open circles indicate wild-type. Thresholds: The thresholds for pathology are typically 
between 15 and 50% of mitochondrial tRNA function, affected by the extent of 
heteroplasmy. A lower functional level would be lethal and a higher level would be without 
a phenotype. (Adapted from Levinger L, et al. Mitochondrial tRNA 3' end metabolism and 
human disease.Nucleic Acids Res. 2004:11;32(18):5430-41.) 

10. Advances in therapy 
Reducing heart load, cutting off vicious cycle of hemodynamic disorders as well as thinning 
hypertrophic myocardium have been accepted as classic methods to treat LVH. As for the 
pathogenic involvement of mitochondria, gene therapy is a promising way to improve the 
outcome of treatment. Nevertheless, there’s no effective and consent methods to treat 
mitochondrial disorders so far. One process under way is to reduce the proportion of 
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mutated mtDNA to subthreshold levels. This could be achieved by adding more wild-type 
mtDNA, or by removing mutated mtDNA. At the experimental level, some contrary results 
derived from synthetic wild-type mtDNA transition and gene shifting in skeletal muscles, 
which help to draw a conclusion that an efficient approach to lead wild-type mtDNA to cells 
should be further investigated. To remove mutated mtDNA, one approach is to bind specific 
molecules to mutated mtDNA molecules and prevent them from replicating, while let wild-
type mtDNA replication to continue unimpeded. Another approach is to use drugs that 
select against mutated mtDNA in dividing cells, allowing wild-type mtDNA levels to 
increase. Otherwise, all the approaches with the goal letting the mutated cells down need to 
be tested from experimental stages to clinical usage [69]. Recently, antioxidants have been 
proposed to be important in the pathogenesis of mitochondrial disorders on the basis of 
ROS involvement [70]. Vitamin B, Vitamin C ,Vitamin E as well as Coenzyme Q has served as 
scavenger molecules and somewhat has been demonstrated to benefit patients with MELAS 
and Kearns-Sayre syndrome[71]. Although coenzyme Q10 has shown some early promise in 
Parkinson’s disease and Friedreich’s ataxia, such results can only be regarded as provisional 
at this stage. There have been no large-scale studies to determine the effectiveness of 
coenzyme Q10 in primary mtDNA diseases [72]. Other molecules involved in ETC may help 
offering materials for OXPHOS. Moreover, antiapoptosis drugs are beneficial to improving 
mtDNA diseases in line with the candidate of program cell death.  

11. Prospects 
Left ventricular hypertrophy is a hot spot for improving the life quality of patients with 
hypertension. The pathogenesis and progression of LVH are tightly linked to mitochondria 
as we stated above. However, the mechanism of mitochondria implicated into LVH still 
remain obscure that much more jobs are needed to disclose the secrets of relationship 
between mitochondria and left ventricular hypertrophy.1) which mtDNA mutation can be 
served as a marker to predict and indicate the prognosis of LVH? 2) How nDNA influence 
mtDNA, and to what extent can we use the methods protecting nDNA from damage to 
attain the role of protecting mtDNA. 3) What steps may we take to reduce frequency and 
quantity of mutated mtDNA thus cut off the deterioration pathways of LVH.   
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1. Introduction 
Hypertension is one of the most common chronic illnesses effecting more than 1 billion 
people worldwide and is a major risk factor for coronary artery disease and myocardial 
infarction, heart failure, stroke and renal failure. By the year 2025, the global prevalence of 
hypertension is projected to increase to 29.2% in adult population (Kearney et al., 2005). It is 
well established that reduction in blood pressure is associated with decreased 
cardiovascular morbidity and mortality (Lewington, Clarke, Qizilbash, Peto, & Collins, 
2002). Despite the availability of several antihypertensive drugs which include thiazide 
diuretics, beta blockers, Angiotensin-Converting Enzyme (ACE) inhibitors, angiotensin 
receptor blockers (ARB) and calcium channel blockers, global estimates suggest that less 
than 35% of hypertensives are able to achieve their target systolic and diastolic blood 
pressure with these drugs (Thoenes et al., 2009). The current strategy of trial and error 
approach to the management of hypertension is suboptimal and alternative approaches for 
identifying the optimal antihypertensive regimen in a specific patient are needed. One 
potential approach for individualizing antihypertensive therapy is through the use of 
genetic information, or pharmacogenomics, to identify the most appropriate therapy for 
individual patients. Given the health burden associated with hypertension and the poor 
rates of BP control, hypertension pharmacogenomics holds great potential. 
Pharmacogenetics is the science that determines the efficiency and side effects of a medicine 
based on the genetic make-up of an individual (personalized medicine). Potential benefits of 
personalized medicines include prescription of drugs based on a patient's genetic profile 
versus trial and error, hence decreasing the likelihood of adverse reactions and maximizing 
effectiveness (Centre for Genetics Education, 2007). In the current review, we review genetic 
association of blood pressure lowering response to different drug classes of antihypertensive 
therapy in different ethnic populations. 

2. Meta-analysis for pharmacogenetics of hypertension 
In order to compile the current knowledge of pharmacogenetics of anti-hypertensive drugs, 
we searched PubMed using the MESH terms "Pharmacogenetics+hypertension, Genes + 
Hypertension, Blood pressure response + hypertension" in Pubmed limiting results to 
publications on studies in human adults. Similar searches were performed with names of 
specific antihypertensive drugs including Diuretics, Beta-blockers, ARB and ACE inhibitors. 
We further identified specific polymorphisms of genes of interest noted in earlier reviews 
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people worldwide and is a major risk factor for coronary artery disease and myocardial 
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hypertension is projected to increase to 29.2% in adult population (Kearney et al., 2005). It is 
well established that reduction in blood pressure is associated with decreased 
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2002). Despite the availability of several antihypertensive drugs which include thiazide 
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receptor blockers (ARB) and calcium channel blockers, global estimates suggest that less 
than 35% of hypertensives are able to achieve their target systolic and diastolic blood 
pressure with these drugs (Thoenes et al., 2009). The current strategy of trial and error 
approach to the management of hypertension is suboptimal and alternative approaches for 
identifying the optimal antihypertensive regimen in a specific patient are needed. One 
potential approach for individualizing antihypertensive therapy is through the use of 
genetic information, or pharmacogenomics, to identify the most appropriate therapy for 
individual patients. Given the health burden associated with hypertension and the poor 
rates of BP control, hypertension pharmacogenomics holds great potential. 
Pharmacogenetics is the science that determines the efficiency and side effects of a medicine 
based on the genetic make-up of an individual (personalized medicine). Potential benefits of 
personalized medicines include prescription of drugs based on a patient's genetic profile 
versus trial and error, hence decreasing the likelihood of adverse reactions and maximizing 
effectiveness (Centre for Genetics Education, 2007). In the current review, we review genetic 
association of blood pressure lowering response to different drug classes of antihypertensive 
therapy in different ethnic populations. 

2. Meta-analysis for pharmacogenetics of hypertension 
In order to compile the current knowledge of pharmacogenetics of anti-hypertensive drugs, 
we searched PubMed using the MESH terms "Pharmacogenetics+hypertension, Genes + 
Hypertension, Blood pressure response + hypertension" in Pubmed limiting results to 
publications on studies in human adults. Similar searches were performed with names of 
specific antihypertensive drugs including Diuretics, Beta-blockers, ARB and ACE inhibitors. 
We further identified specific polymorphisms of genes of interest noted in earlier reviews 
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and performed additional PubMed searches based on these candidate genes. Studies on 
both healthy subjects and patients were included, and there was no time limit on duration of 
drug administration. Studies with both single and multiple drugs were included. Even if our 
information of interest was a small part of the study, it was included. Studies that only 
addressed the association of genetic variants/polymorphisms with hypertension and 
hypertension-induced end-organ damage but not with blood pressure alterations in 
response to anti-hypertensive drugs were not included. Reports related to experimental 
animals, or studies that used manipulated blood pressure (e.g. the attenuation of agonist-
induced blood pressure increase) or were in languages other than English, or in which no 
specific drugs or drug classes were used (i.e. reports on therapy-resistant hypertension in 
general) were not included. Our aim was to collate the existing body of knowledge on 
common genetic polymorphisms and their relationship to blood pressure lowering 
response. We tried to remove bias in the selection of research articles by selecting maximum 
number of studies and from different ethnic groups. A summary of these findings is shown 
in the Table (1). 

2.1 Diuretics 

Diuretics are the first-line treatment of hypertension and Thiazides are most commonly 
prescribed diuretics. Thiazides inhibit Na+/Cl− cotransporter (NCC) in the renal distal 
convoluted tubule, resulting in decreased sodium re-absorption and increased sodium 
excretion, which leads to decreased extracellular fluid (ECF) and plasma volume. This 
volume loss results in diminished venous return, increased renin release, reduced cardiac 
output and decreased blood pressure (CONWAY & LAUWERS, 1960). Varied Blood 
pressure (BP) response to diuretics is observed in hypertensive patients. It has been 
proposed that genetic polymorphisms in several candidate genes such as the Angiotensin-
Converting Enzyme (ACE), alpha-adducin (ADD1), G protein b3-subunit (GNB3) gene, 
angiotensinogen (AGT), angiotensin II receptor1 (AGTR1), etc.  may influence blood 
pressure (BP) response to diuretic therapy (Arnett, Claas, & Glasser, 2006; Gerhard et al., 
2008; C.-C. Huang et al., 2011; Luo, Y. Wang, et al., 2009; Sciarrone et al., 2003; Turner, 
Schwartz, Chapman, & Boerwinkle, 2001; D. Werner et al., 2008). ACE insertion/deletion 
(ACE I/D) polymorphism has been extensively studied for association with blood pressure 
lowering response to diuretics (Bozec et al., 2003; Nordestgaard et al., 2010; Scharplatz, 
Puhan, Steurer, & Bachmann, 2004; Su et al., 2007; Ueda, Meredith, Morton, Connell, & 
Elliott, 1998; Yu, Zhang, & G. Liu, 2003; Zhou, Wu, J.-Q. Liu, Liang, & G.-F. Liu, 2007); 
however conflicting results have been reported in different studies. Both, association / lack 
of association of ACE genotypes with blood pressure-lowering response to diuretics have 
been reported in different studies (Table). For example, a lack of association between ACE 
genotypes and adjusted mean difference in diastolic and systolic blood pressure in 
hypertensive patients on diuretics has been reported in Finnish (Suonsyrjä et al, 2009) and 
Swedish subjects (Schelleman et al 2006); whereas D allele was found to be associated with 
greater systolic blood pressure reduction in hypertensive Chinese patients on 
hydrochlorothiazide (HCTZ)(Jiang et al., 2007; Zhou et al., 2007). Sciarrone et al, 2003, on the 
other hand, showed that I allele of ACE (I/D) polymorphism was significantly associated 
with the largest mean blood pressure (MBP) decrease with HCTZ treatment. It has also been 
observed that response to thiazides may be gender specific (Frazier, S T Turner, G L 
Schwartz, A B Chapman, & E Boerwinkle, 0000; Zhou, Wu, J.-Q. Liu, Liang, & G.-F. Liu, 
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2007); for example, Schwartz et al (2002), reported that ACE II homozygosity in women and 
DD homozygosity in men was associated with the greatest BP lowering responses to HCTZ.   

Two other genes, ADD1 and GNB3 genes have also been shown to influence the response to 
diuretics. α-Adducin is a ubiquitously expressed heterodimeric cytoskeleton protein that 
modulates a variety of cellular functions, including sodium transport. A genetic variant in 
ADD1, namely, Gly460Trp polymorphism has been shown to be associated with renal 
sodium reabsorption, salt-sensitive hypertension and response to diuretic therapy (Glorioso 
et al., 1999). However, the evidence remains inconsistent between studies and across 
populations. There are studies showing that use of diuretics in carriers of the 460Trp allele, 
significantly reduced the risk of cardiovascular outcomes and stroke when compared with 
other antihypertensive treatments (Cusi et al., 1997); however, negative studies, showing no 
significant association of ADD1 gene variants with diuretic mediated reduction in adverse 
cardiovascular events and stroke have also been published (Stephen T Turner, Arlene B 
Chapman, Gary L Schwartz, & Eric Boerwinkle, 2003). Genetics of Hypertension-Associated 
Treatment Study (GenHAT) also did not find Gly460Trp polymorphism to be an important 
modifier of cardiovascular risk. However, female carriers of variant allele treated with 
diuretics showed an increased risk of CHD, suggesting an interaction between gene variant 
and gender (Turner et al., 2008). ADD1 Gly460Trp polymorphism has also not been found to 
influence response to HCTZ in Finnish subjects (Suonsyrjä et al. 2009). A similar study on 
5,979 hypertensive patients in USA showed a greater but non-significant association 
between Gly460Trp polymorphism and BP lowering effect of diuretics (Gerhard et al., 2008). 

GNB3 gene, which encodes Beta subunit of Guanine nucleotide-binding protein 
G(I)/G(S)/G(T) which is associated with signal transduction across cell membranes, has 
been found to influence BP lowering response in hypertensive patients on diuretics; 
homozygous carriers of, GNB3 825TT (rs5443) genotype were found to show greater decline 
in blood pressure than homozygous CC patients in both white Caucasians (190) and African 
Americans (197) (Turner, Schwartz, Chapman, & Boerwinkle, 2001). In ALLHAT 
(Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial), a 
multicenter clinical trial conducted in the United States and Canada, minor C allele carriers 
of natriuretic peptide A gene (NPPA), a gene implicated in the control of extracellular fluid 
volume and electrolyte homeostasis, were found to respond significantly better to the 
diuretic chlorthalidone than carriers of other genotypes (Lynch et al., 2008). A recent study 
has reported that polymorphism in Renin gene may also modulate blood pressure lowering 
response of thiazide diuretics. In this study, it was seen that Renin CC genotype 
(rs11240688), Log PRA and baseline Systolic Bloof Pressure (SBP), all contributed to the BP 
lowering response to Thiazide diuretics in non-diabetic hypertensive Taiwanese patients 
(Huang et al., 2011).  

Several other candidate genes have been also examined for their association with BP 
lowering response to diuretics. For example, Werner et al., in 2008 have shown that 
CYP2C9*3 and SLCO1B1 c.521TC genotypes and female gender were significant and 
independent predictors of the pharmacokinetics of torasemide, a diuretic frequently used in 
treatment of hypertension in a small set of patients. Organic anion transporter (OAT) 1 and 
OAT3, encoded by a tightly linked gene pair, plays a key role in renal secretion of diuretics 
(Nozaki et al., 2007). An intergenic polymorphism between OAT1 and OAT3, rs10792367, 
has been investigated for BP response to the diuretic HCTZ. In a study on 1,106 Chinese 
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and performed additional PubMed searches based on these candidate genes. Studies on 
both healthy subjects and patients were included, and there was no time limit on duration of 
drug administration. Studies with both single and multiple drugs were included. Even if our 
information of interest was a small part of the study, it was included. Studies that only 
addressed the association of genetic variants/polymorphisms with hypertension and 
hypertension-induced end-organ damage but not with blood pressure alterations in 
response to anti-hypertensive drugs were not included. Reports related to experimental 
animals, or studies that used manipulated blood pressure (e.g. the attenuation of agonist-
induced blood pressure increase) or were in languages other than English, or in which no 
specific drugs or drug classes were used (i.e. reports on therapy-resistant hypertension in 
general) were not included. Our aim was to collate the existing body of knowledge on 
common genetic polymorphisms and their relationship to blood pressure lowering 
response. We tried to remove bias in the selection of research articles by selecting maximum 
number of studies and from different ethnic groups. A summary of these findings is shown 
in the Table (1). 

