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Preface

Hypertension has emerged as a major health hazard in both developing and developed 
countries. It is a major risk factor for cardiovascular, renal, and cerebrovascular diseases 
and significantly contributes to morbidity and mortality associated with these diseases. 
Thus, an understanding of its early diagnosis, management, along with mechanisms 
contributing to its pathophysiology is essential to reduce the morbidities and mortality 
associated with hypertension.

This book, “Hypertension - An Update”, explores diverse aspects of Hypertension. 
The book has 6 chapters that cover a diverse range of topics, including an introductory 
chapter on an overview of hypertension; strategies for self-management of hyperten-
sion in rural communities; an update on using imaging techniques, including MRI in 
diagnosis and management of hypertensive patients; using hair and nail samples to 
evaluate sodium and potassium levels; a role of Vitamin D in the pathophysiology of 
hypertension and a review of stem cells in hypertension.

This book will provide interesting reading to both clinicians and basic scientists with 
an interest in hypertension research.

I would like to thank all our authors for taking out their valuable time to contribute 
chapters to this book. We greatly appreciate your efforts and contribution to making 
this book feasible. I will also like to thank the entire staff of IntechOpen for managing 
this book, and for their persistent efforts and expert assistance in managing the flow 
of manuscripts and materials among the chapter authors, editor, and publisher.

Madhu Khullar
Department of Experimental Medicine and Biotechnology,

PGIMER,
Chandigarh, India
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Chapter 1

Introductory Chapter: 
Hypertension – A Perspective
Madhu Khullar and Anupam Mittal

1. Introduction

High blood pressure or hypertension (HTN) is characterized by persistent raised 
arterial pressure. According to international guidelines, hypertension has been 
defined by systolic blood pressure (SBP) equal to or more than 130 mmHg and/or dia-
stolic blood pressure (DBP) of more than 80 mmHg [1]. The definition and categories 
of HTN are under constant review, and the present consensus is that persistent SBP/
DBP readings of 140/90 mmHg should be treated to achieve a target of 130/80 or less.

The ACC/AHA hypertension treatment guidelines have categorized hypertension 
into different stages: (1) normal (<120 systolic and <80 mm Hg diastolic), (2) elevated 
(120–129 systolic and <80 mm Hg diastolic), and (3) stage 1 hypertension (130–139 
systolic or 80–89 mm Hg diastolic) and stage 2 hypertension (≥140 systolic or ≥90 mm 
Hg diastolic). It has been suggested that these categories should be confirmed by at 
least two readings at two different time points, and an average of those readings should 
be taken. Further, the final classification should be based on the highest SBP/DBP 
category [2].

2. Epidemiology

HTN is one of the most common chronic diseases and is a major causative factor 
for cardiovascular, renal, and cerebrovascular diseases and their associated morbid-
ity and mortality. According to a WHO report published in 2021, approximately 1.3 
billion adults, between the age of 30 and 79 years suffer from hypertension, with 
two-third of them being from low- and middle-income countries. Nearly 50% of 
patients remain undiagnosed, and only one out of five patients have their blood 
pressure under control. A recent comprehensive report which analyzed global 
prevalence of hypertension in 184 countries covering 99% of the total world popu-
lation showed that the incidence of hypertension has doubled in the last 30 years 
(1990–2019) in adults in the age range of 30–79 years. The prevalence was found to 
be lowest in Canada and Peru for both men and women, whereas it was lowest in men 
in some European countries such as Switzerland, Spain, and UK. Several low-income 
countries, which included Bangladesh, Ethiopia, Solomon, and Eritrea also showed 
lower incidence of hypertension. High-income countries and emerging high-income 
countries such as Taiwan, Turkey, South Africa, and Iran showed higher treatment 
and control of HTN as compared to low-income countries. The highest prevalence of 
HTN was seen in sub-Saharan Africa, Oceania, and South East Asia [3].
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3. Etiology

Based on etiology, hypertension has been categorized into primary hypertension 
and secondary hypertension. When the primary cause of raised blood pressure cannot 
be determined, it is called primary or essential hypertension. In secondary hyperten-
sion, hypertension is secondary to medical cause such as renovascular hypertension 
and hypertension secondary to renal and adrenal disorders.

Primary hypertension is a multifactorial complex disease. The causative factors 
for primary hypertension are considered to be mostly unknown, but we do know 
several modifiable factors such as high salt intake (in salt-sensitive patients), high-
fat diet, high alcohol intake, obesity, sedentary lifestyle, stress, insulin resistance, 
low potassium, and low calcium contribute to the pathogenesis of essential hyper-
tension. Family history of hypertension is also a significant etiological factor in the 
pathogenesis of primary hypertension. Several gene loci have been identified which 
contribute to the pathophysiology and pathogenesis of hypertension. Studies in the 
last two decades have shown that there is a significant interaction between genetic 
factors and environmental/modifiable factors in the etiopathogenesis of primary 
hypertension.

4. Pathogenesis

Increased arterial pressure, which is a hallmark of hypertension, is the result of 
alterations in cardiac output and total peripheral vascular resistance. Dr. Page was 
the first one to propose that factors such as blood volume, vascular elasticity, caliber, 
reactivity, humoral factors, and neural stimulation influence blood pressure regula-
tion. In recent years, additional mechanisms such as oxidative stress, inflammation, 
and microbiome have been identified to play an important role in HTN pathogenesis.

The kidney is the main effector as well as target organ of HTN. It produces renin, 
which cleaves angiotensinogen to form angiotensin I, which further is converted to 
angiotensin II (AngII) by the action of angiotensin-converting enzyme (ACE). This 
constitutes the renin-angiotensin system (RAS). Renin is produced as an inactive 
precursor prorenin in specialized juxtaglomerular cells of the kidney and is activated 
to renin on binding to prorenin receptor (PRR). Renin is secreted from JG cells on 
sensing reduced perfusion pressure, increased sympathetic activity, or increased 
availability of sodium chloride to macula densa cells [4].

Kidneys also regulate blood pressure by regulating pressure diuresis and natri-
uresis. First reported by Gyaton [5], increased blood pressure is now known to cause 
diuresis and natriuresis, resulting in normalizing the BP. It has been shown that 
acute rise in BP results in the translocation of sodium transporters, sodium hydrogen 
exchanger (NHE3), and the sodium-phosphate cotransporter isoform 2 from luminal 
cell membrane to apical microvilli of proximal tubules which hampers sodium reab-
sorption. However, chronically raised BP results in relocation of thiazide-sensitive 
sodium chloride cotransporter also to the apical microvilli and results in increased 
sodium reabsorption [6]. The kidneys also regulate blood pressure by modulating 
systemic sympathetic tone via renal afferent nerves. These nerves transmit sym-
pathetic signals to the kidney and increase renin release and sodium reabsorption. 
Kidneys also are the site of immune activation and have been suggested to induce 
neoantigen formation in hypertension [6].



3

Introductory Chapter: Hypertension – A Perspective
DOI: http://dx.doi.org/10.5772/intechopen.106880

5. Role of vasculature

Vasculature perturbations in hypertension include increased AngII, catechol-
amines, and vasopressin production, and these responses are suggested to be medi-
ated by G-protein signaling pathways. Decreased vasodilatation is an important 
feature of hypertension, and reduced NO signaling and endothelium-dependent 
vasodilatation mechanisms are said to contribute to decreased vasodilatation. 
Increased vascular remodeling involving smooth muscle cell hypertrophy and nar-
rowing of arteriolar lumen also have been implicated in increased vascular resistance. 
Increased production of AngII, catecholamines, oxidative stress, and inflammation 
contribute to HTN-mediated vascular remodeling. Vascular remodeling is also known 
to promote arterial stiffening resulting in end-organ damage [7, 8].

6. Inflammation and immune mechanisms

There is ample evidence that there is increased production of pro-inflammatory 
cytokines, such as IL-17A, in the kidney and blood vessels in the hypertensive milieu. 
These cytokines promote fibrosis and modulate pressure natriuresis and sodium 
handling by kidney cells [9]. The immune activation has been shown to be mediated by 
increased oxidative stress in antigen-presenting cells and sympathetic outflow [10, 11].

7. Oxidative stress and hypertension

Reactive oxygen species (ROS) such as super oxide anions, hydroxyl radicals, 
hydrogen peroxide, and free oxygen radicals have been shown to play an important 
role in the pathophysiology of hypertension. There is an increased ROS production 
in various tissues such as kidney, heart, and vasculature in the hypertensive milieu. 
Increased activity of ROS-producing enzymes, NADPH oxidases, and NO synthases 
has been observed in hypertension [6]. Increased ROS production produces an 
imbalance between pro-oxidants and oxidants, resulting in oxidative stress in tissues 
and organs. Oxidative stress can induce vascular remodeling, induce sodium reab-
sorption in the kidneys, and activate pro-fibrotic metalloproteases [12]. High salt 
intake and increased AngII production have been shown to induce oxidative stress in 
vascular cells of kidneys. Both high salt intake and AngII have been found to increase 
NADPH oxidase levels and decrease SOD expression, leading to increased ROS 
generation and associated damage to renal cells. Recent studies suggest that mito-
chondria also have a role in ROS generation in HTN, through inhibiting SOD activity 
via Sirt3 (sirtuin3) [13].

8. Genetics and hypertension

Familial inheritance of hypertension is well established; however, no single gene 
has been found to be associated with primary hypertension. Several genes have been 
identified for highly inheritable monogenic syndromes associated with hypertension, 
which have helped to elucidate patho-mechanisms leading to high blood pressure. 
However, primary hypertension has been shown to be associated with the complex 
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interaction of single-nucleotide polymorphisms (SNPs) in multiple genes. Through 
genome-wide association studies and through gene-specific genetic association 
studies, more than 1000 SNPs have been reported to be associated with hypertension 
[14]. These SNPs appear to interact with environmental factors as well as there are 
gene–gene interactions, resulting in hypertension. Recently, it has been shown that 
a genetic score based on multiple gene–gene interactions (polygenic risk score) may 
have a good predictive value [6].

9. Role of salt in hypertension

Dietary salt is an important modulator of blood pressure response in salt-sensitive 
hypertensives. Several epidemiological studies have confirmed the association of 
dietary salt with increased risk of HTN and the beneficial effects of salt reduction on 
reducing blood pressure [15]. In salt-sensitive hypertensives, there is impaired salt 
excretion by kidneys, and ingestion of high salt leads to increased peripheral vascular 
resistance due to endothelial dysfunction and increased vasoconstriction. Under low 
salt conditions, these subjects fail to increase peripheral vascular resistance [16].

The salt-mediated hypertension has been extensively investigated, and it is appar-
ent that besides defective renal excretion, other mechanisms, such as intradermal 
accumulation and its subsequent effect on immune modulation such as macrophage 
stimulation, and vascular endothelial growth factor (VEGF) stimulation [17]. Besides 
this, high salt is known to T cells to generate IL-17A, which is known to promote 
vascular fibrosis and hypertrophy, endothelial dysfunction, and increased sodium 
retention in the kidneys. Increased sodium has also been reported to stimulate the 
secretion of pro-inflammatory cytokines, TGF-α, IL-6, and IL1-β [6].

10. Role of gut microbiome

In the past few years, the microbes harboring the gut have been extensively 
investigated for their role in several diseases, including hypertension. Under normal 
conditions, gut bacteria are said to be in symbiosis with its surroundings, mean-
ing co-existing in harmony within gut. However, there is dysbiosis, i.e. imbalance 
between healthy and pathogenic bacteria in the gut in several diseases, including 
hypertension. It also shows a reduction in quantum and diversity of the gut microbi-
ome under diseased conditions. Alterations in the gut microbiome has been observed 
in hypertensive and pre-hypertensive patients and in several models of hypertension, 
including spontaneously hypertensive rats and Dahl-sensitive rats [18, 19]. Microbes 
such as Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria have been found to 
be increased in hypertensive gut microbiome composition [20].

Emerging literature suggests that due to gut dysbiosis, there are changes in bac-
terial metabolites which influence blood pressure regulation [19]. Changes in gut 
microbial population in hypertension subjects and animal models have been shown to 
be influenced by a high salt diet, which causes increased levels of pro-inflammatory 
cytokine, IL-17A [21]. Dietary fiber-enriched foods such as vegetables and fruits and 
whole grains too have been shown to alter gut microbiome favorably in hypertensives. 
Dietary fibers are said to increase short-chain fatty acids, which are considered 
good anti-inflammatory products and also influence other pathways such as renin 
release by JG cells, vasculature, and autonomic nervous system [22]. Thus, dietary 
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manipulations such as high-fiber diet, prebiotics, and probiotics appear to have 
therapeutic potential in decreasing the risk and treatment of hypertension.

11. Future perspectives

Despite increased detection and treatment of hypertension compared to the 
last decade, hypertension still is a significant public health problem responsible for 
cardiovascular diseases, renal failure, stroke, and retinopathy. This is probably due to 
several factors such as delayed diagnosis, lack of newer, more effective therapeutics, 
and accessibility to treatment. Thus, there is a need to develop public health aware-
ness of hypertension, specifically in low-income countries, along with better and 
more accurate tools to detect hypertension. Further, there is a need to develop newer 
therapeutics based on recently discovered molecular mechanisms in the pathophysi-
ology of hypertension. Dietary manipulations, lifestyle changes, and immunotherapy 
will play more role in preventive and therapeutic strategies for hypertension in the 
near future.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Stem Cells in Hypertension
Harmandeep Kaur Randhawa, Madhu Khullar  
and Anupam Mittal

Abstract

Endothelial dysfunction and vascular remodeling are the hallmarks of pulmonary 
arterial hypertension (PAH). For PAH treatment, there is a rising demand of Stem 
cell therapy. Interestingly, research reveals that stem/progenitor cells may have an 
impact in disease progression and therapy in PAH patients. Clinical trials for stem 
cell therapy in cardiac cell regeneration for heart repair in PAH patients are now 
underway. The clinical potential of stem/progenitor cell treatment that offers to PAH 
patients helps in lesion formation which occurs through regaining of vascular cell 
activities. Majorly the stem cells which are specifically derived from bone marrow 
such as mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs) and 
induced pluripotent cells (iPSCs), adipose-derived stem cells (ADSCs), and cardiac 
stromal cells (CSCs) are among the subtypes that are proved to play a pivotal role in 
the repair of the heart. But with only MSCs and EPCs, have shown positive outcomes 
and act as therapeutically efficient in regaining cure for PAH in clinical trials. This 
chapter also seeks to explain the potential limitations and challenges with most recent 
achievements in stem/progenitor cell research in PAH.

Keywords: pulmonary arterial hypertension, mesechymal stem cells and induced 
pluripotent stem cells

1. Introduction

Stem cells have the potential to regenerate tissues and organ systems owing to 
their capability of self regeneration and multilineage differentiation [1]. Increased 
pulmonary artery pressure (PAP) causes right ventricular heart failure, which is one 
of the main reasons why PAH is thought to be incurable [2]. Two essential cell types 
in the pulmonary arteries that have been significantly impacted by PAH: endothelial 
cell loss of function and pulmonary artery smooth muscle cells (PASMCs) expan-
sion [3]. Additionally, the pathologic characteristics that were introduced, such as 
endovascular diameter constriction into the endothelial cells, excessive prolifera-
tion of fibroblast and smooth muscle cells (SMC), and a lack of communication 
between pericytes, contributed to the dysfunction process [4]. The pathobiology 
of disease can be characterized in terms of changes in RV vascular capacity, and it 
is shown that in order to preserve coordination between normal cardiac output and 
RV ventricular-arterial (VA) coupling, there is a distinct transition from adaptive to 
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maladaptive state [5]. Because contractility and thickness of artery wall are increas-
ing which result in RV dilatation, decreased contractility and cardiac output, and VA 
uncoupling [6, 7]. Patients who have been diagnosed with long-term RV failure will 
eventually die. Maladaptive RV remodeling has been associated to decreased angio-
genesis, increased metabolic alterations, fibrosis, and disruption of the autonomic 
nervous system at numerous cellular levels. As a result, PAH is still a fatal disorder 
with no corrective treatment [8]. Stem cells (SC), on the other hand, are seen as a 
new cell based therapy approach for those suffering with PAH, as they successfully 
address symptoms associated to mitochondrial and pulmonary vascular endothelial 
failure, as well as controlling pulmonary artery expansion in smooth muscle cell 
[9]. The ultimate goal of SC therapy is to restore cardiopulmonary function while 
avoiding serious side effects. Another compelling feature is genetic alterations which 
ultimately boost the effectiveness of stem cells in treating PAH. Adult stem cells are 
attributed to multipotency with an exception of pluripotent nature found in umbili-
cal cord blood [10]. The right ventricle can be treated using stem cells for instance, 
MSCs, EPCs, iPSCs, ADSCs, and CPCs. Clinical investigations have shown that the 
two cell types of differentiating cells which are MSCs and EPCs have been regarded 
as a putative therapy for PAH as illustrated in Figure 1 [9, 11]. This pulmonary 
vascular remodeling process includes endothelial injury and repair, development of 
smooth muscle cells, and the participation of resident and circulating stem/progeni-
tor cells [10, 12–14]. Stem/progenitor cells have the ability to develop into vascular 
cell lineages, which may aid in the regeneration process and be effective in the treat-
ment of this condition [15, 16].

Figure 1. 
Mechanism of progression of pulmonary arterial hypertension.(a) defects in right ventricle takes place through 
decrease in ventricular capillary density.(B) cardiac endothelial cells dysfunction and over proliferation of 
PASMCs.
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2. Regaining of PA endothelial dysfunction by stem cells

The following sections will specifically discuss the different types of stem/pro-
genitor cells involved in PAH.

2.1 Mesenchymal stem cells (MSCs)

MSCs, often referred to as mesenchymal stromal cells, are non-hematopoietic 
cells that are present in bone marrow stroma. They are a diverse cell population with a 
built-in capacity for self-regeneration and cell differentiation into a variety of differ-
ent cell types. MSC-based stem cell treatment has gotten a lot of attention in healing 
wounded tissue since MSCs are unique in that they can differentiate into multiple cell 
types and release paracrine substances [17–20]. Such cells can be obtained from dif-
ferent origins such as from bone Marrow, peripheral blood, amniotic fluid, placenta 
and umbilical cord blood etc. as shown in Figure 2. Apparently, the differentiation of 
stromal cells into adipocytes, osteoblasts and chondroblasts, is due to its remarkable 
multipotent feature among other cell types. They display specific markers on their 

Figure 2. 
A. the origin of MSCs and their lineage into cardiomyocytes cells with their characteristics role in regeneration. B 
MSCs ex vivo preparation for transplantation.
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cell specific surface markers: CD90, CD73, and CD105, but not CD14, CD24, CD31, or 
CD45 [21]. MSCs shows the competence to move to wounded lung tissue and secrete 
anti-apoptotic (Bcl-2), angiogenic Vascular endothelial growth factor (VEGF), and 
anti-inflammatory interferon (IFN), Interleukins (IL-10), and Hepatocyte Growth 
Factor (HGF) proteins. MSC’s immunological tolerance is a crucial trait that makes 
them ideal for clinical usage [22]. In PAH, MSCs are highly suitable for right ven-
tricular (RV) cell therapy because of their tendency to release paracrine chemicals 
which has proangiogenic and protect cells against harmful agents by secreting various 
compounds (cytoprotective effects). They may protect cardiomyocytes against hyper-
trophy and fibrosis by increasing capillary density. Finally, their immunostimulatory 
attribute make them very appealing for stem cell treatment [23].