2.1 Diuretics 

Diuretics are the first-line treatment of hypertension and Thiazides are most commonly 
prescribed diuretics. Thiazides inhibit Na+/Cl− cotransporter (NCC) in the renal distal 
convoluted tubule, resulting in decreased sodium re-absorption and increased sodium 
excretion, which leads to decreased extracellular fluid (ECF) and plasma volume. This 
volume loss results in diminished venous return, increased renin release, reduced cardiac 
output and decreased blood pressure (CONWAY & LAUWERS, 1960). Varied Blood 
pressure (BP) response to diuretics is observed in hypertensive patients. It has been 
proposed that genetic polymorphisms in several candidate genes such as the Angiotensin-
Converting Enzyme (ACE), alpha-adducin (ADD1), G protein b3-subunit (GNB3) gene, 
angiotensinogen (AGT), angiotensin II receptor1 (AGTR1), etc.  may influence blood 
pressure (BP) response to diuretic therapy (Arnett, Claas, & Glasser, 2006; Gerhard et al., 
2008; C.-C. Huang et al., 2011; Luo, Y. Wang, et al., 2009; Sciarrone et al., 2003; Turner, 
Schwartz, Chapman, & Boerwinkle, 2001; D. Werner et al., 2008). ACE insertion/deletion 
(ACE I/D) polymorphism has been extensively studied for association with blood pressure 
lowering response to diuretics (Bozec et al., 2003; Nordestgaard et al., 2010; Scharplatz, 
Puhan, Steurer, & Bachmann, 2004; Su et al., 2007; Ueda, Meredith, Morton, Connell, & 
Elliott, 1998; Yu, Zhang, & G. Liu, 2003; Zhou, Wu, J.-Q. Liu, Liang, & G.-F. Liu, 2007); 
however conflicting results have been reported in different studies. Both, association / lack 
of association of ACE genotypes with blood pressure-lowering response to diuretics have 
been reported in different studies (Table). For example, a lack of association between ACE 
genotypes and adjusted mean difference in diastolic and systolic blood pressure in 
hypertensive patients on diuretics has been reported in Finnish (Suonsyrjä et al, 2009) and 
Swedish subjects (Schelleman et al 2006); whereas D allele was found to be associated with 
greater systolic blood pressure reduction in hypertensive Chinese patients on 
hydrochlorothiazide (HCTZ)(Jiang et al., 2007; Zhou et al., 2007). Sciarrone et al, 2003, on the 
other hand, showed that I allele of ACE (I/D) polymorphism was significantly associated 
with the largest mean blood pressure (MBP) decrease with HCTZ treatment. It has also been 
observed that response to thiazides may be gender specific (Frazier, S T Turner, G L 
Schwartz, A B Chapman, & E Boerwinkle, 0000; Zhou, Wu, J.-Q. Liu, Liang, & G.-F. Liu, 
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2007); for example, Schwartz et al (2002), reported that ACE II homozygosity in women and 
DD homozygosity in men was associated with the greatest BP lowering responses to HCTZ.   

Two other genes, ADD1 and GNB3 genes have also been shown to influence the response to 
diuretics. α-Adducin is a ubiquitously expressed heterodimeric cytoskeleton protein that 
modulates a variety of cellular functions, including sodium transport. A genetic variant in 
ADD1, namely, Gly460Trp polymorphism has been shown to be associated with renal 
sodium reabsorption, salt-sensitive hypertension and response to diuretic therapy (Glorioso 
et al., 1999). However, the evidence remains inconsistent between studies and across 
populations. There are studies showing that use of diuretics in carriers of the 460Trp allele, 
significantly reduced the risk of cardiovascular outcomes and stroke when compared with 
other antihypertensive treatments (Cusi et al., 1997); however, negative studies, showing no 
significant association of ADD1 gene variants with diuretic mediated reduction in adverse 
cardiovascular events and stroke have also been published (Stephen T Turner, Arlene B 
Chapman, Gary L Schwartz, & Eric Boerwinkle, 2003). Genetics of Hypertension-Associated 
Treatment Study (GenHAT) also did not find Gly460Trp polymorphism to be an important 
modifier of cardiovascular risk. However, female carriers of variant allele treated with 
diuretics showed an increased risk of CHD, suggesting an interaction between gene variant 
and gender (Turner et al., 2008). ADD1 Gly460Trp polymorphism has also not been found to 
influence response to HCTZ in Finnish subjects (Suonsyrjä et al. 2009). A similar study on 
5,979 hypertensive patients in USA showed a greater but non-significant association 
between Gly460Trp polymorphism and BP lowering effect of diuretics (Gerhard et al., 2008). 

GNB3 gene, which encodes Beta subunit of Guanine nucleotide-binding protein 
G(I)/G(S)/G(T) which is associated with signal transduction across cell membranes, has 
been found to influence BP lowering response in hypertensive patients on diuretics; 
homozygous carriers of, GNB3 825TT (rs5443) genotype were found to show greater decline 
in blood pressure than homozygous CC patients in both white Caucasians (190) and African 
Americans (197) (Turner, Schwartz, Chapman, & Boerwinkle, 2001). In ALLHAT 
(Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial), a 
multicenter clinical trial conducted in the United States and Canada, minor C allele carriers 
of natriuretic peptide A gene (NPPA), a gene implicated in the control of extracellular fluid 
volume and electrolyte homeostasis, were found to respond significantly better to the 
diuretic chlorthalidone than carriers of other genotypes (Lynch et al., 2008). A recent study 
has reported that polymorphism in Renin gene may also modulate blood pressure lowering 
response of thiazide diuretics. In this study, it was seen that Renin CC genotype 
(rs11240688), Log PRA and baseline Systolic Bloof Pressure (SBP), all contributed to the BP 
lowering response to Thiazide diuretics in non-diabetic hypertensive Taiwanese patients 
(Huang et al., 2011).  

Several other candidate genes have been also examined for their association with BP 
lowering response to diuretics. For example, Werner et al., in 2008 have shown that 
CYP2C9*3 and SLCO1B1 c.521TC genotypes and female gender were significant and 
independent predictors of the pharmacokinetics of torasemide, a diuretic frequently used in 
treatment of hypertension in a small set of patients. Organic anion transporter (OAT) 1 and 
OAT3, encoded by a tightly linked gene pair, plays a key role in renal secretion of diuretics 
(Nozaki et al., 2007). An intergenic polymorphism between OAT1 and OAT3, rs10792367, 
has been investigated for BP response to the diuretic HCTZ. In a study on 1,106 Chinese 
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patients, no significant association was found even though it appeared to explain the inter 
individual variation in response to HCTZ (Han et al., 2011). The NEDD4L gene encodes E3 
ubiquitin-protein ligase NEDD4-like enzyme, which reduces renal tubular expression of 
epithelial Na+ channel (ENaC) and is influenced by a functional rs4149601 G→A NEDD4L 
polymorphism. As diuretics inhibit renal sodium reabsorption, this polymorphism was 
studied for an effect on the diuretic efficacy. In Nordic Diltiazem Study (NORDIL) Sweden, 
the functional NEDD4L rs4149601 polymorphism was found to significantly influence the 
efficacy of diuretic-based antihypertensive treatment in hypertensive patients (Svensson-
Färbom et al., 2011). Similar results have been reported in Chinese patients, where it was 
found that NEDD4L A-allele carriers showed greater blood pressure reduction than GG 
carriers with HCTZ (Luo et al., 2009). In yet another study, -344 C/T polymorphism in the 
CYP11b2 gene, which encodes aldosterone synthase was evaluated for BP response to 
diuretics in 340 individuals in Brazil; however no significant association between BP 
response and the polymorphism was observed (Lacchini et al., 2009). A genome wide 
association study (GWAS) to identify novel SNPs associated with the anti-hypertensive 
response to the diuretic, hydrochlorothiazide, has shown polymorphisms in two genes, LYZ 
(rs317689) and YEATS4 (rs315135) to be associated with Diastolic blood pressure lowering 
response in independent data set of African Americans and Caucasian white subjects 
(Turner et al., 2008).  

Thus, till date, available literature remains inconclusive regarding predictive effect of 
genotypes on diuretic mediated antihypertensive response, however, with better study 
designs in future and replication of existing associations, it may be feasible to tailor diuretic 
therapy based on a patients’ specific genetic make up. 

2.2 β-blockers 

β-Blockers are competitive antagonists of the β-adrenergic receptors, thereby modulating 
activities in this pathway (Reiter, 2004). Although β blockers are among the most widely 
prescribed of all drug classes for hypertension and various other cardiovascular diseases, β 
blocker therapy often produces variable responses among patients (Lindholm, Carlberg, & 
Samuelsson, 2005; Materson et al., 1993). Polymorphisms in various genes involved in 
sympathetic and renin-angiotensin-aldosterone systems (RAAS) have been investigated for 
association with variability in blood pressure lowering response to β-Blockers. Existing data 
suggests that polymorphisms in β1-adrenoceptor gene (ADRB1), namely, Ser49Gly and 
Arg389Gly may influence blood pressure responses to β-blocker therapy (J. Liu et al., 2006; 
Aquilante et al., 2008). Homozygosity for ADRB1 Arg389 allele has been shown to be 
associated with greater decrease in SBP and DBP changes in Caucasians and Chinese 
hypertensive subjects and ADRB1 Ser49Arg389/Ser49Arg389 haplotype was found to be a 
predictor of a good SBP response to metoprolol, suggesting its predictability across races 
(Aquilante et al., 2008; J. Liu et al., 2006). In healthy volunteers with exercise induced heart 
rate increase, Arg389Arg genotype carriers were also found to show significantly greater 
reduction in systolic blood pressure than Gly389Gly carriers after 1 day of metoprolol 
treatment; however, plasma metoprolol concentrations were not significantly different 
between Arg389Arg and Gly389Gly genotypes 3 hours after metoprolol treatment, 
suggesting that differences in response were not due to variability in metoprolol 
pharmacokinetics (J Liu et al., 2003). However, no significant genotype based effects of 
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ADRB1 Ser49 and Arg389 polymorphism have been observed with dobutamine (Aquilante 
et al., 2008) or fluoxetine and paoxetine in Caucasian Americans (Turner et al., 2008). ADRB1 
Ser49Gly and Arg389Gly and ADRB2 Cys19Arg, Gly16Arg and Gln27Glu polymorphisms 
were also not found to significantly affect BP response to Atenolol (Filigheddu et al., 2010). 
In contrast, Pacanowski et al. (2008) found Ser49Gly and Arg389Gly to be significantly 
associated with response to atenolol in a study of 5,979 patients from 184 sites in the United 
States and Puerto Rico. 

Three SNPs in the GNB3 gene, A3882C, G5249A and C825T have been found to have a 
significant effect on blood pressure response to atenolol in the female participants in 
Caucasian Americans (Filigheddu et al., 2010). Carvedilol is a non-selective α and β blocker 
that reduces the BP by blocking the binding of Norepinephrine to β1- and β2-adrenergic 
receptors (Stafylas & Sarafidis, 2008). Although polymorphism in CYP2D6 impact 
pharmacokinetics and pharmacodynamics of carvedilol, it has been shown to have no effect 
on the blood pressure response to the drug (Sehrt et al. 2011). However, ADRB2 Gln27 
carriers were recently reported to show greater reduction in resting BP with carvedilol 
compared with Glu27carriers in Russian subjects (Tepliakov et al., 2010).  

The Glu41Leu polymorphism in GRK5 enhances desensitization of the β1-adrenergic 
receptor and has been postulated to confer endogenous ‘genetic β-blockade’ and contribute 
to an attenuated response to β-blockers in black subjects. Thus GRK5 Gln41Leu variant 
could contribute to ethnicity base inter-individual variability in response to β-blockade 
between black and Caucasian individuals (Liggett et al., 2008). Kurnik et al. (2009), however, 
have observed that GRK5 Gln41Leu polymorphism did not contribute to the ethnic 
differences in sensitivity to atenolol among Black and Caucasian individuals.  

NEDD4L polymorphism has been found to influence renal tubular expression of epithelial 
Na+ channel (EnaC) (Luo et al., 2009). Gene variants of Gsα (FokI polymorphism), and 
NEDD4L (rs4149601, G→A) polymorphisms have been investigated for a role in the blood 
pressure response to β blockers. Gsα genotype was not found to be a significant 
independent predictor of BP response (Jia et al., 1999); whereas NEDD4L rs4149601 
polymorphism was shown to influence the efficacy of β-blockers in the NORDIL study 
(Svensson-Färbom et al., 2011).  

Most of the existing data on pharmacogenetics of β- blockers remains inconclusive and 
further studies are needed to correlate the genotype -drug response to β- blockers in large 
populations from different ethnic communities so as to be an effective predictive tool. 

2.3 ACE inhibitors 

ACE inhibitors are one of the most commonly prescribed antihypertensives and block the 
production of angiotensin II by inhibiting ACE (encoded by the ACE gene), an enzyme that 
converts Angiotensin I to Angiotensin II (Cody, 1997). Polymorphisms in RAAS genes have 
been shown to influence antihypertensive response of ACE inhibitors, but the results have 
been contradictory and inconclusive (Lillvis & Lanfear, 2010). The commonly studied 
variations have been I/D polymorphism in the ACE gene, AGT Met235Thr polymorphism in 
the AGT gene and AGTR1- A1166C polymorphism (rs5186) (Rosskopf & Michel, 2008; 
Scharplatz, Puhan, Steurer, & Bachmann, 2004). Both, D and I alleles of ACE I/D 
Polymorphism were shown to be associated with BP lowering response to ACE Inhibitors in 
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patients, no significant association was found even though it appeared to explain the inter 
individual variation in response to HCTZ (Han et al., 2011). The NEDD4L gene encodes E3 
ubiquitin-protein ligase NEDD4-like enzyme, which reduces renal tubular expression of 
epithelial Na+ channel (ENaC) and is influenced by a functional rs4149601 G→A NEDD4L 
polymorphism. As diuretics inhibit renal sodium reabsorption, this polymorphism was 
studied for an effect on the diuretic efficacy. In Nordic Diltiazem Study (NORDIL) Sweden, 
the functional NEDD4L rs4149601 polymorphism was found to significantly influence the 
efficacy of diuretic-based antihypertensive treatment in hypertensive patients (Svensson-
Färbom et al., 2011). Similar results have been reported in Chinese patients, where it was 
found that NEDD4L A-allele carriers showed greater blood pressure reduction than GG 
carriers with HCTZ (Luo et al., 2009). In yet another study, -344 C/T polymorphism in the 
CYP11b2 gene, which encodes aldosterone synthase was evaluated for BP response to 
diuretics in 340 individuals in Brazil; however no significant association between BP 
response and the polymorphism was observed (Lacchini et al., 2009). A genome wide 
association study (GWAS) to identify novel SNPs associated with the anti-hypertensive 
response to the diuretic, hydrochlorothiazide, has shown polymorphisms in two genes, LYZ 
(rs317689) and YEATS4 (rs315135) to be associated with Diastolic blood pressure lowering 
response in independent data set of African Americans and Caucasian white subjects 
(Turner et al., 2008).  

Thus, till date, available literature remains inconclusive regarding predictive effect of 
genotypes on diuretic mediated antihypertensive response, however, with better study 
designs in future and replication of existing associations, it may be feasible to tailor diuretic 
therapy based on a patients’ specific genetic make up. 

2.2 β-blockers 

β-Blockers are competitive antagonists of the β-adrenergic receptors, thereby modulating 
activities in this pathway (Reiter, 2004). Although β blockers are among the most widely 
prescribed of all drug classes for hypertension and various other cardiovascular diseases, β 
blocker therapy often produces variable responses among patients (Lindholm, Carlberg, & 
Samuelsson, 2005; Materson et al., 1993). Polymorphisms in various genes involved in 
sympathetic and renin-angiotensin-aldosterone systems (RAAS) have been investigated for 
association with variability in blood pressure lowering response to β-Blockers. Existing data 
suggests that polymorphisms in β1-adrenoceptor gene (ADRB1), namely, Ser49Gly and 
Arg389Gly may influence blood pressure responses to β-blocker therapy (J. Liu et al., 2006; 
Aquilante et al., 2008). Homozygosity for ADRB1 Arg389 allele has been shown to be 
associated with greater decrease in SBP and DBP changes in Caucasians and Chinese 
hypertensive subjects and ADRB1 Ser49Arg389/Ser49Arg389 haplotype was found to be a 
predictor of a good SBP response to metoprolol, suggesting its predictability across races 
(Aquilante et al., 2008; J. Liu et al., 2006). In healthy volunteers with exercise induced heart 
rate increase, Arg389Arg genotype carriers were also found to show significantly greater 
reduction in systolic blood pressure than Gly389Gly carriers after 1 day of metoprolol 
treatment; however, plasma metoprolol concentrations were not significantly different 
between Arg389Arg and Gly389Gly genotypes 3 hours after metoprolol treatment, 
suggesting that differences in response were not due to variability in metoprolol 
pharmacokinetics (J Liu et al., 2003). However, no significant genotype based effects of 
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ADRB1 Ser49 and Arg389 polymorphism have been observed with dobutamine (Aquilante 
et al., 2008) or fluoxetine and paoxetine in Caucasian Americans (Turner et al., 2008). ADRB1 
Ser49Gly and Arg389Gly and ADRB2 Cys19Arg, Gly16Arg and Gln27Glu polymorphisms 
were also not found to significantly affect BP response to Atenolol (Filigheddu et al., 2010). 
In contrast, Pacanowski et al. (2008) found Ser49Gly and Arg389Gly to be significantly 
associated with response to atenolol in a study of 5,979 patients from 184 sites in the United 
States and Puerto Rico. 

Three SNPs in the GNB3 gene, A3882C, G5249A and C825T have been found to have a 
significant effect on blood pressure response to atenolol in the female participants in 
Caucasian Americans (Filigheddu et al., 2010). Carvedilol is a non-selective α and β blocker 
that reduces the BP by blocking the binding of Norepinephrine to β1- and β2-adrenergic 
receptors (Stafylas & Sarafidis, 2008). Although polymorphism in CYP2D6 impact 
pharmacokinetics and pharmacodynamics of carvedilol, it has been shown to have no effect 
on the blood pressure response to the drug (Sehrt et al. 2011). However, ADRB2 Gln27 
carriers were recently reported to show greater reduction in resting BP with carvedilol 
compared with Glu27carriers in Russian subjects (Tepliakov et al., 2010).  

The Glu41Leu polymorphism in GRK5 enhances desensitization of the β1-adrenergic 
receptor and has been postulated to confer endogenous ‘genetic β-blockade’ and contribute 
to an attenuated response to β-blockers in black subjects. Thus GRK5 Gln41Leu variant 
could contribute to ethnicity base inter-individual variability in response to β-blockade 
between black and Caucasian individuals (Liggett et al., 2008). Kurnik et al. (2009), however, 
have observed that GRK5 Gln41Leu polymorphism did not contribute to the ethnic 
differences in sensitivity to atenolol among Black and Caucasian individuals.  

NEDD4L polymorphism has been found to influence renal tubular expression of epithelial 
Na+ channel (EnaC) (Luo et al., 2009). Gene variants of Gsα (FokI polymorphism), and 
NEDD4L (rs4149601, G→A) polymorphisms have been investigated for a role in the blood 
pressure response to β blockers. Gsα genotype was not found to be a significant 
independent predictor of BP response (Jia et al., 1999); whereas NEDD4L rs4149601 
polymorphism was shown to influence the efficacy of β-blockers in the NORDIL study 
(Svensson-Färbom et al., 2011).  

Most of the existing data on pharmacogenetics of β- blockers remains inconclusive and 
further studies are needed to correlate the genotype -drug response to β- blockers in large 
populations from different ethnic communities so as to be an effective predictive tool. 

2.3 ACE inhibitors 

ACE inhibitors are one of the most commonly prescribed antihypertensives and block the 
production of angiotensin II by inhibiting ACE (encoded by the ACE gene), an enzyme that 
converts Angiotensin I to Angiotensin II (Cody, 1997). Polymorphisms in RAAS genes have 
been shown to influence antihypertensive response of ACE inhibitors, but the results have 
been contradictory and inconclusive (Lillvis & Lanfear, 2010). The commonly studied 
variations have been I/D polymorphism in the ACE gene, AGT Met235Thr polymorphism in 
the AGT gene and AGTR1- A1166C polymorphism (rs5186) (Rosskopf & Michel, 2008; 
Scharplatz, Puhan, Steurer, & Bachmann, 2004). Both, D and I alleles of ACE I/D 
Polymorphism were shown to be associated with BP lowering response to ACE Inhibitors in 
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hypertensives in earlier studies (Ueda et al, 1998, Kurland et al, 2001); however, recent studies 
in larger cohorts have failed to replicate the BP response modulation by ACE inhibitors (Yu, 
Zhang, & Liu, 2003, D. K Arnett et al., 2005, F. Filigheddu et al., 2008). Recently, another ACE 
SNP, rs4343, which is located near the ACE I/D and is in linkage disequilibrium with it, has 
been reported to be strongly associated with BP response to ACE inhibitors in a Genome Wide 
Association Study (C-M Chung et al., 2010). However this association could not be reproduced 
in the large randomized placebo controlled EUROPA trial (Brugts et al., 2010).  

Besides ACE gene variants, 235T allele of AGT (M235T) gene has also been found to be 
associated with BP response to ACE inhibitors in several studies (Table). However, a recent 
study with larger sample size did not show any significant association of this variant with 
BP response to β blockers (Schelleman et al., 2007). Su et al., 2007 have reported the 
association of other AGT SNPs with BP response to benazepril, an ACE Inhibitor. These 
authors also found a significant association of AGT gene polymorphisms, C11537A (rs7079), 
rs2638362 (C/T) and rs2640543 (G/A) with BP response to ACE inhibitors (Su et al., 2007). 
AGTR1, which is an important receptor in the RAAS system and plays a crucial role in BP 
control (Atlas, 2007), is an important candidate for study of genetic variation-
pharmacological associations. Its genetic variant, A1166C has been extensively evaluated for 
an effect on BP lowering by ACE inhibitors (Redon, Luque-Otero, Martell, & Chaves, 2004; 
Scharplatz et al., 2004) but recent studies have not found any significant effect of this variant 
with BP lowering ability of ACE inhibitors (Brunner et al., 2007; Filigheddu et al., 2008; 
Konoshita, 2011; Nordestgaard et al., 2010; Redon, Luque-Otero, Martell, & Chaves, 2004; H. 
Yu et al., 2009). Besides these commonly studied polymorphisms, the bradykinin B1 
receptor gene (BDKRB1) SNP (rs12050217) and the ABO gene polymorphisms (rs495828 and 
rs8176746) have been also found to be significantly associated with blood pressure response 
to ACE inhibitors (Brugts et al., 2010; Chung et al., 2010). 

2.4 Angiotensin Receptor Blockers (ARB) 

Angiotensin receptor blockers (ARBs), also known as sartans, block the activation of 
angiotensin type 1 receptors and have a recognized role in the treatment of blood pressure. 
Studies on ARB pharmacogenetics have commonly focused on genes of RAAS system. A 
small-scale study investigated the role of AGTR1- A1166C polymorphism in patients with 
heart failure who were taking ARB (candesartan) in addition to the ACE inhibitor for BP 
control. This study observed that AGTR1 A1166C polymorphism significantly influenced the 
BP response to candesartan (de Denus et al., 2008). However, studies on larger cohorts could 
not replicate association of AGTR1 A1166C and C573T polymorphisms on the efficacy of ARBs 
(Konoshita, 2011; Nordestgaard et al., 2010). Variants of other RAAS genes such as ACE (I/D), 
AGT (M235T) and AT2 variants have not been found to be significantly associated with the 
action of ARB in BP lowering (Konoshita, 2011; Nordestgaard et al., 2010). A recent study has 
reported that C-5312T polymorphism of the renin gene (REN) was associated with 
pharmacogenetics of ARBs (Konoshita, 2011). Additionally, some pilot studies have been 
conducted on small sample sizes (n=31 to 49) that show significant associations but they need 
to be reproduced in larger cohorts. In one of these small-scale study, for example, Cytochrome 
P450 CYP2C9 enzyme (CYP2C9) that metabolizes angiotensin II type 1 (AT (1)) receptor 
antagonists losartan and irbesartan, has been found to be associated with the DBP response to 
irbesartan (Hallberg et al., 2002). In another study, AGTR1 5245 TT genotype was found to be 
associated with plasma concentrations of irbesartan, a specific angiotensin II type 1 receptor 
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(AGTR1) antagonist and the blood pressure response in hypertensive patients (Kurland et al., 
2008). However, these results can't be considered reliable on account of the small sample sizes 
and need to be validated with larger sample sizes. 

2.5 Calcium channel blockers 

The large-conductance calcium and voltage-dependent potassium (BK) channel found in 
vascular smooth muscle is comprised of pore-forming-α and regulatory-β1 subunits 
(Fernández-Fernández et al., 2004). The BK channel, particularly the β1 subunit, functions in 
a negative feedback mechanism to enhance calcium sensitivity, decrease cell excitability, 
and limit smooth muscle contraction (Fernández-Fernández et al., 2004). Calcium channels 
are present in the smooth muscles that line the blood vessels. By relaxing these smooth 
muscles, calcium channel blockers dilate the blood vessels and reduce the BP (Jun et al., 
2010). Calcium channel blockers are commonly used in the treatment of hypertension and 
angina but the response is widely variable (Nguyen, Parker, Noujedehi, Sullivan, & J A 
Johnson, 2000). This variability may be best explained by genetic variation and identifying 
the exact cause of this varied response to calcium channel blockers is important in 
personalizing treatment for hypertension. The gene that encodes the β1 subunit of the BK 
channel is KCNMB1, which is likely to carry polymorphisms, which affect the efficacy of 
calcium channel blockers. Glu65Lys and Val110Leu are the two commonly studied 
polymorphisms in this gene (Brunner et al., 2007; Plüger et al., 2000). In the INVEST-GENE 
study, BP response to Verapamil SR was not found to differ by KCNMB1 genotypes. 
However, individuals with Lys65 allele were found to achieve BP control earlier and were 
found to be less likely to require multiple drugs for BP control than those with Glu65Glu 
genotype (Beitelshees et al., 2007). In another analysis of the INVEST GENE study, 
Verapamil efficacy was investigated for association with the SNPs of endothelial NO 
synthase (eNOS) gene. Nitric Oxide (NO), the product of NOS gene is a critical mediator of 
vascular tone and also has antiplatelet, antiproliferative and antimitogenic effect and eNOS 
activity is important in cardiovascular outcomes and response to treatment. Two commonly 
studied SNPs are NOS3 -786T>C in promoter region, which reduces gene expression 
(Cattaruzza et al., 2004; Iwai et al., 2003; Nakayama et al., 1999) and a nonsynonymous SNP 
(894G>T), which increases its susceptibility to proteolytic cleavage (Tesauro et al., 2000), 
reducing NO bioavailability (Leeson et al., 2002; Persu et al., 2002; Savvidou, Vallance, 
Nicolaides, & Hingorani, 2001). The -786T>C genotype was shown to be significantly 
associated with response to Verapamil; -786C allele carriers showed the greatest reduction 
in SBP/DBP. However, eNOS 894G>T genotypes were not found to significantly affect the 
BP response (M. A. Pacanowski, Zineh, Rhonda M. Cooper-DeHoff, Carl J. Pepine, & Julie 
A. Johnson, 2009). Amlodipine, a dihydropyridine (DHP) class calcium channel blocker is 
another drug routinely prescribed for BP control. In the ALLHAT study conducted in the 
USA and Canada, NPPA T2238C allele was found to be significantly associated with the 
action of this drug. It was seen that TT allele carriers responded better to calcium channel 
blockers (Lynch et al., 2008). However, in order to be useful in clinical settings, these studies 
need to be conducted in wider regions of the world covering more ethnic populations. 

3. Conclusion and future perspectives 
Despite the availability of several effective anti hypertensive drug therapies, optimal control 
of blood pressure remains elusive in a large set of patients. Pharmacogenetics of 
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hypertensives in earlier studies (Ueda et al, 1998, Kurland et al, 2001); however, recent studies 
in larger cohorts have failed to replicate the BP response modulation by ACE inhibitors (Yu, 
Zhang, & Liu, 2003, D. K Arnett et al., 2005, F. Filigheddu et al., 2008). Recently, another ACE 
SNP, rs4343, which is located near the ACE I/D and is in linkage disequilibrium with it, has 
been reported to be strongly associated with BP response to ACE inhibitors in a Genome Wide 
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control (Atlas, 2007), is an important candidate for study of genetic variation-
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an effect on BP lowering by ACE inhibitors (Redon, Luque-Otero, Martell, & Chaves, 2004; 
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with BP lowering ability of ACE inhibitors (Brunner et al., 2007; Filigheddu et al., 2008; 
Konoshita, 2011; Nordestgaard et al., 2010; Redon, Luque-Otero, Martell, & Chaves, 2004; H. 
Yu et al., 2009). Besides these commonly studied polymorphisms, the bradykinin B1 
receptor gene (BDKRB1) SNP (rs12050217) and the ABO gene polymorphisms (rs495828 and 
rs8176746) have been also found to be significantly associated with blood pressure response 
to ACE inhibitors (Brugts et al., 2010; Chung et al., 2010). 

2.4 Angiotensin Receptor Blockers (ARB) 

Angiotensin receptor blockers (ARBs), also known as sartans, block the activation of 
angiotensin type 1 receptors and have a recognized role in the treatment of blood pressure. 
Studies on ARB pharmacogenetics have commonly focused on genes of RAAS system. A 
small-scale study investigated the role of AGTR1- A1166C polymorphism in patients with 
heart failure who were taking ARB (candesartan) in addition to the ACE inhibitor for BP 
control. This study observed that AGTR1 A1166C polymorphism significantly influenced the 
BP response to candesartan (de Denus et al., 2008). However, studies on larger cohorts could 
not replicate association of AGTR1 A1166C and C573T polymorphisms on the efficacy of ARBs 
(Konoshita, 2011; Nordestgaard et al., 2010). Variants of other RAAS genes such as ACE (I/D), 
AGT (M235T) and AT2 variants have not been found to be significantly associated with the 
action of ARB in BP lowering (Konoshita, 2011; Nordestgaard et al., 2010). A recent study has 
reported that C-5312T polymorphism of the renin gene (REN) was associated with 
pharmacogenetics of ARBs (Konoshita, 2011). Additionally, some pilot studies have been 
conducted on small sample sizes (n=31 to 49) that show significant associations but they need 
to be reproduced in larger cohorts. In one of these small-scale study, for example, Cytochrome 
P450 CYP2C9 enzyme (CYP2C9) that metabolizes angiotensin II type 1 (AT (1)) receptor 
antagonists losartan and irbesartan, has been found to be associated with the DBP response to 
irbesartan (Hallberg et al., 2002). In another study, AGTR1 5245 TT genotype was found to be 
associated with plasma concentrations of irbesartan, a specific angiotensin II type 1 receptor 
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(AGTR1) antagonist and the blood pressure response in hypertensive patients (Kurland et al., 
2008). However, these results can't be considered reliable on account of the small sample sizes 
and need to be validated with larger sample sizes. 