As research suggest the Prostacyclin synthase (PCS) gene in MSC’s have been dem-
onstrated to reduce right ventricular hypertrophy (RVH) and inhibit monocrotaline 
induced pulmonary arteriolar remodeling [19, 23]. More significantly, this research 
found that if PCS-MSCs injected once can potentially improve the life expectancy 
of PAH induced rats to seven weeks after the injection. When it came to reducing 
RVH and right ventricular systolic pressure (RVSP) in monocrotaline-induced PAH 
rat model, MSCs produced from human embryonic stem cells outperformed MSCs 
derived from adult bone marrow in preclinical studies [24]. Clinical trials done so 
far are currently centered mainly on increasing pulmonary function, and MSCs have 
clearly proved their efficacy in treating PAH. MSCs are stable enough to remain at 
the site of tissue injury and inflammation, and they are also simple to genetically 
manipulate, isolate, and cultivate ex vivo. The systemic infusion of MSC-conditioned 
media was shown to reduce lung inflammation and stimulate vascular development 
in wounded tissue. The release of chemicals that perform tissue healing is most likely 
the underlying process that promotes vascular growth and heals wounded vascular 
endothelium. Another effect known as paracrine signaling has been seen, which leads 
to MSCs engraftment and differentiation into particular lung cell types. Because 
paracrine signaling is present in modest quantities at wounded tissue, it has a favor-
able impact on damage responses such as PAH [6, 7, 25].

2.2  Epigenetic alterations of stem cells in treating PAH: role of microRNA 
(miRNAs) in PAH

miRNAs are non-coding RNAs that are found in the human body and are important 
regulators in a variety of pathophysiologic processes. Recent research suggests that 
by influencing gene expression of multiple mRNAs, transfection of stem cells with 
particular microRNA could alleviate the related inflammatory pathways in PAH [26]. 
Moreover, miRNA abundance and their activation are tissue specific in both healthy 
and pathological situations, hence they are of critical importance. To exemplify, some 
clinical and preclinical studies have already found that the differential expression of 
number of miRNAs that plays crucial role in prolonged hypoxia condition in the lungs 
of PAH monocrotaline rat model [26, 27]. DNA methylation, histone acetylation, and 
microRNA dysregulation all contribute to PAH production. Histone acetylation is 
important in pulmonary arterial hypertension. MiR-17 promotes the STAT3-BMPR 
pathway, whereas miR-145 inhibits BMPR activity MiR-30, MiR-22, and let-7f were 
down regulated in both hypoxic and monocrotaline models, however miR-322 and 
miR-451 were significantly up regulated throughout the progression of PAH. In 
PASMCs from people with PAH, miR-204 was consistently down regulated [26, 28]. 
Absence of regulation of miR-17 in PASMCs has been linked to PAH and is likely to 
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be related to cell proliferation. Overexpressed miR-21 appears to proliferate human 
PASMCs and their interconnected proteins, such as cyclin D1 and Bcl-xl, in vitro 
genetic alteration, providing strong evidence for its role in cell proliferation [29].

The survival and widespread mortality of the transplanted MSCs in the injured 
tissue made MSC its efficacy unacceptably low. Cell differentiation, neovascular-
ization, cell death, and other processes all involve miRNAs. Therefore, epigenetic 
pathways must be explored when taken into consideration for transplantation therapy 
for PAH disease, and a detailed analysis of how miRNAs regulation might reverse 
PAH will be crucial for further study into its pharmacological properties. As a nut-
shell, another promising strategy for treating PAH is epigenetic alteration of stem 
cells using miRNAs [29, 30].

2.3 Endothelial progenitor cells (EPCs)

The first changes in PAH takes place through apoptosis of endothelial cells and 
further loss of endothelium integrity that contributes to pathophysiology, creation 
of occlusive vascular lesions produced by subsequent uncontrolled expansion in 
vascular adventitia and smooth muscle media [4, 31]. ESPCs are thought to develop 
into mature endothelial cells at locations of vascular injury and provide a vital part 
in regenerating tissues for endothelial function recovery during PAH. CD34 and 
VEGFR-2 were the first cell surface markers screened out to determine the EPCs, 
according to Asahara. Currently, cells must display a series of distinct markers to 
be classified as EPCs, although however there is a closed resemblance with surface 
markers that are present on circulating endothelial cells (CEC) and hematopoietic 
stem cells (HSC). The CD34, CD45-, CD133+, KDR+, CD14-, CD146+ are phe-
notypic markers for EPCs [32, 33]. The limitations of EPCs extracted from adult 
peripheral blood ranging from 0.002 to 0.01% is that they are in small proportion 
which is required for stem cell treatment. For accomplishing the required number 
of cells, culturing of cells in vitro for several weeks is required. It is the long culture 
period necessary to generate a viable therapeutic dosage. The isolation of EPCs from 
0.2 to 1% in umbilical cord blood (UCB) produces far more EPCs in comparison to 
adult blood with greater number of active cells as well [32]. Despite the fact that 
EPCs are taken from different individuals of the same species thus allogenic in 
nature and the underlying capability for immunological refusal must be considered. 
Additionally, the absence of identification of the kind of EPCs makes it difficult 
to compare and adapt study findings to clinical practice. EPCs has been shown to 
be helpful to the right RV in PAH animal models. The study reveals that no direct 
impact was evaluated on EPCs in heart as whole concern was on improving lung 
circulation or if they were caused by the transplanting stem cells for improving the 
pulmonary vascular disease. Therefore, EPCs likely to be potential candidates for 
treating PAH with RV-targeted cells [16, 23, 32].

The present limitation facing are due to its low frequency in peripheral and cord 
blood, which is one of the key constraints of EPCs therapy. Firstly its inherent immu-
nogenicity, it can only be delivered autologously. Secondly, the transplanted SPCs 
have a low survival rate [32]. Henceforth the obstacles to their isolation and identifi-
cation, as well as concerns with expansion efficiency and immunogenicity, must be 
overcome before EPCs may be used clinically in the PAH area. Because of their clonal 
proliferation potential and ability to create blood vessels, EPCs also have vascular 
reparative effects in PAH, making them a feasible method for pulmonary vascular 
regeneration [34].
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2.4 Induced pluripotent stem cells (iPSCs)

In 2006, Takahashi and Yamanaka discovered that reprogramming somatic cells 
from human through overexpression of transcription factors (OCT4, SOX2, KLF4, 
c-MYC, LIN28, and NANOG) has developed iPSc, a novel pathway for different 
disorders through regenerative therapy as shown in Figure 3. Mouse embryonic or adult 
fibroblast cells have successfully employed to create induced pluripotent stem cells [35].

Human iPSCs share many properties with human ESCs, such as morphological 
similarities, ability to proliferate and pluripotency markers for their differentiation 
potential, but their traits related to epigenetics are significantly differ [36]. The 
production of endothelium cells, cardiomyocytes, or SMCs from human iPSCs can be 
achieved after reprogramming of human fibroblasts to differentiate into appropri-
ate cell types in PAH disease. Although iPSCs can also be produced patient specific 
through patient’s own fibroblast from skin.

In preclinical settings, the iPSCs derived cardiomyocytes are infused into the right 
ventricle of PAH animal model and their beneficial effects on RV performance were 
recorded through pulmonary unit, however although these stem cell therapies still 
aren’t injected directly to the RV in humans. In autologous stem cell therapies, disease-
causing mutations can be easily restored using gene editing advances, resulting in 
the formation of iPSCs originated to produce functional cells which can replace non 
functional tissues and organs with healthy cells, such as those affected by neurologi-
cal, cardiovascular, hepatic, and retinal disease [1, 35, 37]. The use of iPSCs in a rat 
monocrotaline model produced therapeutic outcomes in one investigation [38]. 
When treated PAH model with iPSCs, there is a reduction in right heart dysfunction, 
as a result there is a downfall in hemodynamic parameters which are responsible to 
maintain right ventricular systolic pressure. Furthermore, by limiting inflammation, 
such therapy has prevented pulmonary arteriole vascular remodeling deterioration and 

Figure 3. 
Development of cell derived iPSCs for cardiac regenerative therapy for treating PAH. The resetting of 
differentiation of adult fibroblasts with specific factors give rise to generation of iPSCs that can be differentiated 
into the desired cell type for cardiac regenerative therapy.
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reduced media layer proliferation. As nothing more than a nutshell, there that iPSC-
based therapy can improve vascular remodeling and making repairs in PAH, as well as 
restore vascular endothelial stability. The limiting use of iPSCs are due to its tumori-
genic nature because of its similarity with embryonic stem cell-like features [38, 39].

2.5 Adipose-derived stem cells (ADSCs)

ADSCs are unique type of adult stem cells for the treatment of cardiovascular 
disorders that can be easily extracted and grown from adipose tissue. For transplanta-
tion, through liposuction technique the ADSCs can be extracted from white adipose 
tissue [40, 41]. After differentiation, they have a remarkable potential to change into 
vascular SMCS, endothelial cells and cardiomyocytes [42] for PAH treatment. Most 
significantly ADSCs are regaining prominence in cardiac research because of its 
regeneration potential by secreting a number of paracrine substances that promote 
neovascularization and decrease apoptosis while also preventing fibrosis.

Adipose tissue has a far higher density of stem cells than bone marrow stem cells 
(5 percent versus 0.01 percent). Miranville et al. [43] used in vitro experiments to 
identify the subset of ADSCs (CD34+/CD31–) that may differentiate into ECs when 
cultivated in endothelial growth media supplemented with IGF and VEGF. The cells 
had a spindle-shaped morphology and strong expression of EC markers like CD31. 
This group has features that were similar to human umbilical vein endothelial cells.

ADSCs have tissue regenerating potential during injury because it produce 
angiogenic and anti- growth factors for apoptosis such as colony-stimulating factor 
(VEGF), transforming growth factor alpha (TGFα), granulocyte–macrophage basic 
fibroblast growth factor (bFGF), and hepatocyte growth factor (HGF).

ADSCs can induce angiogenesis in models of hind limb ischemia by undergoing 
differentiation into endothelial cells that integrate into the walls of newly formed 
arteries and secreting paracrine substances [44, 45]. Research reveals that ADSCs 
separated from heart adipose tissue propagated better, and possess the strongest 
cardiac functional recovery, and the highest rate of recruitment to ischemic myocar-
dium in contrast to cells isolated from heart, visceral, and subcutaneous sub scapular 
adipose tissues.

Overall, ADSC is considered as better option for treating the right ventricle in PAH 
because of it can give rise to angiogenesis without undergoing apoptosis, and in addi-
tion to being autologous, they are numerous, and easily accessible [42, 46].

2.6 Cardiac progenitor cells (CPCs)

The CPCs are the cells which are endogenous and possess capability of a cell for 
self-regeneration and differentiation that distinguishes CPCs from other cells in the 
adult heart. They have attributes of c-Kit, Sca-1, and SSEA-1 expression in contrast 
to others cells subtype. In pre clinical settings the myocardial infarction (MI) was 
therapeutically treated using CPCs [47]. They’re supposed to boost cardiomyocyte 
and transdifferentiation of vascular cells, along with generation of paracrine chemi-
cals that promote CPCs activity and neovascularization [48]. These features may 
help the RV in PAH by increasing capillary density and promoting the development 
of healthy cardiomyocytes. Adult CPCs isolation, on the other hand, is an invasive 
procedure that involves extracting cells from the patient’s cardiac cells. While employ-
ing embryo-derived CPCs raises ethical difficulties, autologous iPS cells can alleviate 
these concerns. Finally, CPCs contain a significant number of various forms of cell 
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with varied surface markers, making it difficult to conclude which will provide most 
efficient treatment. Additionally CPC, can be considered as an option if another 
alternative cardiosphere derived cells (CDC) are available, which can be derived 
from adult human biopsies [23, 48, 49]. The use of cardiosphere derived cells (CDCs) 
or CPC have potential to inhibit cardiomyocyte fibrosis and apoptosis in stem cell 
therapies.

2.7 Pericytes in PAH

Pericytes in the lungs play a significant role in PAH. Pericyte multiplication has 
recently been investigated as an early manifestation of PAH, and clinical specimens 
with PAH have shown aberrant pericyte covering of the pulmonary vasculature. 
Pericytes have been found to exhibit MSCs like progenitor capacities in recent 
investigations, and as a result, they are anticipated to play a variety of roles in PAH-
related pathological changes to lung structure and function [50]. Pericytes or MSCs 
are vascular progenitor cells capable of regenerating a variety of cell types while 
preserving lineage-allegiance responsive to tissue demands, as seen by their extensive 
distribution in the vasculature [51]. Pericytes have a significant pathogenic role in 
the development of PAH because they regulate angiogenesis, inflammation, and have 
progenitor capacity [52]. For the integrity and preservation of the vessel wall’s base-
ment membrane, pericytes and endothelial cells must communicate [53].

Despite its importance in developing new blood vessels, vessels permeability, and 
contractility, pericytes that just lately been researched in relation to PAH. Pericytes 
that operate as progenitor cells have recently been discovered, specific tissue-localized 
pericytes which can grow as the normal MSCs trio of chondrocytes, adipocytes and 
osteocytes has been confirmed [54]. Pericytes and MSCs from the vasculogenic 
zone, it has been proposed, may be closely related. Pericytes have been discovered to 
contain MSCs like progenitor capacities in recent investigations, and are more likely to 
have a role in PAH-related pathological in modifying structural and functional aspect 
of liver [53, 55]. A better understanding of the regulatory mechanisms that increase 
pericyte progenitor proficiency, particularly in the context of cardiac remodeling, 
could usher in a new era of PAH treatment.

3. Current limitations and challenges of stem cell

Despite the tremendous development in MSCs therapies, there is still a dearth of 
data on MSCs bio distribution, their target cells’ cellular and molecular structures, 
and the methods used by MSCs to achieve these targets [56]. In addition, even though 
MSCs are successful in clinical trials but it certainly pose various challenges that must 
be resolved prior to the use of particular kinds of MSCs in tissue engineering. As a 
result, improving the bioprocess for producing MSCs from humans and their prod-
ucts will increase stem cell treatments’ effectiveness and safety [57]. Additionally, 
they are important in enhancing the outcome of MSCs-based tissue engineering 
is increasing the cultural context of MSCs and identifying appropriate target and 
inducing factors [58]. Due to its low frequency in peripheral and cord blood, one of 
the key constraints of ESPCs therapy is the long culture period necessary to generate 
a viable therapeutic dosage. Furthermore, due to its inherent immunogenicity, it can 
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only be delivered autologously. Finally, the transplanted ESPCs have a low survival 
rate. Firstly, Obstacles in their isolation and identification, as well as concerns with 
expansion efficiency and immunogenicity, must be overcome before ESPCs may be 
used clinically in the PAH sector. Secondly, unregulated biodistribution: a significant 
factor for the limited competence of few cell therapy experiments is poor implan-
tation of rejuvenating stem cells at the site of damage or diseased tissue portion 
[59, 60]. In numerous clinical trials, the successful incorporation of autologous cells 
of stem cells in cardiac repair has been injected intravenously or intracoronary in 
patients. Afterward 24 to 48 hours following transplantation, just a small percentage 
of transplanted cells (approximately 5%) usually remain at the transplanted area. 
Almost 99% of the employed cells do not live for even four to six weeks following 
transplantation [61]. Few undiscovered unfavorable factors in the heart environment 
or in other organs might inhibits the cell growth, speeds up programmed cells death, 
and leads to migration to other organs, is thought to be one of the causes of decreased 
cell viability. The danger of tumorigenicity and immunogenicity is the third and most 
significant factor to consider [59, 62].

4. Conclusion

Stem cells show remarkably progress in modulating biomolecular pathways, 
restoring normal mitochondrial function, reversing pulmonary artery remodeling 
and PAH via improving lung vascular endothelial malfunctioning, lowering cell esca-
lation, and ameliorate other PAH conditions. But on the other hand it is important to 
note that RV cell therapy should be performed as part of already established treat-
ment targeting the RV and the pulmonary circulation. Patients with PAH who have 
dysregulation of specific genes may benefit from stem cells modified with therapeutic 
genes. Autologous stem cells would reduce transplant rejection. Combining stem cell 
therapy with other types of treatment may be used in some circumstances to provide 
PAH patients with synergistic therapeutic advantages [63]. Generally, a substantial 
body of evidence shows that PAH stem cell therapy should be studied further. Because 
it’s hard to know if stem cells are incorporated into the organ and paracrine impact 
may be the primary route of action of stem cells. miRNAs can also help MSCs with 
cell differentiation and anti-apoptosis. As exosomes secreted by MSCs can provide 
microRNAs, it’s possible that overexpression of particular miRNAs in MSCs, such 
as miR-204/206/328, will boost their PAH therapeutic efficiency [64]. To prevent 
immunological reactions while achieving the same results, exosomes or cell-derived 
products could be used. One positive outcome till today is that in the preclinical 
research, through established diseased models, iPSCs have shown practically suc-
cessful application in regaining viability as curing agents for lung illnesses reflecting 
stem cell therapy pharmaceutical stability through screening tests [35, 65]. Exosomes 
clinical trials are now underway or have been completed in over 200 countries, and 
regenerative medicine requires more research, because of their diverse character, low 
repeatability, and risk of immunologic responses in recipients, exosomes must have 
long-term stability before being used as therapeutic agents. The transcriptional and 
epigenetic similarities between iPSCs and embryonic stem cells are also available as a 
functional similarity. iPSCs provide an extremely significant resource for determining 
epigenetic alterations during development.
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Abstract

Arterial hypertension is a leading cause of mortality, affecting at least a quarter 
of the adult population, with its effects having devastating consequences to the 
global economy. Unfortunately, the underlying causes and pathophysiology of the 
disease often remain unclear. Ongoing research in this important field investigates 
the mechanisms involved in the genesis of hypertension. Magnetic resonance imag-
ing is a well-established imaging technique that is widely used for anatomical organ 
and vascular evaluation. According to the latest European Society of Hypertension 
(ESC) guidelines, cardiovascular magnetic resonance can be used in the assessment 
of hypertensive patients. But the authors advocate a more comprehensive and mul-
tisystem use of the varied and novel sequences of MRI scanners to provide an even 
better understanding of the development of hypertension and its consequences. The 
extensive and detailed data that can be derived, with the additive focus on the concept 
of the ‘selfish brain hypothesis’, might further assist us in altering and providing a 
more individualised therapeutic approach to one of the greatest non-communicable 
causes of human mortality and morbidity.

Keywords: hypertension, cardiac magnetic resonance, electrocardiogram,  
aortic disease, pathophysiology

1. Introduction

Hypertension has been identified as a disease for more than 150 years [1] and is a 
major contributor to mortality affecting at least a quarter of the adult population [2] 
with devastating financial effects on national healthcare systems worldwide [3].

Several risk factors for the development of persistently elevated BP, including 
genetic variations, age, obesity, insulin resistance, high alcohol consumption, increased 
sodium intake and stress, have been identified and are well established. Unfortunately, 
despite the leading role of hypertension in global mortality, the detrimental effects, 
and the enormous economic burden it carries [3–5], the primary causes and predictive 
factors for the development of hypertension in >90% of patients remain elusive [4–6]. 
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This could explain the fact that, despite various antihypertensive medications, there is 
poor blood pressure (BP) control in >50% of hypertensive patients [7].

Given that essential hypertension is one of the major modifiable cardiovascular 
risk factors, understanding the pathophysiology and uncovering its possible root 
causative mechanism(s) would have a tremendous public health impact. This, of 
course, could lead to more efficient and bespoke antihypertensive treatments, 
including prediction or even the prevention of the development of the disease and its 
detrimental consequences altogether.

Furthermore, according to recent statistics from the 2014 Health survey for 
England, hypertension is refractory to treatment in ≤20–30% of cases despite the 
availability of numerous classes of antihypertensives, and finding a primary cause 
could improve treatment of such refractory hypertension.

As per Hypertension European Society of Cardiology (ESC) guidelines, patients 
should be thoroughly screened for potentially treatable secondary causes, such as aortic 
coarctation, adrenal adenomas, phaeochromocytoma, renal artery stenosis, occult chronic 
renal disease, and evidence of hypertension-mediated organ damage (HMOD) [8].

This chapter has a focus on the use of magnetic resonance imaging (MRI) which 
can be introduced, currently in appropriately selected individuals, as a safe and 
effective screening modality for secondary hypertension and end-organ damage 
evaluation without the use of ionising radiation imaging [9].

Cardiac MRI (CMR) is the gold standard non-invasive imaging technique for the 
assessment of cardiac anatomy and function [10], but MRI is also well established 
in cerebral and cerebrovascular imaging, aortic and abdominal visceral assessment. 
Aside from anatomical delineation, there are numerous sequences that are regularly 
employed for detailed tissue characterisation, tissue mapping, myocardial strain 
imaging, myocardial replacement fibrosis and infarction evaluation, contrast and 
non-contrast angiography, and phase contrast vessel flow imaging [11–13].

By combining these sequences, comprehensive imaging protocols can be established 
and the patient investigated in a single hospital episode; this may, therefore, alleviate 
the need for and higher cost of other multiple investigations, for example, echocar-
diography, abdominal/renal ultrasound, carotid and vertebral duplex sonography, 
computed tomography (CT) angiography, etc. [9].

MRI is not touted as a substitute for a detailed history, physical examination, and 
the usual necessary metabolic/biochemical investigations e.g. endocrine tumours may 
not always be in typical location.

2. Hypertension and cardiovascular magnetic resonance imaging

2.1 Hypertension and the ‘selfish brain hypothesis’

There is a well-documented relationship between increased sympathetic nerve 
activity and hypertension but the primary cause is still to be established [14]. Early 
on, one of the proposed pathologic hypotheses has been that an increase in BP is an 
essential response to thickened and narrowed blood vessels to provide more blood 
supply to organs. This line of pathologic investigation has been mired in the classic 
difficulty of determining if the arterial luminal narrowing is the cause or effect of 
hypertension.

The effect of hypertension on the cerebrovascular structure is often described 
through the pathophysiology of vessel remodelling and decrease in luminal diameter 
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leading to decreased blood flow [15–17]. But is it possible that the reverse hypothesis 
could be true whereby cerebral vessel remodelling precedes and is even a cause of 
hypertension? The answer to this, we believe, is ‘yes’.

The archaic term ‘vasomotor center’, currently known as the rostral ventrolateral 
medulla, is the area involved with the basal sympathetic activity and supplied by the 
vertebral artery; disruption of vertebral artery flow may increase systemic BP.

At the beginning of the twentieth century using canine models, Harvey Cushing 
indicated that reduced cerebral blood flow due to increased intracranial pressure 
led to increased blood pressure [17]. Later, animal and post-mortem human studies 
by Cates and Dickinson proposed that narrow vertebral arteries lead to brain stem 
hypoperfusion and subsequently to a vital increase of blood pressure as a protective 
mechanism to maintain cerebral blood flow to the brain stem in the case of stenotic 
vertebral arteries; this theory is known as Cushing’s mechanism or the ‘selfish brain 
hypothesis’ of hypertension. This mechanism triggers sympathetic overdrive and 
hypertension to maintain brain stem perfusion [15, 16].

Using magnetic resonance (MR) angiography and MR phase-contrast imaging, 
our group has been investigating the association of the ‘selfish brain hypothesis’ with 
high BP in conscious adults. The data has shown, for the first time, that congenital 
variants in the cerebral circulation may be the trigger for hypertension rather than the 
result [18].

3-dimensional MR angiography can help to illustrate the cerebral anatomy of the 
circle of Willis and the vertebral arteries. Figure 1 shows normal anatomy.

The higher prevalence of cerebrovascular variants whereby vertebral artery 
hypoplasia/absence (VAH) and incomplete posterior circle of Willis (ipCoW) is 
strongly associated with increased cerebrovascular resistance and reduced cerebral 
blood flow in hypertensive patients in comparison to healthy adults [18]. We have also 
shown this in a large cohort of young-onset hypertensive patients [19] with a possible 
link between the ‘selfish brain’ hypothesis (Figure 2). Cerebral blood flow can also 
be measured at mid-neck level prior to the common carotid artery bifurcation; in 

Figure 1. 
Normal anatomy. (a) – superior view and (b) – inferior view, showing an intact circle of Willis with normal-
sized posterior communicating arteries (white arrows) and normal-sized vertebral arteries (white arrowheads).
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the presence of upstream anomalies of the posterior circulation, the split percentage 
vertebral arterial flows are significantly reduced.

We have found similar results in a cohort of persistently hypertensive patients 
post-coarctation repair which could guide subsequent treatment [20]. According 
to this study, cerebrovascular variants of the posterior circulation as manifested by 
VAH + ipCoW are more common in patients with repaired coarctation (CoA) and are 
independent predictors of hypertension or difficult to treat hypertension post-CoA 

Figure 2. 
Variant circle of Willis anatomy found in patients with young-onset hypertension. Superior projection 
3-dimensional MRI angiography. (a) – Bilateral absent posterior communicating arteries (white arrows) and 
absent right vertebral artery (white arrowhead). (b) – Absent left posterior communicating artery (white arrow) 
and severely hypoplastic, interrupted right vertebral artery (white arrowhead); left vertebral artery stenosis in 
the V4 segment is also noted. (c) – Absent left posterior communicating artery (white arrow), bilateral small 
calibre distal vertebral arteries just prior to the basilar arterial confluence (red arrows); note also the severely 
hypoplastic left A1 segment of the left anterior cerebral artery (white arrowhead). (d) – Foetal-type left posterior 
cerebral artery (PCA) with absent left P1 segment of the PCA (white arrow), and a hypoplastic right vertebral 
artery (white arrowhead).
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repair in contrast with age and specific type of repair. This may, of course, affect 
interventional treatment strategy in the form of aortic arch stenting and whether 
to cover the subclavian artery or a variant arch origin of the vertebral artery in the 
context of upstream variants that might predispose to or cause hypertension; thus, 
an intervention intended to treat hypertension may in fact exacerbate the problem 
unless an appropriate alternative or hybrid arch vessel revascularization strategy is 
employed.

This is a strong indication that the increase in cerebrovascular resistance caused by 
congenital cerebrovascular variants is actually the trigger for the increase in sympathetic 
nerve activity and hypertension. This finding is in accordance with the theory proposed 
by Dickinson back in 1959. Additionally, this study interestingly showed that cerebral 
blood flow was normal in hypertensive patients without treatment but diminished in 
those on treatment with controlled blood pressure. This observation may have impor-
tant implications in the treatment strategy for hypertensive patients and may change 
the diagnostic and therapeutic approach; indeed, some patients rendered ‘normoten-
sive’ may present with soft occult neurological signs of poor concentration, impaired 
memory, or ‘brain fog’. Further longitudinal studies are needed to confirm these results.

2.2 Hypertension and the electrocardiogram

Left ventricular hypertrophy (LVH) is a common finding in hypertensive patients 
due to the increased workload of the left ventricle [21]. The presence of LVH in hyper-
tensive patients is known to have significant implications in prognosis and treatment 
strategies [22–25]. The 12-lead electrocardiogram (ECG) is widely used to detect LVH 
[8] and it is well validated against echocardiography [26].

As per European Society of Cardiology (ESC) guidelines, a 12-lead ECG is required 
for the assessment of hypertensive patients and specific ECG criteria for left ventricu-
lar hypertrophy are well established [8] and validated against echocardiography [26].

The diagnostic performance of the above criteria against CMR, the gold standard, 
non-invasive technique for the assessment of left ventricular mass (LVM) can be 
evaluated.

It is also well documented that hypertension frequently coexists with obesity [27]. 
Due to discrepancy between previous echocardiography studies about the effect of 
obesity on the ECG capacity of detecting LVH, the ECG criteria for LVH can be recali-
brated against CMR measurements by using the steady-state free precession sequence. 
This study also went through the impact of obesity, over the diagnostic performance 
of ECG in detecting LVH, thus creating new novel obesity-specific partition values to 
increase the diagnostic accuracy of ECG in this specific patient’s category [28].

In hypertensive patients, the left ventricular ECG strain pattern (≥1 mm concave 
downsloping ST-segment depression and T–wave inversion in the lateral leads) [29] 
is associated with increased cardiovascular risk in hypertensive individuals [30] with 
the underlying mechanisms being unclear.

A great advantage of CMR is its unique ability for advanced myocardial tissue 
characterisation [11].

Myocardial fibrosis is an established histologic element of hypertensive heart 
disease; the presence is known to adversely affect prognosis [31]. Left ventricular 
systolic dysfunction in hypertension, characterised by myocardial strain impairment, 
has been documented in previous CMR studies [32].

Taking the above facts into consideration using these CMR techniques, a strong 
association between ECG strain pattern, increased interstitial fibrosis and myocardial 
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systolic dysfunction [33] can be demonstrated; the ECG strain pattern in hypertensive 
patients is linked to significant LVH and interstitial fibrosis. There is also an associa-
tion between ECG strain and significant impairment of circumferential strain, even 
with preserved left ventricular ejection fraction (LVEF) [34].

Obesity is also strongly associated with a left atrial enlargement (LAE), an index 
of diastolic dysfunction [35], and also a common finding in hypertensive patients, 
identifiable on ECG [36]. LAE is an index of diastolic dysfunction [35] with impor-
tant prognostic and therapeutic implications; [37] the ECG may demonstrate LAE 
[36]. The diagnostic performance of the ECG in identifying LAE has also already been 
validated against echocardiography [38].

The diagnostic accuracy of ECG criteria of LAE against the CMR gold standard 
and the possible effect of obesity was explored; [39] all the ECG criteria are more 
specific than sensitive at identifying LAE and less specific when obesity is present. 
According to these findings, clinicians should not rely solely on ECG for the exclusion 
of LAE, and always take into consideration the patient’s body mass index (BMI).

2.3 Hypertension and left ventricular hypertrophy

Systolic hypertension increases the LV afterload because the LV must work harder 
to eject blood into the aorta; the aortic valve will not open until the pressure gener-
ated in the left ventricle is higher than the elevated blood pressure in the aorta. In the 
presence of chronic afterload increase, the LV receives constant mechanical stress 
which results in hypertrophy [20].

Different phenotypes of hypertensive heart disease (HHD) are well-documented 
[40]. Even though asymmetric patterns of LVH have been previously investigated 
with 2-dimensional echocardiography, [41] CMR has shown the prevalence of asym-
metric hypertrophic patterns in hypertension [42], a pattern previously described 
with aortic stenosis [43].

There is an increasingly well-recognised spectrum of hypertrophic LV patterns 
in hypertensive heart disease with variable cardiovascular prognosis and unknown 
pathophysiology [40]. Using multiparametric CMR, the significant differences 
between these phenotypes may explain the varying cardiovascular prognosis and 
change the therapeutic process [44].

There are three well-defined LV phenotypes—normal structure (normal LV mass 
and relative wall thickness), concentric remodelling (normal LV mass with increased 
relative wall thickness and elevated mass/volume ratio), and LVH (symmetric, asym-
metric, and eccentric) [40]. Eccentric and concentric LVH is linked to significant 
intracellular and interstitial expansion and strain impairment. This could explain the 
varying cardiovascular prognosis following each hypertensive left ventricular pheno-
type and have an impact on hypertension treatment (Figure 3) [44].

The presence of LVH in hypertensive individuals can have a differential diagnosis 
of hypertensive heart disease (HHD) and hypertrophic cardiomyopathy (HCM); it 
can be difficult to distinguish between them. Novel predictors of HHD over HCM 
have been identified [45].

Hypertrophic cardiomyopathy (HCM) is defined by left ventricular end-diastolic 
thickness ≥ 15 mm, not solely explained by abnormal loading conditions [46]. As asym-
metric LV phenotype is commonly seen in both HHD and HCM, it may be difficult to 
distinguish between the two pathologies; it is acknowledged that HCM and HHD can, 
of course, co-exist. The investigation has indicated that an acute aortoseptal angula-
tion (angle between a line drawn along the RV side of the interventricular septum and 
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a line drawn through the long axis of the aortic root; reflecting a reduced angle from 
~130 degrees to 90 degrees or less) and reduced aortic distensibility advocate over 
HHD [45]. This reduction in aortoseptal angulation is interesting in that the altered LV 
outflow tract geometry may cause a greater effect on the basal interventricular septum 
in a region of increased wall stress during ventricular systole, thus contributing to the 
consequent asymmetric hypertrophy (Figure 4).

The reduction in the aortoseptal angle is a complex phenomenon; it likely occurs 
in part secondary to ageing, hypertensive, and/or atherosclerotic thoracic aortic/

Figure 3. 
Forms of hypertensive heart disease. (A) – Normal, (B) – concentric LV hypertrophy, and (C) – asymmetric LV 
hypertrophy.

Figure 4. 
Aortoseptal angulation. Aortoseptal angle is measured from the 3-chamber steady-state free precession cine at end-
systole. Ai – hypertensive patient with no LV asymmetry, Aii – aortoseptal angle = 123 degrees. Bi = hypertensive 
patient with LV asymmetry, Bii – aortoseptal angle = 91 degrees.
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aortic root dilatation and even in the context of obesity with raised hemidiaphragms 
secondary to increased visceral fat [41]. According to these findings, the diagnosis of 
HCM when HTN is present should not be based only on wall thickness [42].

With the use of CMR’s unique tissue characterisation properties, one can introduce 
new discriminators for the assessment of hypertensive patients with HCM pheno-
types—increased indexed LV mass, absence of systolic anterior motion of the anterior 
mitral valve leaflet/apparatus (SAM), and absence of mid-wall fibrosis are in favour 
to HHD [45].

The role of LVH on LVEF and myocardial shortening can be explored by using 
CMR strain measurements (Figure 5), with findings suggesting that LVEF is a poor 
index of systolic function in hypertensive patients in the setting of LVH [34].

End-diastolic and end-systolic endocardial and epicardial contours are drawn and 
propagated over the cardiac cycle commonly performed from two long-axis cines to 
calculate global longitudinal strain and strain rate or from the two chambers’ short-
axis cines to calculate radial strain. Feature tracking software extracts 3-d LV coordi-
nates to allow measurement of LV strain and strain rate curves.

Hypertensive heart disease is usually considered a diastolic disorder since it often 
develops with preserved LVEF. Investigating the pathophysiology of LVH and the asso-
ciation with LV function using segmental engineering strain measurements derived 
from CMR indicate that end-diastolic wall thickness (EDWT), long axis shortening 
(LAS), and mid-wall circumferential fractional shortening (mFS) are linked to LVEF 
independently and significantly; this study supports findings from a previous CMR 

Figure 5. 
Strain imaging in cardiac MRI. End-diastolic and end-systolic endocardial and epicardial contours are drawn 
and propagated over the cardiac cycle. Feature tracking extracts 3d LV coordinates to allow measurement of LV 
strain and strain rate curves.
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study [32]. Increased EDWT and reduced myocardial fractional shortening lead to 
maintenance of absolute wall thickness (AWT) and thus preserved LVEF [34].

2.4 Hypertension and aortic disease

Aortic diseases are a major cause of cardiovascular morbidity and mortality 
[47]. Arterial stiffness is considered a major risk factor affecting the prognosis of 
hypertensive patients [48]. MRI can readily assess markers of aortic stiffness, patho-
logical dilatation, vessel compliance, volume, and velocity of flow. Aortic stiffness is 
assessed by the measurement of distensibility using cross-sectional aortic area and 
diameter changes with the cardiac cycle and the simultaneous assessment of thoracic 
aortic pulse wave velocity (PWV) in the aortic arch; an increase in PWV may reflect 
increased aortic stiffness (Figure 6).

There are differences in myocardial intracellular and extracellular structure and 
a possible association with aortic function; there are differences in the prevalence 
of interstitial myocardial fibrosis, aortic distensibility and compliance, and myocar-
dial circumferential strain between the varied hypertensive patterns, for example, 
concentric remodelling is linked to increased aortic stiffness [44].

Hypertension is often the common denominator in acute aortic syndrome (AAS) 
which encompasses a spectrum of entities from intramural hematoma, aortic dissec-
tion, and penetrating ulceration [49]. The treatment of AAS might include thoracic 
aortic stent grafting [50].

Given the above observations with respect to the ‘selfish brain hypothesis’, one 
might thus reflect on the stent graft positioning and the subsequent clinical follow-up 
of these patients who presented with a major vascular clinical consequence of chronic 
hypertension; if the left subclavian artery and thence left vertebral artery are covered 
by the stent-graft deployed to improve thoracic aortic dissection haemodynamics 
and/or prevent progressive aortic dilatation, this might have adverse consequences to 
hypertension control in the context of potential upstream deficiencies in the posterior 
cerebral circulation as described previously; thus, such positioning may potentially 
augment the very disease process that caused the AAS in the first place. This should 
be a subject of future work.

The prevalence of aortic coarctation (CoA) is ~4/10,000 live births [51] with arte-
rial hypertension is considered a common complication (Figure 7) even post success-
ful operative repair [52].

In both the above clinical entities, one might pay additional consideration to the 
cerebrovascular anatomy when the repair is planned for the reasons stated.

Furthermore, MRI can readily follow-up patients with chronic aortic dissection 
and also has the added advantage of being able to assess dissection flap dynamics 
which can adversely affect branch vessel perfusion. The MRI assessment of post-stent 
grafted aortas can be markedly affected by the nature and material of the graft mate-
rial itself; some metallic artefacts can be catastrophic and therefore non-diagnostic in 
terms of image quality.

2.5 Concluding remarks and future perspectives

A thorough screening for secondary causes and asymptomatic organ damage is 
recommended for hypertensive patients according to hypertension ESC guidelines 
(Figures 8–12).
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As previously mentioned, echocardiography and abdominal/peripheral arterial 
ultrasound are used widely as first-line imaging tools even though the value of CMR is 
well-recognised [8].

CMR is known to be the gold standard non-invasive imaging technique for the 
assessment of cardiac anatomy and function, [10] with unique tissue characterisation 

Figure 6. 
Aortic arch assessment. Ascending and descending aortic areas are determined in end-diastole and end-systole 
(top left); this can give an indication of pathological dilatation and also of wall compliance. At the same cross-
sectional level, the sampled aortic arch length is determined (top right) and breath-hold high temporal resolution 
phase-contrast CMR flow assessment is performed (middle); this enables generation of time - velocity/flow curves 
(bottom) from which can be derived additional data, such as the aortic pulse wave velocity. Red arrows point to 
the time (milliseconds) at peak velocity in the ascending aorta (red curve above) and the descending aorta (green 
curve below); then velocity (m/s) is the distance (mm)/time (ms).
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properties, [11] and it does not require subjecting the patient to ionising radiation, is 
capable of imaging multiple organs and the vasculature with high diagnostic accuracy 
in a single session [9].