2.5 Calcium channel blockers 

The large-conductance calcium and voltage-dependent potassium (BK) channel found in 
vascular smooth muscle is comprised of pore-forming-α and regulatory-β1 subunits 
(Fernández-Fernández et al., 2004). The BK channel, particularly the β1 subunit, functions in 
a negative feedback mechanism to enhance calcium sensitivity, decrease cell excitability, 
and limit smooth muscle contraction (Fernández-Fernández et al., 2004). Calcium channels 
are present in the smooth muscles that line the blood vessels. By relaxing these smooth 
muscles, calcium channel blockers dilate the blood vessels and reduce the BP (Jun et al., 
2010). Calcium channel blockers are commonly used in the treatment of hypertension and 
angina but the response is widely variable (Nguyen, Parker, Noujedehi, Sullivan, & J A 
Johnson, 2000). This variability may be best explained by genetic variation and identifying 
the exact cause of this varied response to calcium channel blockers is important in 
personalizing treatment for hypertension. The gene that encodes the β1 subunit of the BK 
channel is KCNMB1, which is likely to carry polymorphisms, which affect the efficacy of 
calcium channel blockers. Glu65Lys and Val110Leu are the two commonly studied 
polymorphisms in this gene (Brunner et al., 2007; Plüger et al., 2000). In the INVEST-GENE 
study, BP response to Verapamil SR was not found to differ by KCNMB1 genotypes. 
However, individuals with Lys65 allele were found to achieve BP control earlier and were 
found to be less likely to require multiple drugs for BP control than those with Glu65Glu 
genotype (Beitelshees et al., 2007). In another analysis of the INVEST GENE study, 
Verapamil efficacy was investigated for association with the SNPs of endothelial NO 
synthase (eNOS) gene. Nitric Oxide (NO), the product of NOS gene is a critical mediator of 
vascular tone and also has antiplatelet, antiproliferative and antimitogenic effect and eNOS 
activity is important in cardiovascular outcomes and response to treatment. Two commonly 
studied SNPs are NOS3 -786T>C in promoter region, which reduces gene expression 
(Cattaruzza et al., 2004; Iwai et al., 2003; Nakayama et al., 1999) and a nonsynonymous SNP 
(894G>T), which increases its susceptibility to proteolytic cleavage (Tesauro et al., 2000), 
reducing NO bioavailability (Leeson et al., 2002; Persu et al., 2002; Savvidou, Vallance, 
Nicolaides, & Hingorani, 2001). The -786T>C genotype was shown to be significantly 
associated with response to Verapamil; -786C allele carriers showed the greatest reduction 
in SBP/DBP. However, eNOS 894G>T genotypes were not found to significantly affect the 
BP response (M. A. Pacanowski, Zineh, Rhonda M. Cooper-DeHoff, Carl J. Pepine, & Julie 
A. Johnson, 2009). Amlodipine, a dihydropyridine (DHP) class calcium channel blocker is 
another drug routinely prescribed for BP control. In the ALLHAT study conducted in the 
USA and Canada, NPPA T2238C allele was found to be significantly associated with the 
action of this drug. It was seen that TT allele carriers responded better to calcium channel 
blockers (Lynch et al., 2008). However, in order to be useful in clinical settings, these studies 
need to be conducted in wider regions of the world covering more ethnic populations. 

3. Conclusion and future perspectives 
Despite the availability of several effective anti hypertensive drug therapies, optimal control 
of blood pressure remains elusive in a large set of patients. Pharmacogenetics of 
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antihypertensive therapy has the potential to tailor therapy according to patients genetic 
make up as is evidenced by the above Meta analysis. However, prediction of the right drug 
for optimum BP control requires large-scale studies on ethnically diverse populations. Most 
of the studies till date have focused on candidate genes and sample size has ben small. 
Individual groups were only able to detect small effects in their individual population but 
collaborating with other groups conducting GWAS and also focusing on relevant pathways 
will make this more tractable approach and lead to successful clinical translation. 
Replicating these findings across multiple ethnic populations will also be an be an important 
aspect of personalizing treatment on genetic basis and increased international collaboration 
among hypertension pharmacogenomics investigators will be very important to achieve this 
goal. Additionally whole genome mapping of hypertension and blood pressure traits and 
understanding the pharmacogenetics of current drugs will enable the discovery of new drug 
targets in future. 
 

Drug 
Class Drug Area Ethnicity Sample 

size, N Genetic variants Significant 
difference? Reference 

Diuretic Hydrochloro-
thiazide  

USA Non-
Hispanic 
white (50%)
Non-
Hispanic 
Black (50%)

389 LYZ (rs317689) Yes (Turner et al., 
2008) YEATS4 (rs315135) Yes 

USA White 
Caucasian 
(190) 
African 
American 
(197) 

387 GNB3 C825T 
(rs5443) 

Yes (Turner et al., 
2001) 

Chlorthalidone USA  13,860  NPPA T2238C  Yes (Lynch et al., 
2008) 

Hydrochloro-
thiazide 

Taiwan Taiwanese 90 Renin (rs11240688) Yes (C. -C. Huang 
et al., 2011) 

Hydrochloro-
thiazide  

Netherlands Dutch 613 ADD1 Gly460Trp 
(rs4961) 

No (van Wieren-
de Wijer et al., 
2009) 

β 
Blockers 

Dobutamine USA White 163 ADRB1 (Ser49Gly) No (Aquilante et 
al., 2008) ADRB1 

(Arg389Gly)-
rs1801253 

No 

ADRB2 (Arg16Gly) No 
ADRB2 (Gln27Glu) No 

Fluoxetine and 
paroxetine 

USA White 122 ADRB1 
(Arg389Gly)-
rs1801253 

Yes (Turner, 
Bailey, Fridley, 
Chapman, 
Schwartz, 
Chai, Sicotte, 
Kocher, Rodin, 
& Boerwinkle, 
2008b) 

Carvedilol USA Caucasian 110 ADRB2 (Gln27Glu) Yes (Sehrt, 
Meineke, 
Tzvetkov, 
Gültepe, & 

CYP2D6 No 
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Drug 
Class Drug Area Ethnicity Sample 

size, N Genetic variants Significant 
difference? Reference 

Brockmöller, 
2011) 

Atenolol USA African 
Americans 
(69) and 
Caucasian 
White (85) 

151 GRK5-Leu41 
(rs17098707) 

No (Kurnik et al., 
2009) 

Bisoprolol Finland Finnish 233 ADRB1 
(Ser49Gly)(145A>G)-
rs1801252 

No (Suonsyrjä et 
al., 2010) 

ADRB1 
(Arg389Gly)- 
rs1801253 

No 

Amlodipine USA Multi- 
ethnic 

8174  T2238C  Yes (Lynch et al., 
2008) 

Metoprolol China Chinese 61 ADRB1 
(Ser49Gly)(145A>G)-
rs1801252 

Yes (J. Liu et al., 
2003) 

ADRB1 
(Arg389Gly)- 
rs1801253 

Yes 

Atenolol Italy Italians 1112 ADRB1 (Arg389Gly) No (Fabiana 
Filigheddu et 
al., 2010) 

ADRB1 (Ser49Gly)-
(145A>G)-rs1801252 
ADRB2 (Cys19Arg) 
ADRB2 (Gly16Arg) 
ADRB2 (Gln27Glu) 
GNB3 (A3882C) 
GNB3 (G5249A) 
GNB3 (C825T) 

Trandolapril 
and/or 
Atenolol 

USA and 
Puerto Rico

Multiethnic 5,979 ADRB1 Ser49Gly 
(145A>G)-rs1801252 

Yes (Pacanowski et 
al., 2008) 

ADRB1 Arg389Gly 
(1165C>G)- 
rs1801253 

Yes 

ACEI Imidapril or 
benazepril 

China Chinese 517 ACE (I/D) No (Yu, Zhang, & 
Liu, 2003) 

Imidapril or 
benazepril 

China Chinese 501 AGT (M235T) No (H. Yu et al., 
2005) 

Lisinopril USA White 
Caucasians 
(61%) 

7,528 ACE (I/D) No (D. K Arnett et 
al., 2005) 

African 
Americans 
(35%) 

Benazepril China Chinese 1,447 AGT (rs7079 (C/T)) Yes (Su et al., 2007) 
AT1 (multi loci, H2 
& H3) 

Yes 

AT2 (multi loci) No 
Trandolapril USA White 

(35%) 
551 AT1 (A1166C) No (Brunner et al., 

2007) 
Hispanic 
(44%) 

Captopril China Chinese 624 ACE2  (rs2106809) Yes (Fan et al., 
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Drug 
Class Drug Area Ethnicity Sample 

size, N Genetic variants Significant 
difference? Reference 
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ADRB2 (Gln27Glu) 
GNB3 (A3882C) 
GNB3 (G5249A) 
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China Chinese 517 ACE (I/D) No (Yu, Zhang, & 
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Lisinopril USA White 
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7,528 ACE (I/D) No (D. K Arnett et 
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African 
Americans 
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Benazepril China Chinese 1,447 AGT (rs7079 (C/T)) Yes (Su et al., 2007) 
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Yes 
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Drug 
Class Drug Area Ethnicity Sample 

size, N Genetic variants Significant 
difference? Reference 

2007) 
Fosinopril USA White 191 ACE (I/D) No (F. Filigheddu 

et al., 2008) AGT (A-6G) No
AT1 (A1166C) No

Imidapril 
benazepril 

China Chinese 509 AT1 (A1166C) No (H. Yu et al., 
2009) 

Lisinopril USA White non-
Hispanic 
(47%) 

30,076 FGB-455 Yes (Lynch et al., 
2009) 

ACEI Taiwan Taiwanese 623 ACE (rs4343) Yes (Chung et al., 
2010) ABO (rs495828) Yes

ABO (rs8176746) Yes
Perindopril Europe Caucasians 8907 AGTR1 (rs275651) 

Yes 
(Brugts, 
Boersma, & 
Simoons, 2010) 

AGTR1 (rs5182)
BDKRB1 
(rs12050217) 

Enalapril Europe Caucasians 98 AGT (M235T) Yes (Bozec et al., 
2003) 

Telmisartan Europe Caucasians 206 AGT (A-6G) No (Redon, 
Luque-Otero, 
Martell, & 
Chaves, 2004) 

ACE (I/D)
AT1 (A1166C)
AT1 (C573T)

ARB Telmisartan Spain Spanish 206 ACE (I/D) No (Redon, 
Luque-Otero, 
Martell, & 
Chaves, 2004) 

AGT (A-6G) No
AT1 (A1166C) No
AT1 (C573T) No

Valsartan Japan Japanese 231 ACE (I/D) No (Konoshita, 
2011) AGT (M235T) No

AT1 (A1166C) No
AT2 (C3123A) No
REN (C-5312T) Yes

Losartan Scandinavia White 
(92%) 

1,774 ACE (I/D) No (Nordestgaard 
et al., 2010) 
 
 

AGT (M235T) No
AT1 (A1166C) No

Calcium 
channel 
blockers 

Verapamil SR USA Hispanics, 
White 
Caucasians 
and Afro 
Americans 

5979 KCNMB1 
(Glu65Lys) 

No (Beitelshees et 
al., 2007) 

KCNMB1 
(Val110Leu) 

No

Verapamil SR USA Hispanics, 
White 
Caucasians 
and Afro 
Americans 

1025 NOS3 (-
786T>C)(rs2070744) 

Yes (M. 
Pacanowski et 
al., 2008) NOS3 Glu298>Asp

(rs1799983) 
No

Amlodipine USA and 
Canada 

Multi-
ethnic 

8174 NPPA (T2238C) Yes (Lynch et al., 
2008) 

Table 1.  
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Drug 
Class Drug Area Ethnicity Sample 
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difference? Reference 
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1. Introduction 
Essential hypertension affects 20-30% of the population worldwide and contributes 
significantly to mortality and morbidity[1] from cerebrovascular diseases, myocardial 
infarction, congestive heart failure and renal insufficiency. Essential hypertension is a 
prevalent disorder that leads to significant morbidity and mortality. Essential hypertension 
is defined as chronically elevated arterial pressure resulting from an unknown etiology. 
Intrinsically, it is a complex, heterogeneous, multifactorial syndrome to which 
environmental factors are partly responsible for. A lineup of aberrant environmental factors, 
including dietary salt intake[2,3,4], body weight[5,6], physical inactivity[7.8], physical stress[9.10], 
cigarette smoking [11-14], alcohol consumption[15-18] and inadequate potassium 
consumption[19,20] contribute to essential hypertension, possibly by infuriating genetically 
programmed susceptibilities. Results from twins, adoptive and population studies suggest 
high degree of similarity of blood pressure values, thus indicating the importance of genetic 
variables in essential hypertension etiology[21-25]. It is assumed that blood pressure is under 
the control of a large number of genes each of which has only relatively mild effects. 

Despite progress in genomic and statistical tools, identification of genes involved in complex 
cardiovascular traits such as hypertension remains a major challenge. Several strategies 
have been developed so far. Of these approaches developed, gene expression techniques 
hold vast promises as functional roles of gene products are determined among diverse 
biological processes[26]. Gene expression profiling has become an overshadowing tool for 
discovery in medicine. Genes have additive function of working together; therefore 
expression levels of these groups of gene can be monitored through gene expression studies. 

At present, differential gene expression between two sets of biological samples is carried out 
by utilizing techniques such as Northern blot analysis, serial analysis of gene expression 
(SAGE), differential display reverse transcription-PCR (DDRT-PCR) and Dot Blot analysis 
[26,27]. The drawback of these techniques is that large numbers of genes cannot be analyzed 
simultaneously. What’s more, with Northern blot limited number of mRNAs may be 
examined simultaneously and quality and quantification of expression are negatively 
affected[28].  Although the strengths of SAGE are remarkable, extensive DNA sequencing is 
technically difficult and formidable. With DDRT-PCR, simultaneous discovery of multiple 
differences in gene expression is possible; however, screening is not based on identity but in 



 
Genetics and Pathophysiology of Essential Hypertension 

 

210 

ACE-inhibitors or $\beta$-blockers. European Journal of Human Genetics, 15(4), 478–
484. 

Sciarrone, M. T., Stella, P., Barlassina, C., Manunta, P., Lanzani, C., Bianchi, G., & Cusi, D. 
(2003). ACE and alpha-adducin polymorphism as markers of individual response 
to diuretic therapy. Hypertension, 41(3), 398-403. doi: 
10.1161/01.HYP.0000057010.27011.2C 

Sehrt, D., Meineke, I., Tzvetkov, M., Gültepe, S., & Brockmöller, J. (2011). Carvedilol 
pharmacokinetics and pharmacodynamics in relation to CYP2D6 and ADRB 
pharmacogenetics. Pharmacogenomics, 12(6), 783-795. doi: 10.2217/pgs.11.20 

Shin, J., & Johnson, Julie A. (2007). Pharmacogenetics of β-Blockers. Pharmacotherapy, 27(6), 
874-887. doi: 10.1592/phco.27.6.874 

Su, X., Lee, L., Li, X., Lv, J., Hu, Y., Zhan, S., Cao, W., et al. (2007). Association between 
angiotensinogen, angiotensin II receptor genes, and blood pressure response to an 
angiotensin-converting enzyme inhibitor. Circulation, 115(6), 725-732. doi: 
10.1161/CIRCULATIONAHA.106.642058 

Svensson-Färbom, P., Wahlstrand, B., Almgren, P., Dahlberg, J., Fava, C., Kjeldsen, S., 
Hedner, T., et al. (2011). A functional variant of the NEDD4L gene is associated 
with beneficial treatment response with β-blockers and diuretics in hypertensive 
patients. Journal of Hypertension, 29(2), 388-395. doi: 10.1097/HJH.0b013e3283410390 

Tesauro, M., Thompson, W. C., Rogliani, P., Qi, L., Chaudhary, P. P., & Moss, J. (2000). 
Intracellular processing of endothelial nitric oxide synthase isoforms associated 
with differences in severity of cardiopulmonary diseases: cleavage of proteins with 
aspartate vs. glutamate at position 298. Proceedings of the National Academy of 
Sciences of the United States of America, 97(6), 2832-2835. 

Thoenes, M., Neuberger, H. R., Volpe, M., Khan, B. V., Kirch, W., & B\öhm, M. (2009). 
Antihypertensive drug therapy and blood pressure control in men and women: an 
international perspective. Journal of human hypertension, 24(5), 336–344. 

Turner, S. T, Schwartz, G. L, Chapman, A. B, & Boerwinkle, E. (2001). C825T Polymorphism 
of the G Protein ${$beta$}$ 3-Subunit and Antihypertensive Response to a Thiazide 
Diuretic. Hypertension, 37(2), 739. 

Turner, S. T., Bailey, K. R., Fridley, B. L., Chapman, A. B., Schwartz, G. L., Chai, H. S., 
Sicotte, H., et al. (2008). Genomic Association Analysis Suggests Chromosome 12 
Locus Influencing Antihypertensive Response to Thiazide Diuretic. Hypertension, 
52(2), 359-365. doi: 10.1161/HYPERTENSIONAHA.107.104273 

Werner, D., Werner, U., Meybaum, A., Schmidt, B., Umbreen, S., Grosch, A., Lestin, H. G., et 
al. (2008). Determinants of steady-state torasemide pharmacokinetics: impact of 
pharmacogenetic factors, gender and angiotensin II receptor blockers. Clinical 
pharmacokinetics, 47(5), 323–332. 