Figure 7. 
Aortic interruption and severe coarctation. (a) – TrueFISP (left) and posterior view 3-dimensional MR 
angiography (right) showing a short aortic interruption (white arrows) with extensive lateral thoracic, internal 
mammary, and intercostal arterial collateralisation. (b) - TrueFISP (left) and left anterior oblique view 
3-dimensional MR angiography (right) showing a focal tight aortic coarctation (white arrows) with a more 
notable membranous component at the level of the aortic isthmus with associated dilated intercostal arterial 
collateralisation.
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We advocate MRI as a safe and effective non-invasive screening imaging  
technique for hypertensive patients, using a comprehensive cardiac and non-cardiac 
protocol.

2.5.1 Implications for research and clinical practice

Ongoing studies are encouraged to investigate a) the relationship between the 
selfish brain hypothesis and hypertension (both childhood and young-onset hyper-
tension), b) the relationship of these findings to the development of premature 
cerebrovascular disease or dementia especially in those who have their hypertension 
‘controlled’ and in whom this may be too aggressive for them as individuals, c) the 
impact of hypertension on thoracic pathology, predicting adverse aortic remodelling 

Figure 8. 
Right-sided extra-adrenal phaeochromocytoma. (a) – Axial HASTE (Siemens). Half-Fourier Acquisition Single-
shot Turbo spin Echo imaging. Well-defined, heterogenous soft tissue mass anterosuperior to the right renal hilum 
(white arrow). (b) – Multiphase gadolinium-enhanced angiography demonstrates homogenous enhancement 
(white arrow). (c) – MIBG (meta-iodo-benzyl-guanidine)-CT fusion imaging shows increased uptake within an 
extra-adrenal phaeochromocytoma (white arrow). (d) – Axial HASTE imaging shows bilateral normal adrenal 
glands (black arrows).
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and the effect of the endovascular intervention on hypertensive patients with 
potentially important cerebrovascular variations, and d) the complex LV phenotype 
assessment by CMR and the effect of medical therapy on patterns of LV remodelling, 
LVH, and interstitial fibrosis, and thus the ultimate effect on patient prognosis.

If these findings were proven to be true, caution could be placed to the degree of 
BP reduction or nature of medication used in the hypertensive patient with VAH and 
incomplete posterior CoW and possibly avoid paradoxical adverse effects with treat-
ment. From an investigational standpoint, the role of these cerebrovascular variants 
in the development of vascular dementia in hypertensive patients may need to be 
studied further. The future screening of cerebrovascular structure may require the 
screening of cerebrovascular anomalies in hypertensive patients, either via a Doppler 

Figure 9. 
Right adrenal phaeochromocytoma. (a) – Axial HASTE through the upper abdomen showing a heterogeneous, 
predominantly increased signal, well-defined soft tissue mass arising from the right adrenal gland (black arrow). 
(b) – Early phase axial angiography shows avid gadolinium enhancement of the mass (white arrow).

Figure 10. 
Bilateral renal artery stenosis. Oblique coronal arterial phase gadolinium angiography showing a tight left renal 
artery stenosis and subtotal occlusion (white arrow) of the right renal artery (a) secondary to atherosclerosis, with 
associated right renal atrophy (white arrowhead) on 3-dimensional angiography (b). Note that the infrarenal 
abdominal aorta is atheromatous.
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ultrasound or non-invasive angiographic imaging studies, such as computed tomo-
graphic angiography or magnetic resonance angiography.

Treatment of prehypertensive or borderline hypertensive patients with such 
anomalies may be directed towards using agents that mitigate sympathetic nerve 
activity such as angiotensin receptor blockers. This finding may also extrapolate to the 
treatment of acquired stenosis of the vertebrobasilar system from underlying athero-
sclerosis for which endovascular treatment is controversial.

Vertebral artery stenosis can be treated with stenting with good technical results, 
but whether it results in improved clinical outcomes is uncertain [53]. This study 
showed that stenting for vertebral stenosis has a much higher risk for intracranial 

Figure 11. 
Chronic unilateral renal atrophy with contralateral compensatory renal hypertrophy. Coronal early phase 
angiography shows severe right renal atrophy secondary to childhood reflux nephropathy (a) and severe left renal 
atrophy secondary to chronic pyelonephritis (b).
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stenosis compared with extracranial stenosis; this pooled analysis did not show 
evidence of a benefit for stroke prevention for either treatment. In addition, the VIST 
trial compared the risks and benefits of vertebral angioplasty and stenting with best 
medical treatment alone for symptomatic vertebral artery stenosis; [54] this study 
also concluded that stenting in extracranial stenosis appears safe with low complica-
tion rates but that large phase 3 trials are required to determine whether stenting 
reduces stroke risk.

However, if the acquired stenosis or indeed congenital hypoplasia of the vertebral 
artery was found to be the cause of hypertension, vertebral stenting/angioplasty 
could be investigated for the possible benefit of an antihypertensive intervention.

Whether this pathologic mechanism is one of the unknown causes of essential 
hypertension and is more common than other previously proposed causes or a certain 
combination of pathological mechanisms underlie essential hypertension, remains to 
be definitively proven with longitudinal studies.

3. Summary

This chapter illustrates how the unique role of MRI can be used to comprehen-
sively and non-invasively image patients with hypertension. In our institution, we 
have used such a protocol in those patients seen via a tertiary referral hypertension 
clinic for almost 10 years; such patients are generally difficult to treat/resistant 
hypertensives and young-onset hypertensive patients.

Patients who have sustained the consequences of a hypertensive insult, such as 
myocardial infarction, acute aortic dissection, cerebrovascular events, acute malig-
nant hypertension, or pre-eclampsia, can also be assessed with MRI. Distinguishing 
between hypertensive heart disease and hypertrophic cardiomyopathy can be a 
particular challenge.

Importantly, we have also indicated how the ‘selfish brain hypothesis’ may play a 
vital role in the aetiology of ‘essential hypertension’. Future studies are clearly needed 
and we suggest that MRI can play an increasingly pivotal role to help guide an efficient 
and bespoke therapeutic approach to patient management.

Figure 12. 
Hypertensive cerebral microangiopathy. Coronal FLAIR imaging (Fluid-Attenuated Inversion Recovery is an 
inversion recovery sequence with a long inversion time; this removes the signal from the cerebrospinal fluid in the 
resulting images); shows patchy periventricular deep white matter high signal bilaterally in the frontal, parietal 
and occipital lobes in a patient with young-onset hypertension and cerebrovascular variation of the posterior 
circulation.
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From a non-invasive imaging perspective, the hypertensive cohort is particularly 
interesting and challenging; a vast amount of important detail can be obtained in a 
single study. Nevertheless, we can take a step closer to uncovering the causes of the 
greatest non-communicable cause of human mortality and morbidity.

Acknowledgements

NIHR Cardiovascular Biomedical Research Unit, Bristol Heart Institute.
Jonathan Rodrigues, Elizabeth Robinson, Thomas Hinton, Julian Paton, Richard 

Wise, Laura Ratcliffe, Amy Burchell, and Angus Nightingale.
The MRI radiographers, Bristol Heart Institute. Bristol Heart Imaging Ltd for the 

kind research bursary awarded to Dr. Mitrousi.

Conflict of interest

The authors declare no conflict of interest.

Appendices and nomenclature

2D  two-dimensional
AAS  Acute aortic syndrome
AWT  Absolute wall thickness
BMI  Body mass index
BP   Blood pressure
CMR  Cardiovascular magnetic resonance imaging
CoA  Coarctation of the aorta
CT  Computed tomography
ECG  Electrocardiogram
EDWT  End -diastolic wall thickness
ESC  European Society of Cardiology
HCM  Hypertrophic cardiomyopathy
HHD  Hypertensive heart disease
HMOD  Hypertension mediated organ damage
HTN  Hypertension
ipCoW  Incomplete posterior circle of Willis
LAE  Left atrial enlargement
LAS  Long axis shortening
LV  Left ventricle
LVEF  Left ventricular ejection fraction
LVH  Left ventricular hypertrophy
LVM  Left ventricular mass
mFS  mid-wall circumferential fractional shortening
MR  Magnetic resonance
MRI  Magnetic resonance imaging
PWV  Pulse wave velocity
SAM  systolic anterior motion of mitral valve
VAH  Vertebral artery hypoplasia
VIST  Vertebral Artery Ischaemia Stenting Trial
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Chapter 4

Mechanism of Development of 
Arterial Hypertension Associated 
with the Exchange of Level  
Vitamin D
Sona Gahramanova

Abstract

Arterial hypertension (AH) is one of the most chronic and fatal disorders in 
the world, the main risk factors for which are age, hereditary predisposition, race, 
tobacco use, high salt intake, etc., as well as low vitamin D. In the last 10 years, there 
has been an increasing interest in the extraosseous effects of vitamin D. Being a 
hormone-like vitamin, it participates in many vital processes of the body. Its level is 
closely related to various metabolic disorders, diseases of the cardiovascular system 
(CVS), arterial hypertension (AH), diabetes mellitus, the immune system, cancer, 
etc. Vitamin D improves vascular endothelial function, due to which it has a vasopro-
tective effect, improves blood pressure, reduces vascular and myocardial remodeling, 
reduces the risk of left ventricular hypertrophy, slows down fibrosis, reduces the 
risk of atherosclerosis, reduces insulin resistance and inflammation, and improves 
immunity. It has been proven that vitamin D has an inverse relationship with renin, it 
reduces the expression of the renin gene. At a normal level of vitamin D, the concen-
tration of renin and aldosterone II decreases, which has a positive effect on the course 
of hypertension.

Keywords: arterial hypertension, blood pressure, vitamin D, receptors, genes

1. Introduction

As we know, diseases of the circulatory system occupy the leading place among 
diseases leading to disability and mortality of the population. Arterial hypertension 
(AH) today remains the main risk factor for cardiovascular diseases (CVD).

Hypertension is not just a chronic increase in blood pressure (BP), it is a poly 
etiological disease, which is based on hemodynamic, neurohumoral, and metabolic 
disorders, leading to serious consequences (atherosclerosis, myocardial infarction, 
cerebrovascular diseases—cerebral strokes, heart failure), impairs memory, vision, 
and negatively affects renal function, leading to renal failure.

Today, an asymptomatic increase in blood pressure is increasingly manifested, 
which indicates a greater likelihood of the prevalence of hypertension. Therefore, for 
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early diagnosis of hypertension, frequent measurement of blood pressure is recom-
mended for persons without clinical complaints of high blood pressure.

The term “arterial hypertension” refers to the syndrome of persistent elevation of 
systolic blood pressure (SBP) ≥ 140 mm Hg and/or diastolic blood pressure (DBP) 
≥90 mm Hg, which, depending on etio-pathological factors, manifests itself as pri-
mary hypertension (essential) or proceeds as a secondary condition. No less impor-
tant in the pathogenesis of essential hypertension is a change in the arterial wall—a 
decrease and then a complete loss of the contractile function of the muscle layer and 
vascular endothelium, as well as atherosclerotic changes [1].

The main pathogenetic factor in the development of hypertension is the activa-
tion of the sympatho-adrenal (SAS) and renin-angiotensin-aldosterone system 
(RAAS)—which, as a rule, is the most powerful neurohormonal system of the body, 
the activation of which can result in the development of coronary heart disease, heart 
failure (HF). Heredity, diabetes mellitus (DM), the presence of metabolic syndrome, 
unhealthy diet, increased consumption of sodium chloride (more than 6 g of table 
salt per day), obesity (components of the RAAS are produced in the adipocytes of 
adipose tissue), lack of physical activity (physical inactivity), psycho-emotional exer-
cise, smoking, excessive drinking, and according to recent data, low levels of vitamin 
D are also risk factors for the development of hypertension. Along with a large num-
ber of studies proving the role of vitamin D in reducing SBP and DBP, there are other 
works confirming the insignificant role of vitamin D deficiency in the pathogenesis 
of hypertension [2]. The increased blood pressure or the risk of hypertension is 
hypothesized to be due in part to the patients’ baseline vitamin D levels, sample size, 
and length of follow-up. It should also be borne in mind that diseases such as diabetes 
mellitus, kidney disease, underlying cardiovascular disease can affect the physiologi-
cal mechanisms of vitamin D action on blood pressure. This explains the significant 
differences between individual patients in the values of vitamin D [3–5].

2. Biological role of vitamin D

Vitamin D was discovered in the early 1920s (1922) of the twentieth century by 
Windaus. The work of recent years indicates that the biological role of vitamin D is not 
limited to the effect only on calcium metabolism, but also plays an important role in 
maintaining the immune and endocrine system, metabolic processes, cardiovascular and 
cerebrovascular health, and also significantly reduces the risk of developing tumors, tuber-
culosis, rheumatoid arthritis, etc. Biological functions of vitamin D are shown in Figure 1.

Since the middle of the twentieth century, vitamin D deficiency (D-deficiency) 
has acquired not only medical, but also medico-social significance. The causes of 
D-deficiency are demographic changes—an aging population, an increase in geriatric 
pathology, unbalanced nutrition, a low level of physical activity, insufficient exposure 
to the sun, and a decrease in insolation. Receptors to calcitriol are found not only in 
enterocytes and bones, but also in the kidneys, neurocytes, pancreas, myocytes of 
striated and smooth muscles, bone marrow cells, immunocompetent cells, and geni-
tals (Figure 1). Therefore, the functional role of the hormone vitamin is not limited to 
participation in the regulation of calcium-phosphorus metabolism. A lot of informa-
tion has been accumulated on the specific effects of calcitriol that are not related to its 
calcitropic activity: suppression of hyperproliferation, carcinogenesis, influence on 
cell growth and development, modulation of apoptosis, regulation of autoimmunity 
through effects on T- and B-lymphocytes, macrophages [6, 7].
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With sufficient and regular insolation, a person’s need for vitamin D is fully met 
by photochemical synthesis in the skin. This is why vitamin D3 is called the “sun-
shine vitamin.” It is the photochemical stages that are decisive in the activity of the 
D-hormonal system. Dietary source of vitamin D plays only a compensatory role in 
cases of endogenous vitamin deficiency.

Figure 1. 
Biological functions of vitamin D (based on the figure from the article Laura Lockaua Stephanie, A. Atkinson. 
Vitamin D’s role in health and disease: How does the present inform our understanding of the past? International 
journal of paleopathology, vol. 23, December 2018, pages 6–14).
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Vitamin D3 has both endogenous origin (synthesized in the skin under the influ-
ence of ultraviolet rays from the precursor of 7-dehydrocholesterol) and exogenous 
(from animal food: fish oil, liver, egg yolk). All other food products are practically 
devoid of vitamin D. In this regard, in a number of countries it is specially added to 
some products, for example, milk, fruit juices, margarine. On the contrary, vitamin 
D2 (ergocalciferol) enters the body only with plant foods (bread, milk) and in very 
small quantities [8].

Endogenous vitamin D3 and its metabolites from the skin and/or vitamin D3 
supplied with food, with the help of a transport D-binding protein, enter the subse-
quent stages in the liver, kidneys, where the hormone calcitriol is synthesized. 1,25 
(OH) 2 D3- calcitriol or dihydroxycholecalciferol is a hormone similar to other steroid 
hormones, which controls about 1500–2000 genes through VDR receptors, includ-
ing genes involved in the production of renin, insulin, growth, and proliferation of 
smooth muscle cells vessels and cardiomyocytes, and is involved in many processes. 
Vitamin D receptors, which are involved in the formation of vitamin D, are found in 
the cardiomyocytes of the ventricles of the heart. It has been proven that a decrease 
in the activity of vitamin D receptors can lead to remodeling of cardiomyocytes. The 
introduction of the active form of vitamin D helps to reduce this remodeling due to 
the effect on the functional, anatomical, molecular, and genetic aspects of hyper-
trophy and dysfunction of cardiomyocytes. A study conducted on newly diagnosed 
treatment-naïve hypertensive patients showed that hypovitaminosis D was a strong 
predictor of increased left ventricular mass index [9].

According to the Institute of Medicine (IOM), vitamin D deficiency is defined as 
circulating 25-hydroxyvitamin D (25[OH]D) level < 50 nmol/L based on the optimal 
concentration for skeletal health [10].

3. Role of vitamin D in pathophysiology and development of hypertension

Vitamin D has the potential to affect blood pressure through several mechanisms 
including those involving the renin-angiotensin-aldosterone system (RAAS), the 
endothelium, and vascular smooth muscle. Chronic treatment with active vitamin D 
compounds modulates vascular tone, reduces blood pressure and cyclooxegenase-1, 
and increases endothelial dysfunction and reactive oxygen species (ROS) in rats [11].

The association of arterial hypertension with low insolation and low levels of 
vitamin D in the blood serum was noted back in the 1990s of the twentieth century. 
In 1980, it was found that impaired calcium homeostasis, including hyperparathy-
roidism, may be involved in the mechanism of the development of hypertension and 
proved a significant decrease in calcium excretion in patients with hypertension com-
pared with the control group. In 1988, Lind et al. [12] conducted a placebo-controlled 
study evaluating the effect of 0.5 μg alpha-calcidol, a vitamin D analog, on blood 
pressure in hypertensive patients with impaired glucose tolerance (mean age 62 years, 
n = 26) for 12 weeks. They found a significant decrease in SBP/DBP from 171/95 to 
150/88 mm Hg after treatment.

The prevalence of vitamin D deficiency is directly related to higher latitudes due 
to less intense UVB radiation, colder climates due to less skin exposure, and darker 
skin as it interferes with UVB penetration and decreases vitamin D production [13]. 
The fact that a higher EH frequency is observed in winter in people living at higher 
latitudes and in people with deep skin pigmentation living far from the equator sug-
gests that vitamin D deficiency may contribute to an increased prevalence of arterial 
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hypertension. To test this hypothesis, Krause et al. [14] used ultraviolet radiation to 
treat patients with untreated mild arterial hypertension (AH) and vitamin D defi-
ciency. These researchers found that UV radiation increased 25 (OH) D levels and 
lowered blood pressure in patients with vitamin D deficiency with AH. Since 1998, 
this discovery has generated significant research interest in the relationship between 
vitamin D deficiency and AH.

The relationship between the concentration of calcitriol in the blood serum and the 
level of blood pressure has been proven. When analyzing data from the NHANES III 
(National Health and Nutrition Examination Survey), an inverse significant relation-
ship between the content of vitamin D3 and blood pressure indicators was revealed: 
in the group with a content of 25 (OH) D3 > 85.7 nmol/L, the levels of systolic blood 
pressure (SBP) and diastolic blood pressure (DBP) were 3, 0, and 1.6 mm Hg lower 
than in gr. with a content of 25 (OH) D3 < 40 nmol/L, respectively [15].

Hypertension is an age-dependent complex common feature with interactions 
between environmental and genetic factors. The incidence rises sharply in men over 
45 and in women over 55. Vitamin D deficiency can be considered a risk factor for the 
development of arterial hypertension, contributing to a shift in the balance between 
vasodilator and vasoconstrictor factors in favor of vasoconstriction, which leads to 
the development of hypertension in people, mainly middle-aged people. Therefore, it 
is believed that an adequately selected dose of vitamin D, contributing to the normal-
ization of the level of 25 (OH) D in the blood, effectively lowers blood pressure in 
patients with arterial hypertension with vitamin D deficiency. The authors concluded 
that when people have a stable balance between vasodilatory and vasoconstrictor fac-
tors in vitamin D deficiency, vitamin D supplementation has minimal effect on BP in 
a relatively short period. And when people have an unstable balance between vasodi-
lating and vasoconstrictor factors, vitamin D deficiency becomes a risk factor con-
tributing to the development of hypertension at age > 45 years; In this case, vitamin D 
supplementation can lower blood pressure [16]. Thus, vitamin D deficiency does not 
play an important role in the normal regulation of blood pressure, and its excess may 
have a minimal effect on blood pressure in persons with normotension under the age 
of 45 years.

Genetic analyses, specifically Mendelian randomization studies, found that indi-
viduals with genetically lower serum 25(OH)D levels have an increased incidence of 
hypertension, implying that vitamin D deficiency may play a role in the development 
of hypertension. The largest genetic analysis included 142,255 individuals and found 
that a 10% increase in genetically determined 25(OH)D concentration was associated 
with a 0.37 mmHg lower systolic pressure (95% CI, 0.003–0.73 mmHg lower) [17].

Most of the main studies showed that BP was inversely and significantly correlated 
with the level of 25 (OH) D. Burgaz et al. conducted a meta-analysis including four 
prospective studies and 14 crossover studies to assess the association between circu-
lating 25 (OH) D levels and arterial hypertension. They found an inverse relationship 
between serum 25 (OH) D concentration and arterial hypertensive incidence [18]. 
Forman JP et al. [19] conducted a four-beam, double-blind, placebo-controlled, 
randomized study in 283 black Americans (mean age of 51 years) to evaluate the 
effect of 1000, 2000, and 4000 IU of vitamin D per day or placebo on blood pres-
sure for a period of 3 months. Baseline 25 (OH) D levels were about 16 ng/ml. The 
baseline mean blood pressure (122/78 mm Hg) was relatively lower because only 
50% of the participants were hypertensive and 40% were taking antihypertensive 
drugs. The difference between systolic blood pressure at the beginning of the study 
and after 3 months was +1.7 mm Hg in the placebo group, −0.66 mm Hg in the group 
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with 1000 IU of vitamin D, −3.44 mm Hg in the group with 2000 IU of vitamin 
D, and − 4.0 mm Hg In the group with vitamin D 4000 IU (−1.4 mm Hg for every 
1000 IU additional intake of vitamin D, p = 0.04). For every 1 ng/ml increase in 
25 (OH) D levels, a significant 0.2 mmHg reduction in systolic blood pressure was 
found.

4. Role of vitamin D in the regulation of RAAS and sympathetic activation

In the regulation of blood pressure, electrolyte homeostasis, the renin-angioten-
sin-aldosterone system (RAAS) plays an important role. An increase in the activity of 
the RAAS is considered as the most important link in the pathogenesis of hyperten-
sion. It is known that some antihypertensive drugs regulate blood pressure by affect-
ing the renin-angiotensin-aldosterone system (RAAS). This system regulates plasma 
electrolyte levels, vascular resistance, and fluid volume homeostasis. Renin is an 
enzyme produced by the cells of the juxtaglomerular apparatus in the nephrons of the 
kidneys. Its synthesis is activated by renal hypoperfusion and activation of the sym-
pathetic nervous system. Renin converts the angiotensinogen produced in the liver 
into angiotensin I, which is converted into angiotensin II under the influence of the 
angiotensin-converting enzyme (ACE) expressed in the lungs. Angiotensin 2, bind-
ing to its receptor, has a biological effect on the activity of the brain, heart, kidneys, 
peripheral vessels, and adrenal glands (Figure 2). The relationship between vitamin D 
levels and RAAS activity has been demonstrated in numerous studies [20, 21].

Numerous epidemiological studies have shown the association of low vitamin D 
levels with an increased risk of arterial hypertension [20]. Experimental studies in 
mice with damage to vitamin D receptors showed increased activity of renin and cir-
culating angiotensin II, which led to arterial hypertension, which could be reduced by 
blocking the RAAS [21–23]. In other studies, mice that were unable to activate vitamin 
D in the body due to 1-alpha hydroxylase deficiency exhibited a similar phenotype 
to animals that lacked vitamin D receptors [24]. In this case, the addition of vitamin 
D led to a complete change in the phenotype, which confirms the role of vitamin 
D in the activation of the RAAS and in the development of arterial hypertension. 
Other animal experiments have demonstrated the ability of vitamin D to increase the 
concentration of intracellular calcium, which led to a decrease in renin secretion by 
juxtaglomerular cells [25].

Some studies have shown that vitamin D clearly inhibits renin biosynthesis 
and RAAS activity. Administration of an AT II receptor antagonist or angiotensin-
converting enzyme (ACE inhibitor) inhibitor prevented or neutralized the above 
disorders. Later it was found that the activation of vitamin D receptors helps to reduce 
left ventricular hypertrophy (LVH) and prevents the activation of some components 
of the RAAS. An interesting fact is that the suppression of renin secretion by vitamin 
D through the activation of its receptors occurs independently of calcium homeo-
stasis and disturbances in water-salt metabolism. In obese subjects with vitamin D 
deficiency, it found that treatment with ergocalciferol reduced kidney-specific RAS 
activity and blood pressure [26–28]. Thus, RAS activation may be a mechanism link-
ing vitamin D with incident hypertension.

However, in another study, systemic RAS activity measured by plasma renin 
activity did not change significantly following 8 weeks of treatment with vitamin 
D (from 0.34 ± 0.37 ng/ml/hour to 0.36 ± 0.44 ng/ml/hour; p-value = 0.72) or 
placebo (0.42 ± 0.44 ng/ml/hour to 0.44 ± 0.80 ng/ml/hour, p-value = 0.85). 
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Similarly, serum angiotensin II levels did not change significantly after 8 weeks of 
treatment with either ergocalciferol or placebo. There was no significant change in 
mean 24-hour systolic blood pressure or other ambulatory measurements following 
treatment with either ergocalciferol or placebo [29]. In this placebo-controlled, 
randomized study, it was found that in obese patients with vitamin D deficiency 
without arterial hypertension, the correction of vitamin D level does not affect 
the level of blood pressure and does not correct the renal or systemic activity of 
the RAAS. These differences in baseline characteristics (blood pressure and renin 
activity) may indicate that this population was younger, had lower baseline RAS 
activation, potentially explaining differences between the studies. The 8-week 
duration of treatment may have been inadequate to affect RAS activity or blood 
pressure. Although the researchers were able to restore plasma vitamin D levels to 
normal in the treatment group within 8 weeks, it is assumed that a longer treatment 
period would be required for the full effect of vitamin D on blood pressure and on 
RAAS activity.

It is known that increased central or renal sympathetic activation is an important 
factor in the pathogenesis of human arterial hypertension. There is still no evidence 
that vitamin D deficiency directly affects sympathetic nervous activity. It is assumed 
that vitamin D deficiency enhances the signaling effect caused by increased sympa-
thetic activity. For example, angiotensin II promotes hypertension due to increased 
activation of T cells in the central nervous system, and vitamin D blocks the activity 
of effector T cells. In this way, vitamin D deficiency enhances the sympathetic effect 
stimulated by the T cells [30].

Figure 2. 
Role of vitamin D in the regulation of RAAS.
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The relationship between the development of CVD and low levels of 25-hydroxy-
vitamin D in individuals initially without cardiovascular disease was also identified 
in the prospective study, The Framingham Offspring Study. In this study, with an 
average duration of 5.4 years, 1739 participants were observed, the average con-
centration of 25-OH D was 19.7 ng/ml (25-OH D ˂ 15 ng/ml-9%), and the results 
showed that different kinds of CVDs developed more often in persons with vitamin 
D deficiency [31].

Studies conducted in Germany for 7.7 years in which 3258 patients with CVD over 
20 years old were observed proves that the risk of death from CVD increases two 
times in those patients whose vitamin D level is below normal, as well as an increase 
in the level of C-reactive protein and interleukin-6 is also observed in patients with 
low levels of vitamin D [32, 33]. These and other studies confirm that blood pressure 
and C-reactive protein levels are inversely related to vitamin D in blood serum. The 
authors found gender differences in the prevalence of hypertension depending on 
vitamin D levels. The researchers found hypertension in 50% of women who had very 
low vitamin D levels (<5 ng/ml) compared with 30% of women who had vitamin D 
levels not less than 20 ng/ml. No differences in the prevalence of arterial hyperten-
sion depending on the level of vitamin D were found among men. Among 4863 
participants in the Women’s Health Initiative study, over 7 years of follow-up, there 
was no association between vitamin D levels and changes in blood pressure [34]. But 
women with plasma vitamin D levels <14 ng/ml had a 50% increased risk of arterial 
hypertension compared with women with higher vitamin D levels (19–26 ng/ml). In 
a Michigan study, 413 women with an average vitamin D level of 24 ± 10 ng/ml had 
higher diastolic blood pressure values (77 ± 9 mm Hg) compared with women with 
normal vitamin D levels—vitamin D ≥ 32 ng/ml; 75 ± 9 mm Hg [35]. Cross-sectional 
study with 833 white men who underwent 24-hour blood pressure monitoring (excel-
lent outcome assessment) found that low vitamin D levels (<15 ng/mL) are associated 
with higher prevalence of hypertension [36].

5. Vitamin D in elderly patients

It was reported that in elderly patients with systolic hypertension, supplementa-
tion with vitamin D deficiency did not significantly affect blood pressure. In 2013, 
Witham et al. [37] reported the VitDISH study results. The study enrolled 159 partici-
pants with a mean age of 77 years, mean BP of 163/78 mmHg, and an average level of 
25 (OH) D of 18 ng/ml. Participants received 100,000 IU of oral vitamin D3 or a pla-
cebo every 3 months for 1 year. Treatment increased 25 (OH) D levels by 8 ng/ml, but 
did not show significant reductions in blood pressure and arterial stiffness in selected 
patients with systolic hypertension, which was apparently associated with increased 
vascular stiffness and calcification. Although these patients were taking one to two 
antihypertensive drugs, their systolic blood pressure was about 160 mm Hg [37]. In 
another study on the effect of vitamin D on blood pressure in elderly patients with 
systolic hypertension, people aged 75 years were treated with (mean BP 144/85 mm 
Hg, 25 (OH) D 10.1 ng/ml, n = 74) 800 IU vitamin D plus 1200 mg calcium daily for 
eight weeks. They found a significant increase in 25 (OH) D levels and a decrease in 
systolic blood pressure with vitamin D and calcium supplementation compared with 
calcium alone. Clearly, well-designed placebo-controlled trials using 2000–3000 IU 
of vitamin D daily to treat patients with isolated systolic hypertension and vitamin 
D deficiency are warranted [38]. The BEST-D study in healthy people examined the 
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effect of daily vitamin D intake for 1 year on the risk of hypertension and biochemical 
markers. But the results of this study were not positive. The addition of vitamin D did 
increase the plasma concentration of 25 (OH), but did not reduce the risk of cardio-
vascular complications, blood pressure, blood lipid profile, and arterial stiffness [39].

6. Clinical trials with vitamin D in hypertension

More than 40 randomized clinical trials have been conducted to determine the 
effect of vitamin D supplementation on blood pressure as a primary or secondary 
endpoint. Since the mechanisms underlying the effect of vitamin D on blood pressure 
have not yet been elucidated, most clinical trials have shown suboptimal designs, and 
the results have been mixed. The findings were conflicting. Wu et al. [40] conducted a 
meta-analysis of four randomized controlled trials of oral vitamin D supplementation 
in BP. They found that vitamin D supplementation significantly reduced systolic blood 
pressure by 2.44 mm Hg, but not diastolic blood pressure. Another meta-analysis 
included 51 randomized trials that enrolled adults who received vitamin D supplemen-
tation and that measured several cardiovascular outcomes (stroke, myocardial infarc-
tion, cardiovascular death, etc.) [41] found no change in the weighted mean of either 
systolic or diastolic blood pressure.

Witham et al. [42] investigated eight randomized controlled trials in participants 
with a mean baseline blood pressure > 140/90 mm Hg, which showed a slight decrease 
in systolic blood pressure and a small significant decrease in diastolic blood pres-
sure (3.1 mm Hg). In a study involving 701 adolescent girls and boys with average 
blood vitamin D values of 30 ng/ml, it was shown that there is an inverse correlation 
between the level of this vitamin and the values of systolic and diastolic blood pres-
sure (respectively, r = −0.1, r = −0.21; P < 0.01) [43]. In a subanalysis of the Hoorn 
population study in the Netherlands, which included 441 patients, it was shown that 
blood pressure levels decreased with increasing blood vitamin D values. With the 
values of vitamin D in plasma on average 32 ng/ml, the systolic and diastolic pressures 
were respectively 135.0 ± 18.6 mm Hg and 81.6 ± 9.6 mm Hg. At low values of vitamin 
D in the blood, below 14 ng/ml, the values of systolic and diastolic pressure were 
146.6 ± 20.6 mm Hg and 86.3 ± 12.6 mm Hg [44].

Ten studies by other scientists examined the role of vitamin D and ultraviolet radi-
ation in blood pressure regulation, where no significant effect of vitamin D on blood 
pressure was found. Only those studies using high daily doses of vitamin D (at least 
1000 IU/day) were found to have a small statistically significant effect [45]. An ideal 
test to determine the maximum antihypertensive effect of vitamin D supplementation 
on blood pressure is the administration of vitamin D to patients with untreated stage 
1 hypertension with vitamin D deficiency living in high latitudes in winter. Such a 
study was conducted (n = 40) in Liaoning, northern China, in the winter, administer-
ing 3000 IU of vitamin D daily for 3 weeks to patients with an average age of 53 years 
who did not receive treatment for stage 1 EH and vitamin D deficiency (25 (OH) D 
levels were < 20 ng/ml). Treatment significantly increased blood 25 (OH) D levels 
and decreased systolic blood pressure, but not diastolic blood pressure. The negative 
results for diastolic blood pressure may be associated with a small sample size, a short 
treatment period, and a recruitment of only stage 1 hypertensive patients. A well-
designed, large, randomized study VITAL has demonstrated a significant reduction in 
the incidence of hypertension after 5 years of vitamin D intake (2000 IU per day) by 
eliminating vitamin D deficiency in patients aged ≥50 years [46]. It should be noted 
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that an appropriately high dose (at least>1000 IU per day) of vitamin D supplemen-
tation to increase blood 25 (OH) D levels is also needed to see the antihypertensive 
effect of vitamin D.

Kunutsor et al. [47] conducted a meta-analysis of 16 randomized clinical trials to 
evaluate the effect of vitamin D supplementation on blood pressure. They did not 
show significant reductions in systolic and diastolic blood pressure with vitamin D 
supplementation, suggesting heterogeneity and publication bias. Subgroup analysis 
showed significant reductions in diastolic blood pressure in participants with preex-
isting cardiometabolic disease.

The VITAL trial did not find any significant benefits in regard to cardiovascu-
lar outcomes. Indeed, only a not significant reduction in cardiovascular events was 
observed in the group treated with vitamin D when compared with the placebo 
[48]. In other studies, cholecalciferol supplementation did not reduce  
the cardiovascular risk. This treatment increased the serum levels of 25(OH)D,  
the CVD risk did not improve [49]. Another meta-analysis evaluated the car-
diovascular benefits of a vitamin D supplementation over 1 year, regardless of 
calcium supplementation. The results of this meta-analysis showed no significant 
effect of vitamin D on cardiovascular endpoints (myocardial infarction, cerebral 
stroke, cerebrovascular accident, mortality from heart disease) and on mortality 
from all causes [50].

It should be noted that the development of acute toxic effects during treatment 
with vitamin D is very rare, since the toxicity of this vitamin can be caused by the 
use of very high doses. Such toxic effects may include hypercalcemia, which stimu-
lates the development of various types of arrhythmias with a shortened QT interval 
[51]. No less controversial is the issue of vitamin D toxicity. So, according to I. Boer 
et al. [52], safe level of 25 (OH) D3 in plasma is considered to be 240 nmol/l, the 
concentration of 25 (OH) D3 in the blood is higher, 375 nmol/L, associated with 
acute hypercalcemia and hyperphosphatemia. With that said, American Institute of 
Medicine determines the maximum daily intake of vitamin D for infants from 0 up 
to 6 months of life 1000 IU; for children from 7 to 12 months life—1500 IU; from 1 to 
3 years—2500 IU; from 4 up to 8 years—3000 IU; for teenagers from 9 to 18 years old 
and adults—4000 IU.

There are small studies in the literature that investigated the effect of vitamin D 
on blood pressure when taken daily at a dose of 3000 IU versus placebo [53]. As a 
result of these studies, taking vitamin D did not lead to a significant decrease in blood 
pressure. However, in a retrospective analysis, patients with vitamin D deficiency 
(<32 ng/ml) showed a decrease in systolic and diastolic blood pressure during treat-
ment with vitamin D. However, the central systolic blood pressure (blood pressure in 
the ascending aorta) decreased by 4 mm Hg in the 25(OH)D group compared with 
placebo (P = 0.007). The results of these studies confirm that the addition of vitamin 
D to the treatment of hypertensive patients may be beneficial in patients with vitamin 
D deficiency. It should be noted that high doses of vitamin D were used. In addition, 
patients with systolic blood pressure levels <150 or diastolic blood pressure < 95 mm 
Hg, and 84% of participants were taking antihypertensive drugs. All this could 
mask or reduce the effect of vitamin D on blood pressure in hypertensive patients. 
These factors, along with the small sample size, may have contributed significantly 
to negative 24-hour BP outcomes. Besides, most studies did not record the changes 
of diet, sun exposure or latitudes, genetic factors, and educational status, we are not 
able to answer the questions of whether these factors would modify the effect of the 
intervention.
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A meta-analysis of cohort studies was conducted that demonstrated a negative 
association between vitamin D levels and blood pressure. At the same time, with 
an increase in the level of vitamin D in blood plasma by 25 nmol/l, a decrease in the 
risk of developing arterial hypertension by 7% was observed. However, there was 
no direct evidence of a decrease in blood pressure from 25 (OH) D supplementa-
tion. Scientists believe that the positive effect of vitamin D on blood pressure levels 
is mainly due to the fact that the study included young participants with a healthy 
lifestyle. In addition, low vitamin D levels may be the result of prior medical condi-
tions. Furthermore, differences exist among the various methods used and in the 
laboratories that measured 25(OH)D levels, which would also influence the accuracy 
of the study results. Individuals who are taking vitamin D supplements should do so 
for at least 6 months to reach the maximum attained 25(OH)D level. It is reasonable to 
assume that the effect of vitamin D is time-dependent [54].