Yu, H., Lin, S., Jin, L., Yu, Y., Zhong, J., Zhang, Y., & Liu, G. (2009). Adenine/cytosine1166 
polymorphism of the angiotensin II type 1 receptor gene and the antihypertensive 
response to angiotensin-converting enzyme inhibitors. Journal of hypertension, 
27(11), 2278. 

11 

Differential Gene Expression Profile  
in Essential Hypertension  

Ping Yang 
Department of Internal Medicine and Cardiology, China-Japan Union Hospital,  

Norman Bethune College of Medicine, Jilin University, Changchun,  
China 

1. Introduction 
Essential hypertension affects 20-30% of the population worldwide and contributes 
significantly to mortality and morbidity[1] from cerebrovascular diseases, myocardial 
infarction, congestive heart failure and renal insufficiency. Essential hypertension is a 
prevalent disorder that leads to significant morbidity and mortality. Essential hypertension 
is defined as chronically elevated arterial pressure resulting from an unknown etiology. 
Intrinsically, it is a complex, heterogeneous, multifactorial syndrome to which 
environmental factors are partly responsible for. A lineup of aberrant environmental factors, 
including dietary salt intake[2,3,4], body weight[5,6], physical inactivity[7.8], physical stress[9.10], 
cigarette smoking [11-14], alcohol consumption[15-18] and inadequate potassium 
consumption[19,20] contribute to essential hypertension, possibly by infuriating genetically 
programmed susceptibilities. Results from twins, adoptive and population studies suggest 
high degree of similarity of blood pressure values, thus indicating the importance of genetic 
variables in essential hypertension etiology[21-25]. It is assumed that blood pressure is under 
the control of a large number of genes each of which has only relatively mild effects. 

Despite progress in genomic and statistical tools, identification of genes involved in complex 
cardiovascular traits such as hypertension remains a major challenge. Several strategies 
have been developed so far. Of these approaches developed, gene expression techniques 
hold vast promises as functional roles of gene products are determined among diverse 
biological processes[26]. Gene expression profiling has become an overshadowing tool for 
discovery in medicine. Genes have additive function of working together; therefore 
expression levels of these groups of gene can be monitored through gene expression studies. 

At present, differential gene expression between two sets of biological samples is carried out 
by utilizing techniques such as Northern blot analysis, serial analysis of gene expression 
(SAGE), differential display reverse transcription-PCR (DDRT-PCR) and Dot Blot analysis 
[26,27]. The drawback of these techniques is that large numbers of genes cannot be analyzed 
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technically difficult and formidable. With DDRT-PCR, simultaneous discovery of multiple 
differences in gene expression is possible; however, screening is not based on identity but in 
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mRNA length[29]. Dot blot analysis is less time consuming, however, no information on the 
size of the target biomolecules is offered. 

DNA microarray technology has the potential to overcome these limitations, as it has 
allowed unprecedented analysis of thousands of genes in a high-throughput form. On 
account of its high-throughput expression profiling, DNA microarray technology has 
become the predominant assay of choice in clinical medicine. This review, to a great extent 
looks at studies that used gene expression microarray technology in hypertension research 
to provide information on the disease specific risk profiles and pathology. 

2. Methods 
A literature search of the PUBMED database, using the medical headings “hypertension,” 
“blood pressure,” “gene expression,” and” microarray analysis,” will be conducted. The 
search will include published studies in human beings and as well as experimental models. 
Additionally, a search will be performed using references cited in original study articles and 
reviews and if copies of articles cannot be accessed, authors will be contacted. 

2.1 Methods for the study of gene expression 

Methods used to profile gene expression include Northern blot analysis, serial analysis of 
gene expression, differential display, dot blot analysis, subtractive hybridization and 
microarray hybridization. 

2.2 Northern blot analysis 

Although more sensitive gene expression techniques have emerged over the last decade, 
Northern blot analysis remains the standard for detection and quantitation of mRNA. 
Northern blotting has proven very effective in evaluating the expression levels of 
troponin c in chicken skeleton and cardiac muscles[30], arterial natriuretic factor  mRNA 
and peptide in the human heart during development [31], myosin heavy chain and actin[32].  
It is remarkable in that it allows a direct relative comparison of message abundance 
between samples on a single blot. Regrettably, this technique requires large quantities of 
RNA and is prone to significant experimental manipulation for each of the genes 
examined.  Taniguchi et al compared Northern blotting analyses with DNA microarrays 
and discovered Northern blotting to be more sensitive and consistent than DNA 
microarrays[33]. Despite the fact large-scale transcriptome analysis experiments are not 
performable with Northern blotting, it is however, conveniently used in studies focused 
on analysis of small numbers of genes. 

2.3 Serial analysis of gene expression (SAGE) 

Serial analysis of gene expression method was recently discovered at John Hopkins 
University with the intention to create a global picture of cellular function.  SAGE enables 
tagged short sequences of reverse transcribed cDNA to be prepared and identified by DNA 
sequencing[34]. The SAGE technique can be used to obtain large-scale cardiac gene 
expression[35,36]. Even supposing the quantitative and cumulative data this technique 
presents, one limitation is the identification of the genes reported by the SAGE. 
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2.4 Differential Display (DD) 

Differential display was first introduced by Liang and Pardee in 1992[37]. This technique 
involves the identification and analysis of differentially expressed genes at the mRNA level. 
The basic principle of differential display is to use short primers in combination with oligo-
dT primers to amplify and visualize mRNA in a cell. DD has been a powerful and successful 
method due to its inherent simplicity to detect changes in mRNA profiles among multiple 
samples without any prior knowledge of genomic information of the organism studied. 

2.5 Dot blot analysis 

Dot blot is an immunological technique and is a simplification of northern blotting, southern 
blotting, or western blotting methods[38,39]. This method identifies a known protein in a 
biological sample. Dot blot differs from western blotting in that protein samples are 
separated electrophoretically but are spotted through circular templates directly onto the 
membrane or paper substrate. The characteristic of dot blot is the use of immunodetection to 
identify a specific protein. 

2.6 Subtractive hybridization 

Subtractive hybridization is a powerful technique that was first described by Sargent and 
Dawid for creating cDNA libraries and generating probes of genes expressed differentially 
[40]. This technique is based on the principle that nucleic acid sequences in common with the 
two populations can form hybrids. It is the first tool used for identifying differentially 
expressed genes on a global scale. With Subtractive hybridization, the isolation of genes 
does not require prior knowledge of their sequence or identity. 

2.7 Microarray hybridization 

Microarray analysis, is a high through-put technique that provides an important tool to 
study the global patterns of gene expression. Two of the most commonly used microarrays 
for gene-expression measurements are oligonucleotide GeneChip expression arrays by 
Affymetrix and cDNA microarrays. Oligonucleotide microarrays contain sets of multiple 25 
mer oligonucleotide probes specific for each gene or expressed-sequence tag (EST), whereas 
cDNA microarrays generally contain longer oligonucleotide probes (usually 25 to 60 bases) 
or cDNA probes (usually 500 to 1,000 bases) that stand for the specific gene, so cDNA 
microarrays are more commonly used. It permits quantitative analysis of RNAs transcribed 
from both known and unknown genes. Microarray analysis is based on the principle of 
complementary, single-stranded, nucleic acid sequences forming double-stranded hybrids. 
This technology can simultaneously measure the expression levels of thousands of genes 
within a particular mRNA sample in a high-through put manner[42,43]. 

2.8 Research objects 

For the DNA microarrays, we could study human or animal models. The spontaneously 
hypertensive rats (SHR) are the most popular used animal models for essential 
hypertension, and the Lyon hypertensive rats[44] follows behind, compared to normotensive 
Wistar Kyoto rats (WKY).  
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search will include published studies in human beings and as well as experimental models. 
Additionally, a search will be performed using references cited in original study articles and 
reviews and if copies of articles cannot be accessed, authors will be contacted. 

2.1 Methods for the study of gene expression 

Methods used to profile gene expression include Northern blot analysis, serial analysis of 
gene expression, differential display, dot blot analysis, subtractive hybridization and 
microarray hybridization. 

2.2 Northern blot analysis 

Although more sensitive gene expression techniques have emerged over the last decade, 
Northern blot analysis remains the standard for detection and quantitation of mRNA. 
Northern blotting has proven very effective in evaluating the expression levels of 
troponin c in chicken skeleton and cardiac muscles[30], arterial natriuretic factor  mRNA 
and peptide in the human heart during development [31], myosin heavy chain and actin[32].  
It is remarkable in that it allows a direct relative comparison of message abundance 
between samples on a single blot. Regrettably, this technique requires large quantities of 
RNA and is prone to significant experimental manipulation for each of the genes 
examined.  Taniguchi et al compared Northern blotting analyses with DNA microarrays 
and discovered Northern blotting to be more sensitive and consistent than DNA 
microarrays[33]. Despite the fact large-scale transcriptome analysis experiments are not 
performable with Northern blotting, it is however, conveniently used in studies focused 
on analysis of small numbers of genes. 

2.3 Serial analysis of gene expression (SAGE) 

Serial analysis of gene expression method was recently discovered at John Hopkins 
University with the intention to create a global picture of cellular function.  SAGE enables 
tagged short sequences of reverse transcribed cDNA to be prepared and identified by DNA 
sequencing[34]. The SAGE technique can be used to obtain large-scale cardiac gene 
expression[35,36]. Even supposing the quantitative and cumulative data this technique 
presents, one limitation is the identification of the genes reported by the SAGE. 
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2.4 Differential Display (DD) 

Differential display was first introduced by Liang and Pardee in 1992[37]. This technique 
involves the identification and analysis of differentially expressed genes at the mRNA level. 
The basic principle of differential display is to use short primers in combination with oligo-
dT primers to amplify and visualize mRNA in a cell. DD has been a powerful and successful 
method due to its inherent simplicity to detect changes in mRNA profiles among multiple 
samples without any prior knowledge of genomic information of the organism studied. 

2.5 Dot blot analysis 

Dot blot is an immunological technique and is a simplification of northern blotting, southern 
blotting, or western blotting methods[38,39]. This method identifies a known protein in a 
biological sample. Dot blot differs from western blotting in that protein samples are 
separated electrophoretically but are spotted through circular templates directly onto the 
membrane or paper substrate. The characteristic of dot blot is the use of immunodetection to 
identify a specific protein. 

2.6 Subtractive hybridization 

Subtractive hybridization is a powerful technique that was first described by Sargent and 
Dawid for creating cDNA libraries and generating probes of genes expressed differentially 
[40]. This technique is based on the principle that nucleic acid sequences in common with the 
two populations can form hybrids. It is the first tool used for identifying differentially 
expressed genes on a global scale. With Subtractive hybridization, the isolation of genes 
does not require prior knowledge of their sequence or identity. 

2.7 Microarray hybridization 

Microarray analysis, is a high through-put technique that provides an important tool to 
study the global patterns of gene expression. Two of the most commonly used microarrays 
for gene-expression measurements are oligonucleotide GeneChip expression arrays by 
Affymetrix and cDNA microarrays. Oligonucleotide microarrays contain sets of multiple 25 
mer oligonucleotide probes specific for each gene or expressed-sequence tag (EST), whereas 
cDNA microarrays generally contain longer oligonucleotide probes (usually 25 to 60 bases) 
or cDNA probes (usually 500 to 1,000 bases) that stand for the specific gene, so cDNA 
microarrays are more commonly used. It permits quantitative analysis of RNAs transcribed 
from both known and unknown genes. Microarray analysis is based on the principle of 
complementary, single-stranded, nucleic acid sequences forming double-stranded hybrids. 
This technology can simultaneously measure the expression levels of thousands of genes 
within a particular mRNA sample in a high-through put manner[42,43]. 

2.8 Research objects 

For the DNA microarrays, we could study human or animal models. The spontaneously 
hypertensive rats (SHR) are the most popular used animal models for essential 
hypertension, and the Lyon hypertensive rats[44] follows behind, compared to normotensive 
Wistar Kyoto rats (WKY).  
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2.9 Samples 

We mainly use peripheral blood samples[45] in human and vascular smooth muscle cell 
(VSMC) [46,47], adrenal[44], heart[2,48,49]  and kidney[2,44,53-56,58]  in animal models. 

2.10 Software tools 

The large amount of information generated from microarrays has been a great strength, but 
is sometimes seen as a frustrating weakness because of the inability to process experimental 
data easily, assess the data quality, manage multiple data sets and mine the data with user-
friendly tools. Most of the microarrays have the suite of software to deal with the results, 
such as the Affymetrix software for the Affymetrix microarrays. The related software is 
listed as follows. The software was not designed to do complex statistical analyses and 
visualization. Rather, it was designed to help the researcher narrow their search from tens of 
thousands of gene candidates to several hundred or fewer that meet specific, but adjustable 
criteria. 

2.11 Altered gene expression in blood 

Peripheral blood gene expression has the potential to provide information on underlying 
pathologic states. Several authors have used whole blood as a surrogate tissue for gene 
expression in patients with essential hypertension. In their study, Korkor et al identified 49 
differentially expressed genes; 31 up regulated and 18 down regulated genes. Amongst 
genes found to be altered include CD36, SLC4A1, NET1, SESN3, ZNF652, PRDX6, HIP1, 
FOLR3, ERAP1, CFD[45]. Most of the genes that were differentially expressed were related to 
immune/inflammatory responses. In a study conducted by Chon et al, gene expression 
patterns of hypertensives revealed 680 genes that were upregulated as compared to patients 
who were normotensive on medication [52]. Timofeeva AV et al reported that 22 genes were 
up-regulated  and 18 genes down-regulation in atherosclerotic aorta compared with normal 
vessel through cDNA microarray, among these, CD53, SPI1, FPRL2, SPP1, CTSD, ACP5, 
LCP1, CTSA and LIPA genes are up-regulated both in peripheral blood leukocytes from EH 
patients and in atherosclerotic lesions of human aorta. The majority of these genes 
significantly positively correlated with hypertension stage as well as with histological 
grading of atherosclerotic lesions[53]. 

2.12 Altered gene expression in the tissues and organs 

Koo et al reported altered gene expression in the kidneys of adults of spontaneously 
hypertension rats[54]. Analyzing mRNA from 8-week-old female SHR and age-matched 
female WKY, 43 up-regulated and 31 down-regulated genes were revealed.  The 
upregulation of stearoyl-COA desaturase-2 gene and downregulation of taurine/beta-
alanine transporter gene in SHR compared with WKY rat were reported and in the SHR 
group, dysregulations of several genes involved in lipid metabolism was also revealed. 
Seubert et al investigated renal gene expression profiles in SHR and WKY animals at 
prehypertensiive (3 wk of age) and hypertensive (9 wk of age) stages and identified 22 genes 
at 3 wk of age and 104 genes at 9 wk of age that were differentially expressed in SHR 
compared with WKY[55]. There are some other studies identified differential gene expression 
in animal models of essential hypertension that are listed in table 2. 
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Results References 
49 genes were found differentially expressed in essential 
hypertension, 31 up regulated and 18 down regulated. 

Korkor et al. 
(45) 

680 genes were found differentially expressed in untreated 
hypertensives compared to normotensive controls. On the other hand, 
only 7 genes were differentially expressed in treated hypertensives 
compared to normotensive controls. 

Chen et al. (52) 

22 genes were up-regulated  and 18 genes demonstrated down-
regulation in atherosclerotic aorta compared with normal vessel, 
CD53, SPI1, FPRL2, SPP1, CTSD, ACP5, LCP1, CTSA and LIPA genes 
are up-regulated in peripheral blood leukocytes from EH patients and 
in atherosclerotic lesions of human aorta. The majority of these genes 
significantly (p<0.005) positively (r>0.5) correlated with AH stage as 
well as with histological grading of atherosclerotic lesions. 

Timofeeva AV 
et al (53) 

 

Table 1. Differential gene expression profiling in human blood in essential hypertension.  