Beveridge et al. [55] conducted a meta-analysis that included clinical trials that 
used vitamin D supplements and reported BP. Vitamin D did not affect normal blood 
pressure in 30 studies. They also found no significant reduction in blood pressure with 
vitamin D in studies with participants whose mean baseline SBP was ≥140 mmHg. The 
main reason for negative results may be related to suboptimal study design. This may 
include high rates of background antihypertensive drug treatment that overlap with 
the antihypertensive role of vitamin D, cohorts with less than 40% of participants with 
vitamin D deficiency, and low or exceptionally high intake of vitamin D. Chen et al. 
[56] conducted a placebo-controlled, randomized study to find out if vitamin D sup-
plementation (2000 IU/day) lowered blood pressure for 6 months. The study included 
126 patients with arterial hypertension and vitamin D deficiency who received 
nifedipine at a dose of 30 mg per day. For 6 months of treatment with vitamin D, an 
increase in its level was observed from 19 ng/ml to 34 ng/ml and a decrease in mean 
blood pressure over 24 hours by 6.2/4.2 mm Hg. (p < 0.001). In patients with vitamin 
D < 30 ng/ml at baseline (n = 113), the mean blood pressure in 24 hours decreased by 
7.1/5.7 mm Hg. In this study, the antihypertensive drug nifedipine could reduce the 
effects of vitamin D on blood pressure in these Chinese hypertensive patients.

7. Vitamin D, endothelial dysfunction, and atherosclerosis

The endothelium is the main regulator of vascular homeostasis and affects 
vasoconstriction and vasodilation, smooth muscle proliferation and inflammation, 
thrombogenesis, and fibrinolysis. As a result, the development of atherosclerosis 
occurs with endothelial dysfunction, which develops when this layer of the vascular 
wall is damaged. The role of vitamin D in reducing the risk of atherosclerosis lies in 
the following mechanisms:

• increase in the formation of endothelial nitric oxide

• decrease in aggregation and adhesion of platelets

• management of musculoskeletal tone

• suppression of oxidative stress

• decrease in the formation of pro-inflammatory cytokines
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• decrease in the formation of vasoconstrictor substances

• inhibition of proliferation and migration of smooth muscle cells

• modulation of the immune response.

Vitamin D has beneficial effects on vascular endothelial function and arterial stiff-
ness. Vitamin D plays an important role in vascular and endothelial smooth muscle 
cells. Therefore, it can be assumed that vitamin D can affect the contraction of blood 
vessels and the formation of calcifications in the vessels. At the same time, this vita-
min can affect the function and structure of blood vessels in different ways. Everyone 
knows that nitric oxide is a powerful vasoprotective and vasodilator, and several 
factors are involved in its synthesis, including vitamin D and vitamin D receptors. 
Scientists believe that vitamin D plays an essential role in the synthesis of nitric oxide. 
Other mechanisms include endothelial 1-hydroxylase and activated vitamin D, which 
can modulate the growth of both cell types [3]. In patients with type 2 diabetes, the 
DIMENSION study examined the effect of 16 weeks of vitamin D supplementation 
on endothelial function. During the treatment, the values of vitamin D increased. 
But when conducting a multivariate regression analysis, no effects of vitamin D on 
endothelial function were found [57].

Arterial stiffness increases in early-stage hypertensive patients, and it is a strong 
predictor of cardiovascular morbidity and mortality. In a study, Sinem Cakal [23] 
included 100 patients with arterial hypertension who were diagnosed for the first 
time, they had not previously received antihypertensive treatment, they did not have 
any cardiovascular diseases, chronic renal pathology, diabetes mellitus, malignant 
neoplasms. All patients were divided into two groups: with vitamin D deficiency 
(<20 ng/ml) and with normal vitamin D content (≥20 ng/ml). The daytime, night-
time, and daily blood pressures were determined. In the result, vitamin D deficiency 
is associated with increased arterial stiffness in newly diagnosed hypertensive 
patients.

Everyone knows that inflammation plays an important role in the development of 
atherosclerosis. The most widely studied biomarker of cardiovascular inflammation 
with proven anti-inflammatory effects is highly sensitive C-reactive protein. Many 
studies have shown an inverse relationship between vitamin D and reactive protein 
C [58, 59]. The level of vitamin D is positively correlated with the concentration of 
anti-inflammatory cytokines (interleukin 10), which enhances the anti-inflammatory 
effect of vitamin D. By reducing the production of pro-inflammatory cytokines, 
interleukin 10 has a cardioprotective effect. A decrease in the level of this interleukin 
in the blood leads to the development of severe atherosclerosis. Thanks to this mecha-
nism, vitamin D is able to slow down the progress of atherosclerosis. In addition, 
vitamin D is able to suppress the formation of pro-inflammatory tumor necrosis fac-
tor, which once again proves the indisputable role of this vitamin in the development 
of inflammation. With vitamin D deficiency in the body, the synthesis of atherogenic 
cholesterol fractions increases, which leads to an increase in atherosclerotic processes 
in the body. The effect of vitamin D is comparable to the effect of statins, since it 
inhibits the enzyme HMG-CoA reductase—3-hydroxy-3-methylglutaryl-coenzyme 
A-reductase, which is an important link in the pathogenesis of atherosclerosis [60].

Several findings currently suggest that there is a link between the vitamin D 
system and the development of atherosclerotic plaques, possibly mediated by a modu-
lation of immune responses [61]. This study showed that in patients with diabetes 
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mellitus, vitamin D can affect signaling from vitamin D receptors on the surface of 
macrophages, which leads to a decrease in the penetration of LDL cholesterol into 
foam cells, which prevents the development of atherosclerosis. Due to the inhibition 
of the nuclear factor of gene expression of activated B cells, vitamin D suppresses the 
synthesis of prothrombogenic and pro-inflammatory cytokines (interleukin 6) and 
also increases the formation of anti-inflammatory interleukin 10 and thrombomodu-
lin. All this leads to a decrease in vascular calcification and stops the development of 
atherosclerotic plaques by suppressing the formation of foam cells.

W. John et al. [62] when carrying out an analysis using multivariate models, 
including the fact the risk of developing diabetes mellitus and ischemic heart disease, 
found that vitamin D deficiency helps to reduce the content of apolipoprotein A1. 
Another study carried out with the aim elucidating the relationship between vitamin 
D content and metabolic risk factors in young men rank without obesity proved that 
the content in the blood circulator 25 (OH) D3 correlated with the level of LDL [63]. 
Results of a randomized trial, conducted by G. Major, et al. [64], testimony about the 
fact that the daily intake of 400 IU of cholecalciferol and 1200 mg calcium led to a 
decrease total cholesterol levels.

8. The place of vitamin D in the development of chronic heart failure

For the first time in 1995, L. Brunvand et al. [65] presented a clinical case of the 
association of pronounced vitamin D deficiency, hypocalcemia with myocardial dys-
function, and chronic heart failure. E. Shane et al. [66] proved statistically significant 
predominance of vitamin D deficiency in patients with chronic heart failure, direct 
correlation between the level of vitamin D it contains in serum and a fraction of left 
ventricular throw. A. Zittermann et al. [67] demonstrated low serum 25 (OH) D3 and 
calcitriol levels in the blood of patients with chronic heart failure sufficiency in com-
parison with the control group healthy people. The authors have proven that the con-
nection between vitamin D deficiency and chronic heart failure sufficiency is traced 
in all age groups, with the correlation of the relationship between the low level of 25 
(OH) D3 and an increased content of cerebral sodium uretic peptide. Prospective 
cross-examination and follow-up performed by A. Zittermann et al. demonstrated 
statistically significant prevalence of vitamin D deficiency in patients with indica-
tions for emergency heart transplantation in comparison with patients preparing for a 
planned transplantation. A lower circulating level vitamin D has been associated with 
a risk of sudden heart death. Research results of I. Gotsman et al. [68] testified to a 
statistically significant possessing a deficiency of 25 (OH) D3 in patients with chronic 
heart failure in comparison with control. The authors proved that less than 9% of such 
patients had an optimal level of 25 (OH) D3, highlighting significantly adverse conse-
quences of its deficiency. Thus, the carried out studies show that there is a statistically 
significant prevalence of vitamin D deficiency in patients with chronic heart failure in 
comparison with nursing patients without it; vitamin D deficiency is associated with 
the severity of heart failure and higher rates of unfavorable outcomes.

In 2016, a 26.5-month study was completed to establish the incidence of vitamin 
D deficiency and its relationship with bone mineral density, left ventricular ejection 
fraction, and brain natriuretic peptide (NT-proBNP) levels. Two groups were formed: 
the first included 70 patients with chronic heart failure (CHF); the second—40 patients 
with diseases of the cardiovascular system, but without CHF. Osteoporosis was detected 
in 61.4% of patients in the first group (they had fractures much more often) and in 
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32.5% of patients in the second group. In patients with CHF, a statistically significant 
decrease in the level of vitamin D was recorded, on average, this value was 9.6 ng/
ml, in patients without CHF—14.8 ng/ml, and in patients of group 1, a high level of 
NT-proBNP was observed. A correlation was found between the level of vitamin D in 
serum and the concentration of NT-proBNP, the left ventricular ejection fraction. As a 
result, it was concluded that patients with CHF are a group at increased risk of osteo-
porosis, and such patients are recommended to prescribe additional vitamin D intake 
at a dosage of more than 1600 IU per day as a preventive measure [69]. The pathophysi-
ological mechanisms of these relationships are not fully understood, there are various 
hypotheses, according to one—vitamin D deficiency contributes to the development of 
secondary hyperparathyroidism. A high level of parathyroid hormone provokes calcifi-
cation of the heart valves (this is especially pronounced in patients with renal failure), as 
a result of which the risk of developing CHF increases. The reason for the development 
of CHF is also the “aging” of the myocardium; the key factors that determine the rate of 
aging are oxidative stress and chronic inflammation. Vitamin D deficiency is associated 
with a higher incidence of heart failure due to an increase in serum pro-inflammatory 
markers, including CRP [52, 53, 70].

9. Conclusion

Based on the evidence presented, it can be assumed that the correction of the 
deficit of vitamin D will help reduce the risk occurrence and progression of cardio-
vascular diseases, reducing the risk of sudden cardiac death and general mortality of 
the population.

Based on the conducted studies, it is assumed that the risk of developing arterial 
hypertension can be explained by the initial content of vitamin D in the blood, sample 
size, and duration of observation. In addition, the presence of other concomitant 
cardiovascular diseases, diabetes mellitus, kidney disease, affects the physiologi-
cal mechanisms of the effect of vitamin D on blood pressure. Therefore, between 
individual patients there may be significant differences in the physiological effects of 
vitamin D.

Thus, arterial hypertension is caused by a variety of factors acting through genetic 
and environmental determinants depending on age. Vitamin D deficiency as a risk 
factor for the environment contributes to an increase in vascular tone, which, possibly, 
serves as a trigger that contributes to the development of hypertension in vulnerable 
middle-aged people. Accumulating data from animal models and observational studies 
in humans strongly support the hypothesis that vitamin D deficiency contributes to 
hypertension, and a corresponding high dose of vitamin D with long-term treatment 
can normalize or nearly normalize blood 25 (OH) D levels and significantly reduce 
blood pressure in groups of hypertensive patients with vitamin D deficiency.

Correction of vitamin D deficiency is of great prognostic value. Vitamin D treat-
ment is low-cost, easy to administer, and prevention further contributes to a healthy 
lifestyle. Further clinical and experimental studies are needed to study in more detail 
the mechanisms of the negative effect of vitamin D deficiency on the cardiovascular 
system, in particular on arterial hypertension.
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Abstract

Hypertension is already a problem faced by South African urban populations, 
but little is known about the predominance, chance factors, and self-management 
strategies of hypertension in rural areas. Hypertension has an increased mortality and 
morbidity rate, thus has been identified as the killer disease in rural communities as 
its prevalence is increasing year by year. Non-attendance of hypertensive patients in 
rural communities has been identified as one of the most pressing issues in chronic 
illness, including hypertension, management and results into uncontrolled illnesses. 
Hypertensive patients lack self-management strategies to maintain their quality of life 
when diagnosed. Therefore, this book chapter is aimed at exploring the knowledge of 
self-management and strategies used in outpatients with hypertension under treat-
ment in rural communities. Seven major themes were identified: paradoxical descrip-
tion; adherence to treatment and medication instructions, medical follow-up visits at 
the health facility, healthy lifestyle; management of emotions; defense mechanisms 
and religious interventions. Patients faced obstacles such as not eating a healthy diet 
since they are not the ones cooking, and children are always generating problems for 
them, leading their blood pressure and blood glucose levels to rise. Additional efforts 
are needed in rural communities to promote hypertension and self-management 
measures through educational programs.

Keywords: self-management, hypertension, non-communicable diseases (NCDs), 
cardiovascular disease (CVD), rural communities

1. Introduction

For centuries, communicable diseases have been responsible for the greatest 
worldwide burden of premature death. Following the Second World War, medical 
research achievements in the development of efficient and inexpensive vaccinations 
and the increased availability of antibiotics decreased the toll of communicable 
diseases even more [1]. Non-communicable diseases (NCDs) such as cardiovascular 
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disease (CVD), diabetes, chronic-obstructive pulmonary disease (COPD), and can-
cers have emerged as an emerging pandemic with a major threat to the government. 
These diseases undermine health gains while imposing a heavy economic burden on 
governments and households worldwide in recent years [2, 3]. For example, according 
to the World Health Organization (WHO), NCDs are the leading cause of mortality 
worldwide, accounting for 71% of all deaths, with CVD accounting for the majority of 
deaths, with around 17.9 million people dying each year, followed by cancer, respira-
tory illnesses, and diabetes [4]. NCDs are the second leading cause of mortality in 
much of Sub-Saharan Africa (SSA), accounting for 2.6 million deaths [5]. Because of 
the rapidly expanding epidemic of NCDs, SSA is facing a double burden of NCD and 
communicable illnesses in a disadvantaged environment characterized by ill-health 
systems [6].

It is noted that CVD mortality rates are low in SSA as compared to high-income 
countries; however, the deaths due to CVD has doubled in the past three decades in 
SSA [7]. Certain risk factors, including hypertension and diabetes, are the key modi-
fiable risk factors for poor CVD outcomes, such as stroke, the leading cause of death 
globally [7]. According to a study by Kearney et al. [8] using published literature from 
January 1, 1980, to December 31, 2002, the prevalence of hypertension was predicted 
to increase by about 60% to a total of 1·56 billion in the year 2025 [8]. The risk of 
hypertension in the semi-urban and rural areas of South Africa increases with age. 
It recorded 36% and 40% among the 56+ year population in semi-urban and rural 
areas, respectively [9]. Globally, including SSA, certain risk factors such as physical 
inactivity, family history of hypertension, unhealthy diets, waist-to-hip ratio (WHR), 
the harmful use of alcohol, and being diabetic are associated with hypertension 
[9–11]. Additionally, studies in Africa have shown that socio-economic status (SES), 
such as household wealth status and high BMI (overweight/obesity) is associated with 
hypertension [12, 13].

NCDs management includes diagnosing, screening for, and treating these illnesses 
and providing those in need with access to palliative care [4]. Undiagnosed hyperten-
sion in a rural district remains a concern. A large proportion of the hypertensive 
population remains undiagnosed, untreated, or inadequately treated in developing 
countries with most coming from lower socio-economic status (SES) than people 
with higher SES [12, 14]. If left undiagnosed and untreated in rural communities, 
this might increase the risk of a cardiovascular event, such as heart attack, stroke, 
enlarged heart, or kidney damage that may occur due to high blood pressure [11].

Most recent studies showed that community members had good (14%) or inter-
mediate (74.3%) knowledge of hypertension, and only 11.8% of the population had 
poor knowledge even its risk factors [11, 15]. Lifestyle characteristics have direct 
correlations to hypertension risk, and modifying lifestyles in a favorable direction can 
significantly reduce hypertension risk [16]. However, poverty was highlighted as a 
key risk in this group, restricting healthy lifestyle choices and timely access to health 
treatment [15].

NCD management interventions are essential for achieving the global target of 
a 25% relative reduction in the risk of premature mortality from NCDs by 2025, 
and the sustainable development goal target of a one-third reduction in premature 
deaths from NCDs by 2030 [4]. Disease self-management, or patients’ capacity to 
use disease information and engage in strategies that assist them in maintaining 
their health, helps lower death and hospitalization rates [17, 18]. Therefore, this 
chapter is aimed at exploring the knowledge of self-management and strategies in 
outpatients with hypertension under treatment in rural communities. We discuss 
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risk factors for hypertension and discuss self-management strategies used by 
patients in rural communities.

2. Methodology

The study adopted a Mixed-Methods Research (MMR) approach, known as 
explanatory sequential design, advocated by Edmonds and Kennedy [19]. The 
study used a household administered data collecting tool in which quantitative data 
(QUAN) were collected through the non-laboratory INTERHEART risk score tool and 
qualitative data (QUAL) were obtained through semi-structured interviews. The data 
collection tool was distributed. The population eligible for this study was people stay-
ing in those selected rural communities and 18 years and above. Only 1224 completed 
the data collection tool with the assistance of community health workers (CHWs) 
using the non-laboratory INTERHEART risk score tool. For qualitative, participants 
were selected and interviewed until data saturation was reached. These respondents 
provided the qualitative data set that sought to explore the knowledge of self-
management and strategies in outpatients with hypertension under treatment in rural 
communities. For quantitative data, frequencies were generated using the Statistical 
Programme for Social Sciences (SPPS version 26.0), and eight Steps of Tesch’s induc-
tive, descriptive open coding technique were used for qualitative data [20].

3. Quantitative phase

This section presents the demographic information of participants followed by 
risk levels findings. A standardized INTERHEART questionnaire instrument was 
employed in the study and 1244 individuals from a rural community in South Africa's 
Limpopo region responded (Table 1).

Of the 1244 participants, the majority were females (75%). In the majority of, 
participants their waist to hip ratio was less than 0.873 (54%). The median age of the 
participant was 48 years old. Regarding CVD risk factors status, 66% of adults in 
the rural area have hypertension while only 14% were diabetic, shown in Figure 1. 
Hypertension is more prevalent in rural communities than diabetes [21, 22]. However, 
there is substantial overlap between diabetes and hypertension, reflecting substantial 
overlap in their etiology and disease mechanisms [21]. Hypertension and diabetes 
are two of the leading risk factors for atherosclerosis and its complications, includ-
ing heart attacks and strokes [23]. Making certain lifestyle changes (quit the smoke, 
drinking alcohol only in moderation, limiting salt intake, and eating a diet with low 
sugar but plenty of fruits, vegetables, fish, healthy fats, and whole grains) cannot only 
reduce complications from diabetes but can also greatly reduce your risk of high blood 
pressure [23]. The majority of the participants were non-smokers (89%) with 25% 
and 8% being hypertensive and diabetes, respectively.

Table 2 summarizes the quantitative data on the characteristics of rural commu-
nity members in South Africa for hypertensive and non-hypertensive patients. Most 
participants in the study were females. Factors such as being female, hypertensive, 
and having comorbidity were associated with high risk developing coronary heart 
disease in the elderly than in younger patients [24]. The majority of the 175 (25%) 
hypertensive individuals in the study were at moderate risk of developing coronary 
heart disease.
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4. Qualitative phase

Thematic analysis was applied to derive themes for discussion in this section. The 
following themes emerged: (1) paradoxical description of self-management strategies 
and (2) unforeseen painful life experiences.

4.1 Theme 1: paradoxical description of self-management strategies

The findings revealed that there is a different description of self-management strate-
gies used by patients when living with risk factors such as hypertension. The strategies 
include engaging in physical activity, eating a healthy balanced diet, drinking a lot of 
water. However, the findings further indicate that most participants perform mild exer-
cises and a limited number perform moderate exercises. Health promotion, self-care, and 

Figure 1. 
Prime risk factor for cardiovascular disease.