 
 
 

Animal model 
and the control 

group 

Tissue Microarray 
platform 

Software Observations References 

SDR, SHR and 
WKY 

Area 
postrema 

Rat Genechip 
230 2.0 
microarrys 

GeneSpring GX11 'hypertension-related' 
elements revealed 
genes that are involved 
in the regulation of 
both blood pressure 
and immune function 

Hindmarch 
CC et al. 
(46) 

eET-1 and wild-
type (WT) mice 

mesenteric 
arteries 

Ilumina 
microarray, 
validation by 
qPCR of 4 
genes 

Flexarray software 
for the microarray 
results, and Ingenuity 
Pathway Analysis for 
the gene lists. 

increased endothelial 
ET-1 expression results 
in early changes in 
gene expression in the 
vascular wall that 
enhance lipid 
biosynthesis and 
accelerate progression 
of atherosclerosis. 

Simeone 
SM et al. 
(47) 

SHR and BNR 
for the control 

Kidney Affymetrix 
U34A-C 
microarrays, 
validation by 
RT-PCR, 
DNA 
sequencing 
and RFLP 
analyses. 

Solexa Tag analysis 88 transcripts are 
identified to be 
differentially 
expressed between 
SHRs and BN rats. 

Johnson 
MD et al. 
(2) 
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Animal model 
and the control 

group 

Tissue Microarray 
platform 

Software Observations References 

normal 
(normotensive) 
Wistar rats, 
DOCA–salt 
hypertensive 
(DH) rats,  DH 
rats treated with 
AG1478, and 
DH rats treated 
with FPTIII 

kidney Codelink 
Uniset Rat 
1Bioarrays 

Affymetrix Scanner 
428, Imagene and 
Genowiz softwares 
by Ocimum 
Biosolutions (India) 
and subjected to 
arsinh transformation

2398 genes were 
upregulated and only 
50 genes were 
downregulated by 
more than 2-fold in 
hypertensive rat 
kidneys compared to 
non-diseased controls.  

Benter IF et 
al. (44) 

SHR aorta GeneChip® 
Affymetrix 
Rat Genome 
Rat Genome 
230 2.0 Array 

GeneChip®Operating
Software Version 1.4, 
Affymetrix analyzer. 

Thirty-nine genes that 
showed more than a 2-
fold increase in 
expression after 
administration of VPP 
and IPP, Fourteen 
genes that showed less 
than a 0.5-fold 
decrease in expression 

Yamaguchi 
N et al. (48) 

SHR and WKY  brain, 
heart, 
kidney 
and liver 

UniSet Rat I 
Expression 
Bioarray, 
validation by 
RT-PCR of 9 
genes 

F-test and unpaired t 
test. CodeLink 
Expression Analysis 
Software, GenePix 
Pro 6.0 Software, 
GeneSpring software

60 genes were 
differentially 
expressed in the heart 
of SHRSP rats. Of 
these, five genes were 
up-regulated and 55 
genes were down-
regulated. 

Kato N et 
al. (51) 

SHR, LHR, 
heterozygous 
TGR(mRen2)27 
rat, and their 
respective 
controls 

heart Affymetrix 
GeneChip 
Rat 
Expression 
Array 
RAE230A, 
validation by 
qPCR of 6 
genes. 

Affymetrix 
Microarray Suite 5.0 
software, significance 
analysis of 
microarrays (SAM) 
1.21 software 

Only four genes had 
significantly modified 
expression in the three 
hypertensive models 
among which a single 
gene, coding for 
sialyltransferase 7A, 
was consistently 
overexpressed 

Cerutti C et 
al. (49) 

WKY Kidney 
and aorta.

Affymetrix 
rat genome 
230A array, 
validation by 
RT-PCR 

software R together 
with its 
bioinformatics 
packages collected in 
the Bioconductor 
project 

Six functionally known 
genes (Igfbp1, Xdh, 
Sult1a1, Mawbp, Por, 
and Gstm1) and two 
expressed sequence 
tages (BI277460 and 
AI411345) were 
significantly 
upregulated 

Westhoff 
TH et al. 
(56) 
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Animal model 
and the control 

group 

Tissue Microarray 
platform 

Software Observations References 

Female C57Bl/6J 
mice 

Blood, 
heart and 
liver 

Mouse NIH 
15K cDNA 
microarrays 

Expression Profiler 
tool EPCLUST 

L-NNA and BSO both 
caused hypertension. 
Gene expression was 
regulated in 
cytoskeletal 
components in both 
models, protein 
synthesis in L-NNA-
treated mice, and 
energy metabolism in 
BSO-treated mice. 

Chon H et 
al. (41) 

SHR and WKY  kidney Affymetrix 
rat RG-U34A 
array 

Normalisation and 
scaling using 
GeneChip suite. 

20 genes were down-
regulated and 7 genes 
were up-regulated in 
SHR 

Hinojos CA 
et al. (50) 

SHR and WKY  heart Affymetrix 
Rat Genome 
U34A 
GeneChips 

Affymetrix software, 
GeneSpring software

Comparison of LV 
RNA profiles from 20- 
and 12-month-old SHR 
identified 61 known 
genes and 20 ESTs, 
whose expression was 
upregulated >1.5-fold, 
and 31 known genes 
and 15 ESTs, whose 
expression was 
downregulated >1.5-
fold. 

Rysä J et al. 
(57) 

Sabra rat kidney Affymetrix 
Rat Genome 
RAE230 
GeneChip, 
validation by 
RT-PCR of 7 
genes. 

Affymetrix software 2470 transcripts were 
differentially 
expressed between the 
study groups. Cluster 
analysis identified 
genome-wide 192 
genes that were 
relevant to salt-
susceptibility and/or 
hypertension, 19 of 
which mapped to 
chromosome 1. 

Yagil C et 
al. (58) 

Nppa+/+ and 
Nppa−/- mice 

Heart, 
Lung, 
kidney, 
brain, 
liver, and 
spleen 

mouse 
microarray 
membranes 
(GeneFilter 
GF-400 
membranes) 

software package Expression of 80 genes 
was elevated >2-fold 
and expression of 10 
was reduced to <0.5 in 
7-day TAC Nppa+/+ 
compared with control 

Dajun 
Wang et al. 
(59) 
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Animal model 
and the control 

group 

Tissue Microarray 
platform 

Software Observations References 

SHR and WKY  Kidney, 
spleen, 
and liver 

Affymetrix 
Rat U34 array 
set validation 
by qRT-PCR 

Affymetrix MAS 5.0 There was a significant 
reduction in 
expression of 
glutathione S-
transferase mu-type 2, 
a gene involved in the 
defense against 
oxidative stress

Martin W. 
McBride et 
al. (60) 

SHR kidney Affymetrix 
Rat Genome 
U34A arrays 

Software packge Of the 8,799 known 
genes and expressed 
sequence tag (EST) 
clusters of Affymetrix 
Rat Genome U34A 
arrays, 74 differentially 
expressed transcripts, 
of which 43 were up-
regulated and 31 were 
down-regulated in 
SHR.

Koo et al. 
(54) 

SHR and WKY kidney cDNA Rat 
version 2.0 
Chip, 
validation by 
Northern blot 
and RT-PCR 

ArraySuite version 
2.0 

22 genes at 3 weeks of 
age and 104 genes at 9 
weeks of age were 
differentially 
expressed in SHR 
compared with WKY 
in renal gene 
expression.

Seubert et 
al. (55) 

SHR, spontaneously hypertensive rats. WKY, Wistar-Kyoto rats, usually used for the control the 
experimental group. WTR, wild-type rats. BNR, Brown Norway rats. LHR, Lyon hypertensive rats. 
SDR, Sprague-Dawley rats.  

Table 2. Animals’ microarray studies utilizing target organ tissue. 

3. Summary and conclusions 
Gene expression profiling provides a phenotypic resolution not feasible with standard clinical 
criteria. Differences in the gene expression profiles found in these studies identify markers 
useful for diagnostic, prognostic and therapeutic purposes. These findings emphasize the 
utility of whole blood and target organs as surrogate tissues for gene expression profiling. 
Gene expression profiling of different animal models of essential hypertension, and 
comparison of these profiles with human essential hypertension, will assist in determining the 
complex pathways that comprise the pathobiology of essential hypertension and help with the 
diagnostic, prognostic and therapeutic purposes in the future. 
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Animal model 
and the control 

group 

Tissue Microarray 
platform 

Software Observations References 

SHR and WKY  Kidney, 
spleen, 
and liver 

Affymetrix 
Rat U34 array 
set validation 
by qRT-PCR 

Affymetrix MAS 5.0 There was a significant 
reduction in 
expression of 
glutathione S-
transferase mu-type 2, 
a gene involved in the 
defense against 
oxidative stress

Martin W. 
McBride et 
al. (60) 

SHR kidney Affymetrix 
Rat Genome 
U34A arrays 

Software packge Of the 8,799 known 
genes and expressed 
sequence tag (EST) 
clusters of Affymetrix 
Rat Genome U34A 
arrays, 74 differentially 
expressed transcripts, 
of which 43 were up-
regulated and 31 were 
down-regulated in 
SHR.

Koo et al. 
(54) 

SHR and WKY kidney cDNA Rat 
version 2.0 
Chip, 
validation by 
Northern blot 
and RT-PCR 

ArraySuite version 
2.0 

22 genes at 3 weeks of 
age and 104 genes at 9 
weeks of age were 
differentially 
expressed in SHR 
compared with WKY 
in renal gene 
expression.

Seubert et 
al. (55) 

SHR, spontaneously hypertensive rats. WKY, Wistar-Kyoto rats, usually used for the control the 
experimental group. WTR, wild-type rats. BNR, Brown Norway rats. LHR, Lyon hypertensive rats. 
SDR, Sprague-Dawley rats.  

Table 2. Animals’ microarray studies utilizing target organ tissue. 

3. Summary and conclusions 
Gene expression profiling provides a phenotypic resolution not feasible with standard clinical 
criteria. Differences in the gene expression profiles found in these studies identify markers 
useful for diagnostic, prognostic and therapeutic purposes. These findings emphasize the 
utility of whole blood and target organs as surrogate tissues for gene expression profiling. 
Gene expression profiling of different animal models of essential hypertension, and 
comparison of these profiles with human essential hypertension, will assist in determining the 
complex pathways that comprise the pathobiology of essential hypertension and help with the 
diagnostic, prognostic and therapeutic purposes in the future. 
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1. Introduction 
Essential hypertension (EH), which in general increases the arterial blood pressure, is a 
major health concern and risk factor for other diseases such as myocardial infarction and 
kidney failure (Barri, 2006; Stokes et al., 1989; Mosterd et al., 1999). EH development is 
known to be multifactorial, with both genetic determinants, such as allelic variation in the 
genes that are involved in renal salt absorption, and environmental factors that involve the 
diet (Lifton et al., 2001). The two widely recognized hallmarks of EH are resistance artery 
narrowing and large artery stiffening, which increase peripheral resistance and compromise 
vascular compliance, respectively. Both are known to contribute to the progression and 
cardiovascular morbidity and mortality associated with EH. However, despite decades of 
study, the initial causes that lead to these vascular abnormalities have yet to be completely 
elucidated. Moreover, the question remains as to whether these abnormalities exist prior to, 
and thus participate in, the initial phase of blood pressure elevation, or are a consequence  
of it. 

The extracellular matrix (ECM) in the vascular wall has been found to be a critical 
determinant, and therefore it is thought that EH is associated with both an increased 
cardiovascular deposition and an increased systemic turnover of ECM proteins (Diez et al., 
1995). Thus, vessel compliance dictated by the ECM is also involved in modulating the 
blood pressure. 

Transforming growth factor (TGF)-β1 is an extracellular polypeptide member of the TGF-β 
superfamily of cytokines. It is a secreted protein that performs many cellular functions 
including control of cell growth, cell proliferation, cell differentiation and apoptosis. TGF-β1 
acts bifunctionally to elevate blood pressure by first altering levels of vasoactive mediators 
and then by changing the vessel wall architecture to increase the peripheral resistance. In 
the cardiovascular system, TGF-β1 may play a key role in the regulation of the mechanical 
strain-induced matrix synthesis by the human vascular smooth muscle (VSM) cells. If so, 
this suggests that TGF-β1 may also play an important role in the development of 
hypertension-induced cardiovascular fibrosis (O'Callaghan&Williams, 2000). 
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1. Introduction 
Essential hypertension (EH), which in general increases the arterial blood pressure, is a 
major health concern and risk factor for other diseases such as myocardial infarction and 
kidney failure (Barri, 2006; Stokes et al., 1989; Mosterd et al., 1999). EH development is 
known to be multifactorial, with both genetic determinants, such as allelic variation in the 
genes that are involved in renal salt absorption, and environmental factors that involve the 
diet (Lifton et al., 2001). The two widely recognized hallmarks of EH are resistance artery 
narrowing and large artery stiffening, which increase peripheral resistance and compromise 
vascular compliance, respectively. Both are known to contribute to the progression and 
cardiovascular morbidity and mortality associated with EH. However, despite decades of 
study, the initial causes that lead to these vascular abnormalities have yet to be completely 
elucidated. Moreover, the question remains as to whether these abnormalities exist prior to, 
and thus participate in, the initial phase of blood pressure elevation, or are a consequence  
of it. 

The extracellular matrix (ECM) in the vascular wall has been found to be a critical 
determinant, and therefore it is thought that EH is associated with both an increased 
cardiovascular deposition and an increased systemic turnover of ECM proteins (Diez et al., 
1995). Thus, vessel compliance dictated by the ECM is also involved in modulating the 
blood pressure. 

Transforming growth factor (TGF)-β1 is an extracellular polypeptide member of the TGF-β 
superfamily of cytokines. It is a secreted protein that performs many cellular functions 
including control of cell growth, cell proliferation, cell differentiation and apoptosis. TGF-β1 
acts bifunctionally to elevate blood pressure by first altering levels of vasoactive mediators 
and then by changing the vessel wall architecture to increase the peripheral resistance. In 
the cardiovascular system, TGF-β1 may play a key role in the regulation of the mechanical 
strain-induced matrix synthesis by the human vascular smooth muscle (VSM) cells. If so, 
this suggests that TGF-β1 may also play an important role in the development of 
hypertension-induced cardiovascular fibrosis (O'Callaghan&Williams, 2000). 
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Elastin microfibril interface-located protein 1 (EMILIN1) is a glycoprotein expressed in the 
vascular tree that binds to the TGF-β1 precursor and prevents processing by furin. Emilin 1 
knockout mice display increased TGF-β1 signaling in their vessel walls. These animals 
develop peripheral vasoconstriction and arterial hypertension, which can be prevented by 
inactivation of one TGFB1 allele (Zacchigna, et al., 2006). These matrix-dependent changes in 
the vascular hemodynamics caused by TGF-β1 and EMILIN1 are important because they 
ultimately affect the cardiovascular morbidity and mortality rates. 

This brief review focuses on the important roles of TGF-β1 and EMILIN1 in human 
hypertension, and in addition, evaluates the available data within the context of the current 
knowledge that has been collected from animal models of this disease. 

2. Transforming growth factor-β1 
2.1 The family of TGFs 

The family of transforming growth factor (TGF) β belongs to a superfamily that consists of 
over 25 diverse dimeric extracellular polypeptides of 110-140 amino acids. These 
polypeptides include bone morphogenetic proteins, activins, and inhibitors (Massague et al., 
1994). After discovery of the initial member of the TGF family in 1980 (Roberts et al., 1980), 
these important molecules have subsequently been shown to have complex effects on organ 
development, cell growth and differentiation. However, they are particularly important 
with regard to the expression of ECM proteins. There are three cytokine isoforms of TGF-β 
in mammals, TGF-β1, TGF-β2, and TGF-β3. All of these isoforms bind to the same receptors. 
In addition, they are encoded by separate genes sharing 60-80% homology and thus are 
most likely derived from a common ancestor. The major difference between the isoforms 
appears to be the spatiotemporal control of their expression patterns. While in vitro TGF-β 
isoforms have a similar effect on biologic tissues, they are generally characterized in vivo by 
varied degrees of expression and different functions. Their biologic activity depends on 
quantitative relationships between the individual isoforms (Cho et al., 2004; Li et al., 1999; 
Nakamura et al., 2004). 