Variables Median 95% CI (lower; upper)

Age Age 48 (47; 49)

Variables Frequency %

Gender Male 306 25

Female 918 75

Waist to hip ratio Quartile 1: less than 0.873 654 54

Quartile 2 & 3: 0.873–0.963 395 33

Quartile 4: greater than or = 0.964 163 13

Smoking status Current smoker 97 8

Former smoker 38 3

Non-smoker 1051 89

Hypertension Yes 175 25

Diabetes Yes 91 8

Table 1. 
Characteristics of 1244 rural community members in South Africa.
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education in the community and primary care settings have been shown to encourage 
patients to engage in smoking cessation, increased physical activity, and a healthy diet in 
the prevention of cardiovascular diseases, and this plays an important role in preventing 
CVD risk factors [16]. The stakeholders (health-care providers, health facilities, agencies 
involved in diabetes care, etc.) should encourage patients to understand the importance 
of diet, which may help in disease management, appropriate self-care and better quality 
of life. It is crucial to enhance basic diabetic and hypertension management and knowl-
edge among the general population, especially in rural areas. National-level education 
and health intervention programs should be instigated and augmented.

4.1.1 Knowledge related to self-management strategies

It was seen that the majority of the participants indicated that physical activity, 
diet, and lifestyle modification are not associated with hypertension prevention. 
Most patients lack sufficient knowledge about NCDs and have little knowledge about 
physical activity [25]. It was discovered that time constraints, lack of interest, low self-
esteem, lack of awareness, safety, and financial constraints, knowledge deficit, parental 
influence, peer pressure, and poverty were the barriers to physical activity and NCDs 
risk factors [25]. Knowledge plays a vital role in future disease development and early 
prevention and detection. Positive knowledge, attitude, and practice are important for 
hypertensive patients, and weight reduction should be considered in managing blood 
pressure [26, 27]. Knowledge, attitudes, and practices are interrelated and dependent 
on each other [27]. If the level of one element is higher, the other two factors should 
be affected positively. Knowledge regarding diabetes and hypertension varies greatly 
depending on socio-economic conditions, cultural beliefs and habits [27].

Variables Hypertensive 175 
(25%)

Non-hypertensive

Age Age 48 (20;94) 48 (18; 94)

Variables

Gender Male 41 (24%) 126 (25%)

Female 131 (76%) 387 (75%)

Waist to hip ratio Quartile 1: less than 0.873 71 (41%) 301 (59%)

Quartile 2 & 3: 0.873–0.963 68 (39%) 152 (30%)

Quartile 4: greater than or 
=0.964

34 (20%) 57 (11%)

Smoking status Current smoker 11 (7%) 41 (8%)

Former smoker 4 (2%) 25 (5%)

Non-smoker 154 (91%) 442 (87%)

Risk of developing 
CVD

High 67 (39%) 24 (5%)

Moderate 85 (49%) 159 (31%)

Low 21 (12%) 332 (64%)

Table 2. 
Descriptive characteristics of rural community members in South Africa for hypertensive and non-hypertensive 
patients.
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4.1.2 Adherence to treatment and medication instructions

Patients with hypertension on treatment are encouraged to adhere to prescribed 
treatment and medication instructions as this will assist in controlling the symptoms 
and promote quality of life. Adherence to treatment is described by Burnier and 
Egan as an important aspect that controls the symptoms which might be unbearable 
lead to complications [28]. Health professionals who include physicians, pharmacists 
and nurses assist in making sure that patients improve and adhere to treatment. 
Additionally, though adherence to treatment and medical instructions is important, 
hypertensive patients are further advised to manage their lifestyle because that 
reduces the risk of developing CVDs and improves clinical outcomes.

4.1.3 Adherence to medical follow up visits at the health facility

It is important to emphasise adherence to medical follow-up scheduled dates because 
during such a visit, the health professionals teach patients about various issues, includ-
ing all self-care strategies and pharmacological interventions that are equally effective.

4.1.4 Adherence to a healthy lifestyle and lifestyle modification

The hypertensive patients are encouraged to make sure that they adhere to a 
healthy lifestyle which includes lifestyle modifications that require more effort to do 
that. A healthy lifestyle includes a healthy diet, exercise, have resting times, etc. [29].

4.1.5  Management of emotions (anger, fear, stress) is outlined as a self-management 
strategy

The importance of managing emotions such as depression, anxiety, excessive worry, 
anger, fear, and stress needs to be emphasised when interacting with hypertensive 
patients. When they experience such, they must consult health professionals for help [30].

4.1.6 Defence mechanisms

Hypertensive patients are encouraged to use the self-defence mechanism because 
this assists one to cope with all life’s negative situations leading to minimal symptoms 
of the disease [31].

4.1.7 Religious interventions

Religious beliefs and practices are viewed as a method to assist people in adjusting 
to their situations and the physical, mental, and social difficulties brought about by 
clinical disease [32].

4.2 Theme 2: unforeseen painful life experiences

According to the findings, there is an explanation for how unforeseen painful 
life experiences lead to inadequate management or avoidance of risk variables. For 
example, hypertension and diabetes-mellitus, as most of the participants indicated 
that they experience challenges like not adhering to a healthy diet as they are not the 
ones cooking. Children are always causing problems to them that cause their blood 
pressure and blood glucose to increase. As a result of a lack of support for family care 
from health services and professionals, family vulnerability is formed or exacerbated 
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because family potential decreases over time due to care needs, which are continually 
refreshed and augmented in chronic diseases [33]. In both the genesis and the poten-
tial of overcoming vulnerabilities, it appears that family support in the experience 
of disease and caregiving might be a crucial factor [33]. Medical illiteracy among 
patients (i.e., poor understanding of the disease process, medication effects, dosage 
regimens, and possible side effects) is a frequent cause of medication non-adherence, 
leading to painful experiences. The majority of uncontrolled hypertension is due to 
poor adherence to antihypertensive medications [34]. Understanding the types of 
causes that contribute to noncompliance helps address noncompliance.

5. Integration phase

Quantitative investigation Qualitative investigation

Quantitative findings Sub-themes Participants expression

67.8% and 79.9% of 
survey respondents with 
hypertension reported 
consuming enough fruits 
and vegetables daily, 
respectively.
66% and 61.5% of 
survey respondents with 
hypertension reported 
eating meat and salty food 
one or more times a day.
25.9% of survey 
respondents with 
hypertension perform 
moderate physical activity 
in my leisure time

Paradoxical description 
of self-management 
strategies (physical 
activity, eating a healthy 
balanced diet, drinking a 
lot of water, etc.)
1.1. Knowledge related to 
self-management strategies

This is supported by the following
The other participants added how she manages herself 
HP#02:-
To prevent CVD I don’t take too much sugar, and also I 
use a small amount of salt, and for meat, I eat chicken 
only I don’t eat beef as is the one that causes a problem. 
When I was still working, I used to buy vegetables and 
fruits but now is bad because to buy with pension money I 
can’t afford those things, but I use traditional vegetables is 
very healthy. The vegetables that I use are potatoes and fish 
because I can afford them.

38.5% of survey 
respondents with 
hypertension showed to be 
at a high risk of coronary 
heart disease

1.2 Adherence to treatment 
& medication instructions

The findings were also supported by participant 
HP#04:- I manage myself by just taking treatment as 
instructed although I don’t know whether I’m preventing 
heart attack, I think by taking treatment and adhering to 
a diet of avoiding salts and fats I think my body and heart 
will flow normally and prevent heart attacks.

1.3 Adherence to medical 
follow up visits at the 
health facility

Participant HP#08:- I think they should follow clinic 
instructions by taking treatment as prescribed and take 
too much water to dilute high blood and also to take fruits 
and vegetables as they protect your body and also to avoid 
sleeping a lot as high blood needs an active person do 
house chores as high blood is not life-threatening illness is 
everybody’s sickness we are not supposed to fear it.

1.4 Adherence to a 
healthy lifestyle & lifestyle 
modification

Participant HP# 04:- I manage myself by making sure 
I eat a healthy meal, you see my wife died in 2015 and 
I’m left with 4 children all of them are taking care of me, 
you see I’m wearing Adidas clothes and shoes I’m well 
taken care of. In the case of diet, I’m taking too many 
vegetables and fruits because as I stay alone, but I have 
many chickens well protected in a fence I eat those chickens 
because they are healthy, unlike the ones from the fridge 
because they cause painful leg.
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Integration of the QUAN and QUAL results revealed that most of the patients are 
engaging in eating a healthy balanced diet (Table 3). QUAN results pointed out that 
more than 61% of outpatients were consuming enough fruits and vegetables daily 
but still eating meat and salty food one or more times a day and physical inactivity. 
Combining the eating plan and a lower salt consumption could provide the most 
effective and may reduce hypertension risk [35]. It is observed that patients still 
consume high salts and a lot of meat on daily basis, however, some reported that 
they avoid eating beef meat as compared to chicken meat and also, try to use a small 
amount of salt and sugar. Patients adhere to treatment and medication instruc-
tions and medical follow-up visits at the health facility as other self-management 
ways of hypertension. The proper use of antihypertensive medications is a critical 
component of hypertension management [36]. Knowledge of hypertension and its 
treatment, socio-demographics, treatment views, and patient-provider interaction 
may contribute to poor drug adherence [36]. Poor adherence might worsen diseases 
and increase the likelihood of cardiovascular events such as heart attack or a stroke. 
Most hypertensive patients in rural areas are adherent to medication and clinic 
visits, however, about 39% of patients were at a high risk of coronary heart disease.

It is observed that about 33% felt work or home life stress. A stressful situation leads 
to a surge of hormones and temporarily increases your blood pressure. Although stress 
does not directly cause hypertension, it does trigger a rush of hormones and momen-
tarily raises your blood pressure, which may later develop into hypertension [37]. Some 
hypertensive patients reported managing their emotions by avoiding stress, overthink-
ing, and becoming angry as a self-management strategy. Most patients, especially 
pensioners and the elderly, perform household duties every morning and clean the 
yard, which they believe is adequate because they have large yards. Risk behaviors such 
as smoking and alcohol use have direct correlations to hypertension risk, and avoiding 
such risk behaviors can significantly reduce hypertension risk [9–11]. Due to religious 
interventions, some patients eat healthy foods and avoid smoking and alcohol.

Quantitative investigation Qualitative investigation

Quantitative findings Sub-themes Participants expression

33.3% of survey 
respondents with 
hypertension felt work or 
home life stress in the last 
year

1.5 Management of 
emotions (anger, fear, 
stress) mentioned as a self-
management strategy

Participants HP# 010 highlighted that: - Many things 
that can contribute to CVD is by thinking too much and 
also became angry on small issues you know sometimes as 
a human being people can make you angry or hurt you 
very deep that it can take time to heal and forget and you 
unable to let it go this can also cause CVD.

2.3% of survey respondents 
with hypertension were 
former smokers

1.6 Defence mechanisms Participant HP# 03 confirmed by saying: - Myself is 
long I have been taking treatment since 2008 but, due to 
exercising I’m always healthy and energetic, my day starts 
with cleaning the whole yard which is a very huge yard 
thereafter I clean the house, wash dishes and cook my meal 
you can undermine this but is a very serious exercise.

1.7 Religious interventions This is supported by participant HP#015:- I make sure I 
eat healthy foods and avoid smoking and alcohol like when 
I fast I make sure that I eat once in a day not fasting all 
day as I may faint and feel dizzy and praying God helps to 
connect you with the holy spirit that will lead you and be 
relieved in your body and spirit.

Table 3. 
Integration of the quantitative and qualitative results.
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6. Conclusion

Hypertensive patients residing in rural communities seem to lack sufficient 
knowledge concerning hypertension self-management strategies. Additional efforts 
are needed in rural communities to promote hypertension and self-management 
measures through educational programs such as encouraging patients to engage in 
increased physical activity and a healthy diet.
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Chapter 6

Sodium and Potassium Nutritional
Status Provides a New View on the
Essential Hypertension
Berislav Momčilović

Abstract

Short-term biological indicator of urinary Na and K excretion is generally used to
assess Na and K dietary exposure. In this study, we used the long-term biological
indicator of hair to assess Na and K nutritional status. Hair Na and K were analyzed in
1073 healthy adult white Caucasians [734 women (♀) and 339 men (♂)] with the
ICP MS. The log-transformed data were analyzed with median derivatives bioassay.
The median values (μg∙g�1) were ♀Na 254 and ♂Na 371, and ♀K 74.3 and ♂K 143,
respectively. The linear (adequate) ranges of the sigmoid saturation curve ranges for
sodium were ♀Na 55.6–1307 and ♂Na 84.0–1450, whereas these ranges for potassium
were ♀K 18.9–467 and ♂K 25.8–1079. The strict homeostatic control of whole blood K
and Na renders them unsuitable for assessing the nutritional status. The potassium
to sodium ratio (K/Na) in women appears stable across the sigmoid linear segment
range, contrary to the constantly increasing K/Na ratio in Men. The results suggest
that hair Na concentration should not be below 55.6 and 84.0 or above 1307 and
1450 μg∙g-1 in women and men, respectively. Similarly, K hair concentrations should
not be below 18.0 and 25.8 and higher than 46.7 and 107.9 in women and men,
respectively. Hair K/Na ratio should stay about 0.600 in M and 0.400 in W. Current
dietary salt exposure of the general US population does not require preventive across
the board salt restriction.

Keywords: potassium, sodium, hair, whole blood, nutritional status, essential
hypertension

1. Introduction

Sodium and potassium are the principal extracellular and intracellular cationic
elements of the human body, respectively [1]. However, the link between habitual salt
dietary intake and general public health is still controversial [2]. Over the last decades,
a plethora of studies informed us how excess dietary salt is associated with hyperten-
sion and cerebral stroke [3–5]. That leads to the recent draconian recommendations
for the general population for the dietary salt restriction [6]. However, the deeply
echeloned crusade against what is now the habitual dietary salt intake is strongly
criticized because of the flaws of many studies statistical design and “cherry picking”
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of the data [7], that the basic tenants of the human physiology were either ignored or
misinterpreted [8] and that there were too much bureaucratic political meddling in
the salt restriction issues [9].

The simple idea on how the reduction of sodium dietary intake may be a
health protection measure for the general population to prevent the development of
hypertension and cerebral stroke is certainly a very appealing one. That idea has
been tested by a waste number of authors who studied the relationship between
blood pressure and dietary sodium and potassium intake and their urinary
excretion (separately or in combination), and what comprehensive review is
beyond the aim of this article. Indeed, there are difficulties associated with the
timing and assessing of the correct blood pressure readings [10], the problem with
the control of the complex variability of the tested dietary composition [11, 12], and
the problems on how to adequately assess the dietary intake of either sodium and
potassium [13, 14].

The aim of this research is to assess sodium and potassium nutritional status by
analyzing their frequency distribution in the hair and whole blood of adult men and
women with a median derivatives bioassay [15]. Today, a century-old dictum “We are
what we eat” may be modified to run “Hair knows what we eat” [16]. Indeed, hair is
the long-term biological indicator of the bioelement nutritional status, whereas the
current “golden standard” of the urine is a short-term biological indicator [17]. It
should be noted that we used the term “bioelement” as a common denominator for the
major elements (electrolytes) like Na and K, trace elements like I and Se, and ultra-
trace elements like Cr and Ni [15].

2. Subjects and methods

This prospective, observational, cross-sectional, and the exploratory epidemiolog-
ical study was approved by the Ethical Committee of the Institute for Research and
Development of the Sustainable Eco Systems (IRES), Zagreb, Croatia. The study was
conducted in adherence to the Declaration of Helsinki on Human Subject Research
[18]. Every subject gave his/her written consent to participate in the study and filled
out a short questionnaire on his/her health status and medical history (data not
shown) [19]. Data on hair shampooing were also recorded and none of them declared
the presence of elements under the observation.

Hair potassium and sodium were analyzed in a random sample of 1073 apparently
healthy white Caucasian adults (339 men, 734 women). Whole blood K and Na were
analyzed in a subset of 212 subjects (143 women and 91 men); the median age of
women and men was 47 and 50 years, respectively. Our population consisted of sub-
jects from the general Croatian population who were interested to learn more about
their health status; the majority of them were living in the capital city region of
Zagreb, Croatia. All the subjects consumed their usual home-prepared mixed mid-
European diet, and none of them have reported an adverse medical health condition.

Hair K and Na and whole blood K and Na were analyzed with the inductively
coupled plasma mass spectrometry (ICP-MS, Elan 9000, Perkin Elmer, Canada) at the
Center for Biotic Medicine (CBM), Moscow, Russia. The CBM is an ISO Europe
certified commercial laboratory for analyzing bioelements (electrolytes, trace ele-
ments, and ultra-trace elements) in different biological matrices in health and disease.
CBM is also a member of the exclusive External Quality Assessment of the UK Surrey
scientific group for the quality control of trace element analysis. Hair K and Na
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analyses were performed following the International Atomic Energy Agency recom-
mendations [20] and other validated analytical methods and procedures [21].

Preparation of hair and whole blood for the ICP-MS analysis is described in
Appendix A, Part A for the hair and Part B for the whole blood. The detection limits
for K and Na in the hair were 4.3 ppm for Na and 0.3 ppm for K, and in the whole
blood, they were 0.6 ppm for Na and 0.04 for K. All chemicals were of pro analysis
grade (Khimmed Sintez, Moscow, Russia).

To scrutinize the respective hair and whole blood potassium and sodium concen-
tration frequency distribution, we used the median derivative bioassay of the log-
transformed data, to fit the sigmoid logistic regression function (power function) [22]
for men and women separately (Appendices B and C)

A2þ A1–A2ð Þ= 1þ x=x0ð Þp½ � (1)

Where A1 is the initial value (lower horizontal asymptote), A2 is the final value
(upper horizontal asymptote), x0 is the center (point of inflection) is the median (M0

detected), p is power (the parameter that affects the slope of the area about the
inflection point). The OriginPro 8.0 data analysis and graphing software was used for
this analysis (OriginLab Corp., OriginPro Version 8.0., Northampton, MA).

The hair deposition of a K and Na below the linear segment range of the sigmoid
saturation curve denotes a deficient hair uptake of K and Na; when their concentra-
tion is within the linear range segment that indicates a safe and adequate hair K and
Na uptake, and when K and Na concentrations are above the linear range segment of
the sigmoid power curve, that denotes the excessive level of their hair uptake [23].
The central adequate linear segment of the sigmoid power curve may be further
subdivided into low adequate, safe, and supra-adequate segments with a 60:30:10
ratio [17], but some other ratios, like 30:60:10 ratio, may be also considered. It is well
known that our body may adapt to a given nutrient intake so that balanced nutrition
can occur at various dietary levels of the nutrients. Thus, sparse diets are not neces-
sarily deficient ones, although they often are [23].

3. Results

To correct for the exponential pattern of the data distribution, we log-transformed
the potassium and sodium hair and whole body concentration data for men and
women separately. Such a data transformation generated a classical Gaussian bell-
shaped frequency distribution. Hair potassium data frequency distribution for both
men and women is shown in the upper left part of Figure 1, whereas the data for
sodium frequency distribution is shown in the lower left part of the same figure. The
hair of both men and women has higher concentrations of sodium than potassium.
Indeed, hair sodium median concentrations were (μg g�1) 371.5 for men (M, ♂) and
254 for women (W, ♀), whereas the comparative hair potassium concentrations were
lower for both M∙K 142.5 and W∙K 73.7 (Figure 2A). The median potassium to
sodium ratio (K/Na R) was 0.385 for M and 0.298 for W, respectively (Table 1).