2.2 TGF-β1 in human hypertension 

TGF-β1 is recognized as the most pivotal TGF-β isoform for the cardiovascular system, as it 
is present in VSM cells, endothelial cells, myofibroblasts, macrophages, and other 
hematopoietic cells (Annes et al., 2003). TGF-β1 strongly up-regulates the production of 
ECM proteins including fibronectin and collagen (Ignotz&Massague, 1986), and inhibits the 
degradation of the ECM by tissue proteinases (Laiho&Keski-Oja, 1989). Although TGF-β1 
acts in wound healing via its effects on the ECM, excessive TGF-β can cause several fibrotic 
diseases including glomerulonephritis and diabetic nephropathy (Okuda et al., 1990). While 
TGF-β1 has long been thought to have only paracrine and autocrine effects, it has now been 
shown to have wide-ranging systemic (endocrine) effects (Sporn, 1997). 

Lin et al. examined the association between serum TGF-β1 levels and gender, age, and 
selected lifestyle factors in a large number of healthy Japanese control subjects (Lin et al., 
2009). They found that serum TGF-β1 levels appear to be modulated in part by gender, age 
and lifestyle factors such as obesity, cigarette smoking, and alcohol drinking (Lin et al., 
2009). Overproduction of TGF-β1 clearly underlies the tissue fibrosis noted in numerous 

 
Potential Roles of TGF-β1 and EMILIN1 in Essential Hypertension 

 

225 

experimental and human diseases, including EH. Li et al. demonstrated for the first time 
that a positive correlation exists between circulating TGF-β1 levels and blood pressure in 
humans (Li et al., 1999). In another previous study, they also reported that the TGF-β1 
protein concentration in hypertensive subjects (n=61) was 261±9 ng/ml as compared to 
188±7 ng/ml in normotensive controls (n=90) (P<0.0001) (Suthanthiran et al., 2000). Obesity 
is an independent risk factor for EH and cardiovascular diseases. A strong relationship 
exists between the body mass index and blood pressure. Porreca et al. have reported that 
TGF-β1 levels are independently associated with obesity in hypertensive patients (Porreca et 
al., 2002). In addition, TGF-β1 is positively correlated with the body mass index and 
creatinine clearance in EH patients (Torun et al., 2007). In adipose tissue from both obese 
mice and humans, the levels of tissue TGF-β1 antigen have been shown to be well correlated 
with BMI (Alessi et al., 2000). Moreover, the TGF-β1 gene was reported to be associated with 
obesity phenotypes such as BMI, fat mass, and lean mass in a large Caucasian population 
sample (Long et al., 2003). Likewise, an association was also observed between the TGF-β1 
polymorphism and both the BMI and abdominal obesity in Swedish men (Rosmond et al., 
2003). These data suggest that elevated levels are not just simply a marker of a similar 
disease production mechanism, but in fact indicate that elevated levels of circulating TGF-β1 
lead to disease production and to the synergy of risk factors that are seen during EH 
production. 

2.3 The synthesis of TGF-β1 

TGF-β1 is synthesized by many cell types, including the endothelium, and is secreted as a 
latent dimeric ~75-kDa protein complex. While the enzyme furin cleaves a latency-
associated peptide from the active TGF-β molecule during intracellular processing, it 
remains noncovalently complexed to the mature peptide after secretion. In addition, latent 
TGF-β-binding proteins, which are members of the fibrillin/latent TGF-β-binding protein 
family, bind to this complex and then direct it to the adjacent interstitium. Once in the 
extracellular space, removal of the latent TGF-β frees the mature, ~24-kDa biologically active 
form of TGF-β (Annes et al., 2003). Thus, endothelium-derived TGF-β1 is typically a locally 
acting molecule that has autocrine and paracrine actions on the neighboring endothelium 
and VSM. There are several known mechanisms of activation for TGF-β1. Thrombospondin-
1 is secreted by the endothelial cells and appears to be the major regulatory factor involved 
in this activation (Schultz-Cherry et al., 1994). However, other factors have been identified 
that stimulate TGF-β1. For example, increased vascular wall stress that occurs in 
hypertensive individuals can sufficiently promote a strain "dose-dependent" increase in the 
TGF-β1 production by VSM cells, which leads to an associated increase in the matrix 
accumulation (O'Callaghan&Williams, 2000). Norepinephrine (Briest et al., 2004), hypoxia 
(Lee et al., 2009), oxidative stress (Zhao et al., 2008) and high glucose levels (Iglesias-de la 
Cruz et al., 2002) have also been shown to induce TGF-β1 production. Most of the 
information known about TGF-β1 has been collected from in vitro and in vivo animal 
models. Since human TGF-β1 and its nonhuman counterparts share a sufficiently high 
degree of homology, this makes it possible to extrapolate relevant data from animals to 
humans. 

The Smad proteins (Smad2, Smad3 and Smad7) are essential components of the downstream 
TGF-β signaling. Positive signaling via activation of Smad2/3, along with negative signaling 



 
Genetics and Pathophysiology of Essential Hypertension 

 

224 

Elastin microfibril interface-located protein 1 (EMILIN1) is a glycoprotein expressed in the 
vascular tree that binds to the TGF-β1 precursor and prevents processing by furin. Emilin 1 
knockout mice display increased TGF-β1 signaling in their vessel walls. These animals 
develop peripheral vasoconstriction and arterial hypertension, which can be prevented by 
inactivation of one TGFB1 allele (Zacchigna, et al., 2006). These matrix-dependent changes in 
the vascular hemodynamics caused by TGF-β1 and EMILIN1 are important because they 
ultimately affect the cardiovascular morbidity and mortality rates. 

This brief review focuses on the important roles of TGF-β1 and EMILIN1 in human 
hypertension, and in addition, evaluates the available data within the context of the current 
knowledge that has been collected from animal models of this disease. 

2. Transforming growth factor-β1 
2.1 The family of TGFs 

The family of transforming growth factor (TGF) β belongs to a superfamily that consists of 
over 25 diverse dimeric extracellular polypeptides of 110-140 amino acids. These 
polypeptides include bone morphogenetic proteins, activins, and inhibitors (Massague et al., 
1994). After discovery of the initial member of the TGF family in 1980 (Roberts et al., 1980), 
these important molecules have subsequently been shown to have complex effects on organ 
development, cell growth and differentiation. However, they are particularly important 
with regard to the expression of ECM proteins. There are three cytokine isoforms of TGF-β 
in mammals, TGF-β1, TGF-β2, and TGF-β3. All of these isoforms bind to the same receptors. 
In addition, they are encoded by separate genes sharing 60-80% homology and thus are 
most likely derived from a common ancestor. The major difference between the isoforms 
appears to be the spatiotemporal control of their expression patterns. While in vitro TGF-β 
isoforms have a similar effect on biologic tissues, they are generally characterized in vivo by 
varied degrees of expression and different functions. Their biologic activity depends on 
quantitative relationships between the individual isoforms (Cho et al., 2004; Li et al., 1999; 
Nakamura et al., 2004). 

2.2 TGF-β1 in human hypertension 

TGF-β1 is recognized as the most pivotal TGF-β isoform for the cardiovascular system, as it 
is present in VSM cells, endothelial cells, myofibroblasts, macrophages, and other 
hematopoietic cells (Annes et al., 2003). TGF-β1 strongly up-regulates the production of 
ECM proteins including fibronectin and collagen (Ignotz&Massague, 1986), and inhibits the 
degradation of the ECM by tissue proteinases (Laiho&Keski-Oja, 1989). Although TGF-β1 
acts in wound healing via its effects on the ECM, excessive TGF-β can cause several fibrotic 
diseases including glomerulonephritis and diabetic nephropathy (Okuda et al., 1990). While 
TGF-β1 has long been thought to have only paracrine and autocrine effects, it has now been 
shown to have wide-ranging systemic (endocrine) effects (Sporn, 1997). 

Lin et al. examined the association between serum TGF-β1 levels and gender, age, and 
selected lifestyle factors in a large number of healthy Japanese control subjects (Lin et al., 
2009). They found that serum TGF-β1 levels appear to be modulated in part by gender, age 
and lifestyle factors such as obesity, cigarette smoking, and alcohol drinking (Lin et al., 
2009). Overproduction of TGF-β1 clearly underlies the tissue fibrosis noted in numerous 

 
Potential Roles of TGF-β1 and EMILIN1 in Essential Hypertension 

 

225 

experimental and human diseases, including EH. Li et al. demonstrated for the first time 
that a positive correlation exists between circulating TGF-β1 levels and blood pressure in 
humans (Li et al., 1999). In another previous study, they also reported that the TGF-β1 
protein concentration in hypertensive subjects (n=61) was 261±9 ng/ml as compared to 
188±7 ng/ml in normotensive controls (n=90) (P<0.0001) (Suthanthiran et al., 2000). Obesity 
is an independent risk factor for EH and cardiovascular diseases. A strong relationship 
exists between the body mass index and blood pressure. Porreca et al. have reported that 
TGF-β1 levels are independently associated with obesity in hypertensive patients (Porreca et 
al., 2002). In addition, TGF-β1 is positively correlated with the body mass index and 
creatinine clearance in EH patients (Torun et al., 2007). In adipose tissue from both obese 
mice and humans, the levels of tissue TGF-β1 antigen have been shown to be well correlated 
with BMI (Alessi et al., 2000). Moreover, the TGF-β1 gene was reported to be associated with 
obesity phenotypes such as BMI, fat mass, and lean mass in a large Caucasian population 
sample (Long et al., 2003). Likewise, an association was also observed between the TGF-β1 
polymorphism and both the BMI and abdominal obesity in Swedish men (Rosmond et al., 
2003). These data suggest that elevated levels are not just simply a marker of a similar 
disease production mechanism, but in fact indicate that elevated levels of circulating TGF-β1 
lead to disease production and to the synergy of risk factors that are seen during EH 
production. 

2.3 The synthesis of TGF-β1 

TGF-β1 is synthesized by many cell types, including the endothelium, and is secreted as a 
latent dimeric ~75-kDa protein complex. While the enzyme furin cleaves a latency-
associated peptide from the active TGF-β molecule during intracellular processing, it 
remains noncovalently complexed to the mature peptide after secretion. In addition, latent 
TGF-β-binding proteins, which are members of the fibrillin/latent TGF-β-binding protein 
family, bind to this complex and then direct it to the adjacent interstitium. Once in the 
extracellular space, removal of the latent TGF-β frees the mature, ~24-kDa biologically active 
form of TGF-β (Annes et al., 2003). Thus, endothelium-derived TGF-β1 is typically a locally 
acting molecule that has autocrine and paracrine actions on the neighboring endothelium 
and VSM. There are several known mechanisms of activation for TGF-β1. Thrombospondin-
1 is secreted by the endothelial cells and appears to be the major regulatory factor involved 
in this activation (Schultz-Cherry et al., 1994). However, other factors have been identified 
that stimulate TGF-β1. For example, increased vascular wall stress that occurs in 
hypertensive individuals can sufficiently promote a strain "dose-dependent" increase in the 
TGF-β1 production by VSM cells, which leads to an associated increase in the matrix 
accumulation (O'Callaghan&Williams, 2000). Norepinephrine (Briest et al., 2004), hypoxia 
(Lee et al., 2009), oxidative stress (Zhao et al., 2008) and high glucose levels (Iglesias-de la 
Cruz et al., 2002) have also been shown to induce TGF-β1 production. Most of the 
information known about TGF-β1 has been collected from in vitro and in vivo animal 
models. Since human TGF-β1 and its nonhuman counterparts share a sufficiently high 
degree of homology, this makes it possible to extrapolate relevant data from animals to 
humans. 

The Smad proteins (Smad2, Smad3 and Smad7) are essential components of the downstream 
TGF-β signaling. Positive signaling via activation of Smad2/3, along with negative signaling 



 
Genetics and Pathophysiology of Essential Hypertension 

 

226 

via the negative feedback mechanism of Smad7, are able to regulate the biological activities 
of TGF-β1 (Kretzschmar&Massague, 1998). Activation of Smad3, but not Smad2, is one of 
the key and absolute necessary mechanisms required for Angiotensin (Ang) II-induced 
vascular fibrosis. This is because the Ang II-induced Smad3/4 promoter activities and 
collagen matrix expression are abolished in VSMCs null for Smad3 but not Smad2. There are 
several phases that promote Smad signaling in Ang II. During the first phase, Ang II directly 
activates an early Smad signaling pathway at approximately 15 to 30 minutes. During the 
second phase, Ang II subsequently activates the late Smad2/3 signaling pathway at 24 
hours. This pathway is TGF-β1 dependent, as it can be blocked by the anti-TGF-β antibody 
(Wang W et al., 2006). 

2.4 TGF-β1 and the renin-angiotensin system 

Ang II promotes sodium retention, cell growth and fibrosis, in addition to the classical 
effects it has on blood pressure and fluid homeostasis. Since it is well known that Ang II 
enhances TGF-β1 expression, TGF-β1 signaling pathways, and cardiac remodeling, which 
includes cardiac hypertrophy and cardiac fibrosis, the activation of TGF-β1 is considered to 
be closely associated with an Ang II excess (Ruiz-Ortega et al., 2007). 

In the hypertrophic myocardium, TGF-β1 tissue levels are markedly increased after cardiac 
stress loading, such as with an Ang II excess (Ikeda et al., 2005; Yagi et al., 2008). 
Furthermore, the stimulus that is associated with the increase in the activity of Ang II in 
heart tissue can repeatedly trigger the expression of TGF-β1 and lead to continual injury. 
Therefore, it is thought that there is a biologically rich and complex interaction that occurs 
between the renin-angiotensin system (RAS) and TGF-β1 in which both act at various points 

to regulate the actions of the other. This interaction might be the key to understanding the 
vital roles that RAS and TGF-β1 play in EH development. 

Another interplay between RAS and TGF-β1 involves the level of aldosterone. Ang II 
normally stimulates the production and release of aldosterone from the adrenal gland. 
Conversely, TGF-β1 suppresses production and strongly blocks the ability of Ang II to 
stimulate aldosterone by reducing the number of Ang II receptors expressed in the adrenal 
gland (Gupta et al., 1992). Furthermore, it has been shown that TGF-β1 can block the effects 
of aldosterone on sodium reabsorption in cultured renal collecting duct cells (Husted et al., 
1994). It has also been shown that after an infusion of aldosterone into rats with a remnant 
kidney, there is an increase in blood pressure, proteinuria, and glomerulosclerosis along 
with a neutralization of the beneficial effects of the Ang II blockade (Greene et al. 1996). 
Although the mechanism of aldosterone’s pathological effects is still unknown, it might be 
due to stimulation of TGF-β1 production in the kidney. 

EH is the most common cause of hypertension. The second most common cause of 
hypertension is primary aldosteronism (PA), which has recently been implicated in the 
alterations of the immune system and progression of cardiovascular disease. As compared 
to EH controls, PA patients have lower TGF-β1 levels (17.6+/-4.1 vs. 34.5+/-20.5 pg/ml, 
p<0.001). In addition, TGF-β1 levels were shown to exhibit a remarkable correlation with the 
serum-aldosterone/plasma-renin-activity ratio in the total group (PA+EH) (Carvajal et al., 
2009). Therefore, a chronic aldosterone excess in PA patients appears to modify the TGF-β1 
levels. If so, this could lead to an imbalance in the immune system homeostasis, thereby 
leading to an early proinflammatory cardiovascular phenotype in these patients. 
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2.5 TGF-β1 and endothelin 1 

Endothelin-1 (ET-1) is a vasoconstricting peptide that is produced primarily in the 
endothelium and which seems to play a key role in vascular homeostasis, tissue remodelling 
and fibrogenesis. These effects are mediated via two receptor types, ETA and ETB. In blood 
vessels, ETA receptors are found in VSM cells, whereas ETB receptors are mainly localized on 
endothelial cells and, to some extent, in VSM cells and macrophages. ET-1, which acts 
predominantly via the ETA receptors, promotes vasoconstriction, cell growth, adhesion, 
fibrosis, and thrombosis. TGF-β1 induces ET-1 expression by a functional cooperation 
between Smads and activator protein-1 via activation of the Smad signaling pathway (Yang 
et al., 2010). Moreover, TGF-β1 enhances NO generation in the endothelium, which in turn 
suppresses TGF-β1 production. When NO production is impaired, such as with 
hypertension, aging, and other systemic diseases, unopposed excess vascular TGF-β1 
production results in reduced vascular compliance and augmented peripheral arterial 
constriction and hypertension. Thus, NO functions as both a regulator for TGF-β1 
production and as a physiological antagonist of ET-1. 

Data from clinical trials have already demonstrated significant blood pressure lowering 
effects that occur after the combined use of ETA-ETB receptor blockers. ET-1 receptor 
blockade diminishes TGF-β production in cardiac, vascular, and renal tissues (Kowala et al., 
2004). While the role that ET-1 plays in normal cardiovascular homeostasis and in mild EH 
is still unclear, plasma ET-1 levels are increased in EH patients with atherosclerosis or 
nephrosclerosis when compared with patients with uncomplicated EH (Lariviere&Lebel, 
2003). Thus, targeting the endothelin system might potentially be an important therapeutic 
treatment for EH, particularly for preventing target organ damage and managing 
cardiovascular disease. 

2.6 TGF-β1 and organ damage-induced hypertension 

Several in vitro and in vivo studies have confirmed the role of TGF-β1 in the development of 
heart muscle hypertrophy. An in vivo model has demonstrated there is an increase in 
mRNA and protein levels of TGF-β1 in the cardiomyocytes of hypertrophied heart 
(Kobayashi et al., 2001). Overexpression of TGF-β1 in transgenic mice has been shown to 
result in cardiac hypertrophy that is characterized by both interstitial fibrosis and 
hypertrophic growth of the cardiomyocytes (Rosenkranz, et al., 2002). These findings 
indicate that local production of TGF-β1 in the hypertrophic myocardium and the link 
between the RAS and TGF-β1 signaling pathway are involved in the hypertrophic response. 

Hypertensive subjects can be considered to be at a higher risk of end-stage renal disease 
(ESRD). Scaglione et al. evaluated the relationship between circulating TGF-β1 and the 
progression of renal damage in a population of EH subjects. They evaluated the albumin 
excretion rate in EH patients and found there was a strong relationship between the 
progressive increase of TGF-β1 levels and the progression of renal damage (Scaglione et al., 
2002). Thus, it is possible that TGF-β1 overproduction may be the pathogenetic mechanism 
for the excess burden of hypertension and hypertensive renal damage. August et al. 
demonstrated that African Americans with ESRD had higher circulating levels of TGF-β1 
protein as compared to Caucasians with ESRD. They also found that hyperexpression of 
TGF-β1 was more frequent in African Americans with EH than in Caucasian Americans 
(August et al., 2000). Based on their findings, TGF-β1 is a treatment target that might be 
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indicate that local production of TGF-β1 in the hypertrophic myocardium and the link 
between the RAS and TGF-β1 signaling pathway are involved in the hypertrophic response. 

Hypertensive subjects can be considered to be at a higher risk of end-stage renal disease 
(ESRD). Scaglione et al. evaluated the relationship between circulating TGF-β1 and the 
progression of renal damage in a population of EH subjects. They evaluated the albumin 
excretion rate in EH patients and found there was a strong relationship between the 
progressive increase of TGF-β1 levels and the progression of renal damage (Scaglione et al., 
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especially pertinent in hypertensive African Americans. In addition, anti-TGF-β1 therapy 
could also be efficacious in preventing or slowing the progression of target organ damage. 

2.7 TGF-β1 gene polymorphisms, hypertension and organ damage 

The TGF-β1 gene, is located in the 19q13 chromosome and has 7 exons and 6 introns. 
Molecular biology research has confirmed that there are gene variations and 
polymorphisms in the TGFB1 that are associated with EH. A meta-analysis that was 
performed in the Chinese population and which included 5 separate studies with 2708 
subjects showed there was a relationship between the +869T/C polymorphism of TGFB1 
and EH. The pooled odds ratio (OR) for the CC/TC+TT genotype was 2.50, while the pooled 
OR for the frequency of the C allele was 1.43 (Yan-Yan, 2011). In Japanese individuals, 
Yamada et al. found that the frequency of the C allele in hypertensive women was higher 
than that seen in normotensive women, although there were no significant differences noted 
between hypertensive and normotensive men (Yamada et al., 2002). This research 
demonstrated that the association of the TGFB1 polymorphism and EH was most likely 
influenced by the gender factor. Another study suggested that the prevalence of the TC or 
CC genotypes of the +29T/C polymorphism in the gene was significantly higher in 
hypertensives versus normotensives. In addition, there was a higher prevalence of subjects 
with microalbuminuria and left ventricular hypertrophy (LVH) in hypertensives having 
these genotypes as compared to the hypertensives with the TT genotype (Argano et al., 
2008). 

To investigate the linkage between the TGFB1 polymorphism and the progression of 
atherosclerosis, Sie et al. conducted a population-based study that investigated five 
functional polymorphisms in TGFB1 (-800 G/A, -509 C/T, codon 10 Leu/Pro, codon 25 
Arg/Pro and codon 263 Thr/Ile) in relation to the arterial stiffness (pulse wave velocity 
(PWV), distensibility coefficient (DC) and pulse pressure (PP)). However, neither these 
polymorphisms nor the haplotypes were associated with the PWW, DC or PP (Sie et al., 
2007). Conversely, the C allele of TGFB1 rs4803455 in an elderly Chinese man was shown to 
be significantly associated with the prevalence of carotid plaque (Deng et al., 2011). 

As compared to Caucasian Americans, African Americans have a higher incidence and 
prevalence of hypertension and hypertension-associated target organ damage, which 
includes hypertensive nephrosclerosis. Suthanthiran et al. demonstrated that TGF-β1 
protein levels were the highest in African American hypertensives, and that the TGF-β1 
protein as well as the TGF-β1 mRNA levels were higher in hypertensives when compared to 
normotensives (Suthanthiran et al., 1998) They also showed that the proline allele at codon 
10 of TGFB1 was more frequently observed in African Americans as compared with 
Caucasian Americans. In addition, its presence was also associated with higher levels of 
TGF-β1 mRNA and protein. These findings suggest that TGF-β1 hyperexpression might be a 
risk factor for hypertension and hypertensive complications, in addition to being the basis of 
the mechanism for the excess burden of hypertension in African Americans. 

2.8 TGF-β1 and antihypertensive treatment 

Laviades et al. reported that the efficient blockade of the AT1 receptors that is observed 
when using losartan is associated with the inhibition of TGF-β1, normalization of collagen 
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type I metabolism, and reversal of left ventricular hypertrophy and microalbuminuria in 
hypertensive patients (Laviades et al., 2000). As a similar effect has been reported for 
captopril, this suggests that both angiotensin converting enzyme inhibitor (ACEI) and Ang 
II receptor blocker (ARB) attenuate the TGF-β1 expression (Sharma et al., 1999). 
Furthermore, although high glucose has also been shown to increase the production of Ang 
II and TGF-β1, both ACEI and ARB attenuated the increase in TGF-β1 production and 
reduced the cell proliferation caused by exposure to high glucose. These effects were greater 
when a combination of the two drugs were used (Kyuden et al., 2005). Scaglione et al. 
evaluated the effects of 24 weeks of losartan and ramipril treatment, both alone and in 
combination, on the circulating TGF-β1 and left ventricular mass (LVM) in EH patients. 
Their results showed that the absolute and percent reduction in TGF-β1 and LVM were 
significantly higher in the combined versus the individual losartan or ramipril groups. Thus, 
these findings indicate there is an additional cardioprotective effect provided by the dual 
blockade of renin-angiotensin in EH patients (Scaglione et al., 2007). 

Hallberg et al. determined the impact of the + 915G/C polymorphism of TGFB1 on the 
response to antihypertensive treatment. In a randomized double-blind study designed to 
treat EH patients for 48 weeks with either the AT1 receptor antagonist irbesartan or the β1-
adrenoceptor blocker atenolol, they examined the association between the TGF-β1 genotype 
and LVM regression in patients that had been echocardiographically diagnosed with LVH. 
Irbesartan-treated patients who were carriers of the C allele, which is associated with a low 
expression of TGF-β1, responded with a markedly greater decrease in the LVM index 
(LVMI) as compared to subjects with the GG genotype (adjusted mean change in LVMI -44.7 
g/m2 vs. -22.2 g/m2, p = 0.007). This decrease occurred independent of the blood pressure 
reduction. However, no association was noted between the genotype and the change in 
LVMI in the atenolol group. Therefore, they concluded that the TGF-β1 + 915G/C 
polymorphism was related to the change in the LVMI in response to the antihypertensive 
treatment with the AT1 receptor antagonist irbesartan (Hallberg et al., 2004). 

Based on these findings and the observations that ACEI and ARB are able to reduce Ang II-
mediated stimulation of the TGF-β1 production, treatments using these agents might be 
efficacious in preventing or slowing the progression of target organ damage in EH, 
especially in those patients who have LVH or hyperglycemia. Moreover, based on data 
presented above, it can be speculated that greater disease reduction could perhaps be 
achieved if TGF-β1 rather than blood pressure was the therapeutic target. 

3. Emilin 1 
3.1 EMILINs family 

EMILINs are a family of proteins of the extracellular matrix. The first protein of the family, 
initially named gp115, was isolated from chicken aorta under harsh solubilizing conditions. 
This protein was particularly abundant in the aortic tissue, and further 
immunohistochemical studies also showed it to be strongly expressed in blood vessels and 
in the connective tissues of a wide variety of organs, particularly in association with elastic 
fibers (Colombatti et al., 1987). At the ultrastructural level, the molecule was detected in 
elastic fibers, where it was located at the interface between the amorphous core and the 
surrounding microfibrils (Bressan et al., 1993). On the basis of this finding, the protein was 
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named EMILIN (elastin microfibril interface-located protein). Cloning of the cDNA of 
chicken EMILIN lead to the isolation in both human and mouse genes, with a total of three 
genes having been identified in humans and mice at the present time. The cardiovascular 
system has been demonstrated to be the major site of expression for the EMILIN genes 
(Braghetta et al., 2004). 

EMILINs share four protein domains, the C-terminal C1q domain, collagenous domain, 
coiled-coil domain and N-terminal cysteine-rich domain (EMI domain) (Colombatti et al., 
2000). There are also unique domains that are not shared by the EMILIN proteins. For 
example, EMILIN1 has two leucine zipper regions, multimerin has an endothelial growth 
factor-like domain, and EMILIN2 contains a proline-rich domain. This domain organization 
suggests that there are some shared and some specific functions for each of these EMILIN 
proteins. 

3.2 EMILIN1 and hypertension 

EMILIN1 was originally isolated form the aorta and is intimately associated with elastic 
fibers and microfibrils in the blood vessels, as well as in the connective tissue of other 
organs. EMILIN1 is a monomer when it is within the cells, but upon secretion, it 
oligomerizes via the formation of disulfide bonds. EMILIN1 appears to be more slowly 
secreted than other ECM components, although the implication of this is unclear 
(Colombatti et al., 2000). The function of EMILIN1 remained unknown until the gene was 
finally disrupted in mice. Although EMILIN1 knockout mice are fertile and have no obvious 
abnormalities, histological and ultrastructural examinations have shown there are 
alterations of the elastic fibers in the aorta and skin. Formation of elastic fibers by mutant 
embryonic fibroblasts in cultures has also been found to be abnormal (Zanetti et al., 2004). 
These mice develop larger lymphangiomas as compared to Wild type mice. Lymphatic 
vascular morphological alterations in these mice are also accompanied by functional defects, 
such as mild lymphedema, a highly significant drop in lymph drainage, and enhanced 
lymph leakage (Danussi et al., 2008). 

In 2006, Zacchigna et al. found that Emilin1 deficient mice become hypertensive (systolic 
blood pressure: 120±2 versus 101±1, n=46 per group, P<0.01), in addition to exhibiting an 
increased peripheral vascular resistance and a reduced vessel size, all of which were 
independent of the cardiac output. Strikingly, after inactivation of a single TGF-β allele, the 
high blood pressure in the mice returned to normal levels. A further study revealed that 
EMILIN1 inhibits TGF-β signaling by specifically binding to the proTGF-β precursor, 
thereby preventing its maturation by the furin convertases in the extracellular space 
(Zacchigna, et al., 2006). This study highlighted the importance of the relationship between 
EMILIN1 and TGF-β availability in the pathogenesis of hypertension. EMILIN1 may inhibit 
TGF-β by several different mechanisms. First, it is possible that it could interfere with TGF-β 
secretion or maturation, or second, it could prevent the presentation or the interaction of the 
TGF-β ligands with the cognate receptors. Finally, it could also be possible that it acts by 
sequestering either the immature or mature ligand (Zacchigna, et al., 2006). Therefore, 
further studies will need to be undertaken that conclusively prove that: 1) EMILIN1 
modulates TGF-β availability during the development of the cardiovascular system, 2) 
EMILIN1 is associated with the pathogenesis of hypertension, and 3) TGF-β maturation is 
linked to the blood pressure homeostasis that has been identified in animal studies. If these 

 
Potential Roles of TGF-β1 and EMILIN1 in Essential Hypertension 

 

231 

future studies do lead to the discovery of the genetic susceptibility of EMILIN1 gene to 
hypertension, this will ultimately lead to a better understanding of the mechanism of human 
hypertension. 

3.3 EMILIN1 gene polymorphisms and EH 

The human EMILIN1 gene, which encodes EMILIN1, consists of 955 amino acids and is 
located on chromosome 2p23.3-p23.2, which overlaps with the promoter region of the 
ketohexokinase gene (Doliana et al., 2000). The gene is quite small and consists of 
approximately 7.3 kilo base-pairs that contain eight exons, and which are interrupted by 
seven introns. In a previous investigation of the association of the EMILIN1 gene 
polymorphisms and EH, we genotyped a total of 287 EH patients and 253 age-matched 
controls for five single-nucleotide polymorphisms (SNPs) used as genetic markers for the 
human EMILIN1 gene (rs2289408, rs2289360, rs2011616, rs2304682, and rs4665947). We 
confirmed that rs2289360, rs2011616, and rs2304682, as well as the haplotype constructed 
using rs2536512, rs2011616, and rs17881426 were useful genetic markers of EH in Japanese 
men (Shimodaira et al., 2010). In a Mongolian population, the rs2304682 locus in EMILIN1, 
as well as the haplotypes G-G constructed using rs3754734 and rs2304682, appeared to be 
associated with the susceptibility of EH. In addition, rs2304682 may also be associated with 
the level of the diastolic blood pressure (Mi et al., 2011). Conversely, Shen et al. reported 
finding no significant association between the EMILIN1 gene and EH, although the 
interaction of age and genotype variation of rs3754734 and rs2011616 might increase the risk 
of EH in the northern Han Chinese population (Shen et al., 2009). In order to definitively 
determine if there is an association between the genetic variation of the EMILIN1 gene and 
increases in the blood pressure, further studies that investigate the role of the EMILIN1 gene 
in vascular development and blood pressure homeostasis will need to be undertaken. At the 
present time, however, there have yet to be any reports of human hereditary diseases that 
are involved with EMILINs. Therefore, the morphological abnormalities revealed in this 
study constitute the first potential hallmark of EMILIN1 insufficiency, which may prove to 
be helpful in identifying heritable diseases induced by mutations of this gene in the future. 

4. Conclusion 
Many studies over the last decade have attempted to elucidate the important roles of TGF-
β1 and EMILIN1 in the maintenance of normal blood vessel wall architecture in humans. 
While most of the results reviewed here are consistent with the concept that TGF-β1 and 
EMILIN1 have similar roles in the vasculature of humans and rodents, direct and conclusive 
evidence has yet to be found. However, this is not all that surprising when one considers the 
difficulty of probing complex systems in humans. Although interventional experiments are 
commonplace in animal models, almost all without exception are impossible to perform in 
the regulatory systems in the human vasculature. From a therapeutic point of view, 
understanding the complexities of the interplay between the TGF-β1 signaling pathway and 
the development of EH are matters of great importance. For the most part, strategies that 
decrease TGF-β1 activity may very well be able to protect against hypertension and 
hypertensive organ damage. Once definitive information on the TGF-β1 signaling pathway 
and human hypertension becomes available, novel therapeutic approaches that modulate 
the biological actions of TGF-β1 might become available for use in EH patients. 
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