Similarly, whole blood (WB) concentrations were also higher for sodium than
potassium (Figure 3A). WB medians for sodium were M∙Na 178 and W∙Na 181 μg
g�1, whereas WB potassium medians were M∙K 1369 and W∙K 1324, respectively. The
K/Na median ratios were M∙K/Na 0.769 and W∙K/Na 0,731and they were almost
identical with the overlapping CV intervals. It should be noted that WB potassium
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Gaussian distribution showed a tendency of slightly leaning to the right, whereas,
contrary to that, sodium showed a tendency to lean to the left, which indicates subtle
sex potassium and sodium metabolic differences.

Our median derivatives bioassay allowed for the transformation of the Gaussian
bell-shaped frequency distribution curves for hair potassium and sodium into their
sigmoid saturation curves (Figure 2A for K and Figure 2B for Na). The numerical
data for the shown median derivatives points are presented within Appendix C.1 for
potassium and Appendix C.2 for Sodium. The sigmoid saturation curves started being
linear at the median derivative points W∙d3 and M∙D3 but the linear upward trend
started earlier in women than in men. However, the linear segments for both men and
women sigmoid saturation curves for hair potassium would fuse together again at the
median derivatives upward point of W∙u3 and M∙U3. However, the linear medium
derivatives range segments for hair sodium get merged much earlier for W at u1 and
for M at U1, respectively. We assume that the observed suggests a tighter metabolic
control of sodium than potassium in both men and women.

The median derivatives bioassay data for whole blood (WB) generated almost
vertical steep and narrow linear ranges for both men (Figure 3A) and women
(Figure 3B). Indeed, the linear segments of the median derivatives between men and
women for the same bioelement were almost identical. However, potassium and
sodium WB concentrations were both higher in men than women. The data demon-
strated impressively tight homeostatic control of WB sodium and potassium for both

(a) (b)

Figure 1.
(a) Left hair K and Na cumulative distribution in women ( ) and men ( ) (log μg g�1). (b) Right whole blood
K and Na cumulative distribution in women ( ) and men ( ) (log μg g�1).
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sexes. Such a tight control implies poor WB adequacy in assessing both Na and K
dietary intake impact

We also directly cross-compared the relationship of hair Na and K concentrations
over their median derivatives linear range (Figure 4). Apparently, there is a differ-
ence in K and Na quantitative saturation along with the hair fiber. Since even the
sparse diets may be nutritionally adequate, it is reasonable to assume that the initial
linear part of the sigmoid saturation curve presents the subclinical or low adequate

(a) (b)

Figure 2.
(a) Hair potassium median derivatives bioassay. Men n = 339 ( ) andWomen n = 73 ( ). D, U men downward
(D) and upward (U) median derivatives; d, u women downward (d) and upward (u) median derivatives. ––
Logistic function Y = A2 + (A1–A2)/(1 + (X/X0)

p), - - - 0.95 confidence limit, ••• 0.95 prediction limit. Men: Y =
1.045 + (–0.040 – 1.045)/(1 + (X/151.62)0.934), r2 = 0.999; Women: Y = 1.006 + (–0.059 – 1.006)/(1 +
(X/74.03)1.065), r2 = 0.999. BOX: Potassium linear saturation range for ♂ and ♀ (log conc). See Appendix A for the
Median derivatives bioassay model and Appendix B for median derivatives bioassay model input values. (b) Hair
sodium derivatives bioassay. Men n = 339 ( ) and women n = 734 ( ). D, U men downward (D) and upward
(U) median derivatives; d, u Women downward (d) and upward (u) median derivatives. –– Logistic function Y =
A2 + (A1–A2)/(1 + (X/X0)

p), - - - 0.95 confidence limit, ••• 0.95 prediction limit. Men: Y = 1.025 + (–0.011 –
1.025)/(1 + (X/363.95)1.302), r2 = 0.999; Women: Y = 1.008 + (-0.018 – 1.008)/(1 + (X/247.73)1.179), r2 =
0.999. BOX: Sodium linear saturation range for ♂ and ♀ (log conc). See Appendix A for the Median derivatives
bioassay model and Appendix B for median derivatives bioassay models input values.

Men Women

Minimum
(D2)

Median
(U2)

Maximum
(U2)

Minimum
(d2)

Median
(u2)

Maximum
(u2)

Potassium 10.3 155.9 1100.5 20.6 81.6 483.9

Sodium 91.2 364.3 1577.3 60.9 275.9 1377.2

K/Na 0.113 0.420 0.698 0.337 0.296 0.337

Table 1.
Potassium/Sodium ratio of the linear part of the sigmoid saturation curve (μg g�1).
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nutritional response range. Alternatively, the 30–90% segment of the sigmoid curve
linear range represents a truly adequate K and Na dietary intake range. Interestingly
enough, the correlation coefficient r2 was impressively high for individual potassium
and sodium slopes, i.e., r2 for M∙Na was 0.948 and that for W∙Na was 0.929 whereas r2

for M∙K it was 0.865 and W∙K was 0.857. However, when comparative data for hair
sodium were plotted on the X-axis, and potassium data on Y-axis, the combined r2

correlation coefficient dropped to 0.487. These data indicate that there is a consider-
able capacity for homeostatic adaptation within the hair follicle to the changes in the
available circulating amounts of dietary Na and K. Apparently, the constant and
efficient homeostatic control of Na and K in the whole blood is accompanied by
their highly variable concentrations in the hair which acts as a river lavvy for water
excess.

Collected data showed a tempting impression of how hair Na tends to increase
with aging whereas hair K tends to decrease over the same time period (Figure 4).
Indeed, there was a significant age-dependent increase of sodium in the hair of
women (p < 0.05, Pearson’s coefficient), but not in men. Presumably, the number of
our men was too small to conclusively show the presumed age-dependent increase of
hair Na in men. Or we may be dealing with a problem of the statistical inequality in
the mathematical statistics. All in all, the data showed some reflex on sarcopenia, i.e.,
age-dependent muscle loss in old age, and failure in the control of sodium in old age.

(a) (b)

Figure 3.
(a) Whole blood potassium median derivatives bioassay. Men n = 83 ( ) and women n = 125 ( ). D, U men
downward (D) and upward (U) median derivatives; d, u Women downward (d) and upward (u) median
derivatives. –– Logistic function Y = A2 + (A1–A2)/(1 + (X/X0)

p), - - - 0.95 confidence limit, ••• 0.95 prediction
limit. Men: Y = 0.976 + (–0.289 – 0.976)/(1 + (X/1293.56)5.751), r2 = 0.992; Women: Y = 0.981 + (–0.021 –
0.981)/(1 + (X/1392.17)5.505), r2 = 0.981. BOX: Potassium linear saturation range for ♂ and ♀ (log conc). See
Appendix A for the Median derivatives bioassay model and Appendix B for the Median derivatives bioassay input
values. (b) Whole blood sodium median derivatives bioassay. Men n = 83 ( ) and Women n = 126 ( ). D, U
Men downward (D) and upward (U) median derivatives; d, u Women downward (d) and upward (u) median
derivatives. –– Logistic function Y = A2 + (A1–A2)/(1 + (X/X0)

p), - - - 0.95 confidence limit, ••• 0.95 prediction
limit. Men: Y = 0.989 + (0.032 – 0.989)/(1 + (X/1772.25)11.171), r2 = 0.997; women: Y = 0.981 + (0.019 –
0.981)/(1 + (X/1843.34)8.959), r2 = 0.998. BOX: Sodium linear saturation range for ♂ and ♀ (log conc). See
Appendix A for the model and Appendix B for median derivatives input values.
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4. Discussion

Human hair makes a valuable long-term biological indicator tissue for the assess-
ment of the nutritional status of the essential bioelements [17, 24, 25]. Hair growth is a
unidirectional process that, in difference to urine, precludes sodium and potassium
post absorption metabolic equilibration with the surrounding organs and tissues of the
human body [15]. Indeed, the results of our study demonstrated that the human
nutritional status of potassium and sodium may be adequately assessed with the hair
median derivatives bioassay. This median derivatives bioassay generates from the
body of the collected data set and not by subjecting the data to some external
preconceived model upon them, i.e., not from the data themselves. Indeed, the
median derivatives bioassay relies upon the central part of the Gaussian statistical data
distribution curve, i.e., on its linear segment when the data were log-transformed.
This is a substantial difference in comparison to the standard statistical approach
where we are focused on the data distribution tails. Indeed, the linear segment of the
sigmoid curve covers for entire one standard deviation of the entire population data
set. Moreover, the median derivatives bioassay model avoids the problem of J-shaped

Figure 4.
Hair potassium/sodium (K/Na) ratio. The squared region over the regression line covers a 30–90% of the adequate
nutritional status. Internal red square: women, internal blue square: men.
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curves transformation [26] and other problems associated with the no threshold
assumption linear regression model [27].

This study revealed subtle gender-dependent metabolic differences in the homeo-
static control of sodium and potassium metabolism. Both Na and K belong to the first
column of the periodic system and they are entangled in the control of the cell
membrane ionic Na and K transport. In our study, the bio entangled K/Na ratio stays
constant over the linear (adequate) part of the sigmoid saturation curve in women but
progressively increases in men. We already know that the increased intake of potas-
sium suppresses the appearance of hypertension induced by the increased sodium
dietary exposure [28]. Apparently, being a man carries the inherited risk towards
development of the hypertension.

Today, an average adult American `men and women aged 19–71+ years are con-
suming 2.83–3.34 and 2.21–2.43 mg K per day, respectively. At the same time, the
average daily consumption of sodium for the same age group population was 2.43–
5.64 for men and 1.96–3.41mg per day for women [29]. It is reasonable to assume that
such an amount of potassium and sodium in the diet is adequately represented in their
hair median concentration values for both men and women. In comparison, the
estimated daily intake of K and Na in the white Caucasian Croatian population is
considerably higher than that of the USA population [30]. However, in comparison,
the US medians for a Na and K would be only lower on the common linear segment of
the sigmoid saturation curve, than that for the Croatian population [15]. Thus, since
the dietary intakes of K and Na are indeed represented as their hair concentration (as
they are), then they would both fall well within the adequate range of their dietary
intake. That leads us to the conclusion that there is no need to reduce the current level
of sodium in our diet for the general population. The results urged us to provide
means for the individual control of Na and K dietary intake to identify the dietary
sodium overexposed subjects. Indeed, this study showed, for the first time, that there
are apparently healthy subjects having a low sodium (and potassium) nutritional
status. Not only their high nutritional status.

We are in no way saying that the excess dietary sodium is not harmful to the
human health by inducing the increased blood pressure, especially in the salt-sensitive
individuals [31], but our data indicate that there is no reason to reduce current dietary
salt intake level an block for the general population [32, 33]. Indeed, such dietary salt
reduction is a kind of “One size fit all” philosophy approach and what is certainly not
justified.

With regard to the plethora of studies searching to prove the causative effect of the
increased dietary salt intake on the cardiovascular system, and hypertension, in par-
ticular, we think that the respective researchers fall into the cognitive trap of the
doctor Snow’s water-pump handle of the cholera epidemic in London in the nine-
teenth century [34]. Indeed, bioelements like Na and K, when within the adequate
dietary intake range, are not foreign substances to our bodies, like vibrio cholera,
which is a xenobiotic bacteria; they are very much our body’s essential constituents.
We have discussed the issue about copying the bacteriology solutions to the trace
element-specific problems in our article on assessing boron nutritional status, the time
when trace element research was borrowing the concepts from the then more
advanced microbiology [35].

As a matter of fact, our study does not contradict other studies where
hypertension is associated with the increased urinary excretion of sodium after the
increased dietary salt intake. Our study indicates that the increased urinary sodium
excretion in hypertension, as observed by some researchers, is not the consequence
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of the increased dietary salt intake, but the failure of the cell membrane to maintain the
Na and K osmotic gradient. Thus, hypertension in either the US or Croatia, is not the
cause, but the effect of such an impairment. Indeed, numerous studies indicate that the
impaired Na K ATPase cell membrane function may be the principal etiological cause
of essential hypertension [36–39]. Our median derivatives bioassay provides a simple
mean to identify the subjects at risk in the population, if and when they exceed the
here proposed boundaries of the normal hair Na and K concentrations. Apparently, the
essential hypertension is the “writing on the wall” that we are just aging, and that the
other metabolic weakness should be also considered [40].
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A. Appendix

A.1 Hair potassium (H�K) and hair sodium (H�Na) analysis

A strand of hair 5–7 cm long and weighing less than one gram would be cut with
titanium coated scissors over the anatomically well-defined bone prominence at the
back of the skull (lat. protuberantia occipitalis externa). The individual hair samples
were further minced into strands less than 1 cm long prior to chemical analysis, stirred
10 min in an ethylether/acetone (3:1, w/w), rinsed three times with the deionized H2O
(18 MΩ�cm), dried at 85°C for 1 h to constant weight, immersed one hour in 5%
EDTA, rinsed again in the deionized H2O, dried at 85°C for twelve hours, wet digested
in HNO3/H2O2 in a plastic tube, sonicated, and microwaved. The digested solutions
were quantitatively transferred into 15 ml polypropylene test tubes. The liners and top
were rinsed three times with deionized water, and the rinses were transferred into the
individual test tubes. These test tubes were filled up to 15 ml with deionized water and
thoroughly shaken to mix. The samples were run in NexION 300 + NWR 2013
spectrometer (Perkin Elmer, USA). Graduation of the instrument was carried out
with a Perkin Elmer reference solution. We used certified GBW09101 Human Hair
Reference Material (Shanghai Institute for Nuclear Research, Academia Sinica,
Shanghai 201849, China, to validate the quality of the analytical work.

A.2 Whole blood potassium (WB�K) and whole blood sodium (WB�Na)
analysis

Whole blood was drawn by venipuncture from v. cubiti and collected into green-cup
Vacuette collecting tubes (#454082 LotA13030M7m Greineer Bio On International AG
Kremsmunster, Austria) which were randomly assigned for the ICP-MS analysis.Whole
blood samples of 0.5 ml were digested in a microwave oven with 0.1 ml of HNO3 at 175°
C. Blood standards were lyophilized Seronorm TM Trace Elements Whole Blood Refer-
ence Standards Level 1 (OK 0036, Level 2 (MR 9067), and Level 3 (Ok 0337) for
selenium in the whole blood (SERO AS, Billingstad, Norway). Five ml of redistilled H2O
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were added to every reference standard and stirred gently at room temperature for two
hours to equilibrate. One ml of such equilibrated standard was pipetted in 25 ml quartz
glass vial, and dried at 105°C for 24 h. The microwaved samples were dissolved in 5 ml
of redistilled H2O with 0.1 ml of H2O2 added.

The detection limits for potassium (K) and sodium (Na) in the hair and whole
blood were 0.0105 and 0.00105 μg�g�1, respectively. All chemicals were of pro analy-
sis grade (Khimmed Sintez, Moscow, Russia).

B. Appendix

B.1 The median derivatives bioassay (population size, PS = 1.000)

We assessed the nutritional status by analyzing the frequency distribution of hair
sodium and potassium and whole blood potassium and sodium with the Median
derivatives bioassay. First, we assess the median (M0) hair and whole blood sodium
and potassium concentration of our subject population. By definition, one-half of the
studied population was above the median (upward median branch U0), and the other
half was below the median (downward median branch, D0). Hence, the population
size (PS) for M0 is the sum of the respective upward and downward median branches
around the central inflection “hinge” M0, i.e., PS = U0 + D0 = 0.5 +0.5 = 1.0. Both the
respective upward and downward median branches can be further divided in the
same “median of median” way into a series of sequential median derivatives
(U0,1,2,3 …n–1, n and D0,1,2,3,…n–1, n). For every 2 median derivative of the
population, the actual hair lithium concentration can be identified. Thus, instead of
mechanically throwing the preconceived percentile grid upon the observed data, we
inferred the median derivative grid out from the data set itself.
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C. Appendix

C.1 Potassium hair median derivatives bioassay (MDB) input data

Men (n = 339) Women (n = 734)

Median (M0) = 142.5 μg�g�1 K Median (M0) = 73.7 μg�g�1 K

MDB N K MDC n K MDB N K MDC n K

D1 170 54.9 U1 170 486.4 d1 367 31.6 u1 367 249.5

D2 85 25.8 U2 85 1079.0 d2 184 18.8 u2 184 466.5

D3 43 16.4 U3 43 1584.0 d3 92 12.2 u3 92 857.5

D4 22 9.6 U4 22 2087.5 d4 46 8.3 u4 46 1316.0

D5 11 6.2 U5 11 3293.9 d5 23 5.7 u5 23 2629.0

D6 6 4.5 U6 6 3694.6 d6 12 4.8 u6 12 4757.9

Potassium whole blood median derivatives bioassay input data

Men (n = 83) Women (n = 125)

Median (M0) = 1369.0 μg�g�1 K Median (M0) = 1324.0 μg�g�1 K

MDB N K MDC n K MDB N K MDC n K

D1 42 1211.0 U1 42 1710.8 d1 63 1128.0 u1 63 1951.5

D2 21 1169.0 U2 21 2227.0 d2 32 1081.0 u2 32 2216.0

D3 11 1131.0 U3 11 2492.0 d3 16 992.0 u3 16 2286.0

D4 6 1090.5 U4 6 2702.5 d4 8 915.5 u4 8 2430.3

D5 3 1046.0 U5 3 2941.5 d5 4 558.7 u5 4 2658.5

D6 2 1021.0 U6 2 3059.3 d6 2 228.8 u6 2 6353.0

Men: Capital letters (D1 – D6, U1 – U6), Women: small letters (d1 – d6, u1 – u6).

C.2 Hair sodium median derivatives bioassay (MDB) input data

Men (n = 339) Women (n = 734)

Median (M0) = 371.5 μg�g�1 Na Median (M0) = 254.0 μg�g�1 Na

MDB N Na MDC n Na MDB n Na MDC n Na

D1 170 146.3 U1 170 800.0 d1 367 613.3 u1 367 613.3

D2 85 84.0 U2 85 1450.0 d2 184 55.4 u2 184 1306.7

D3 43 57.1 U3 43 2035.4 d3 92 31.4 u3 92 2238.8

D4 22 34.2 U4 22 2910.5 d4 46 21.3 u4 46 3829.5

D5 11 25.1 U5 11 4015.0 d5 23 13.3 u5 23 5606.0

D6 6 12.4 U6 6 7925.0 d6 12 9.6 u6 12 7294.6
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Whole blood sodium median derivatives bioassay (MDB) input data

Men (n = 83) Women (n = 126)

Median (M0) = 1780.0 μg�g�1 Na Median (M0) = 1819.0 μg�g�1 Na

MDC N Na MDC n Na MDC n Na MDC n Na

D1 42 1574.0 U1 42 1965.8 d1 63 1624.0 u1 63 2126.0

D2 21 1438.0 U2 21 2109.0 d2 32 1503.0 u2 32 2348.8

D3 11 1039.9 U3 11 2172.5 d3 16 1206.1 u3 16 2513.0

D4 6 895.0 U4 6 3940.1 d4 8 801.1 u4 8 6204.8

D5 3 881.8 U5 3 4805.5 d5 4 415.9 u5 4 8487.3

D6 2 564.4 U6 2 4955.0 d6 2 226.6 u6 2 10157.4

MEN: Capital letters (D1 – D6, U1 – U6), Women: small letters (d1 – d6, u1 – u6).
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