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Abstract 

We aimed to evaluate the use of specific antihypertensive drugs and drug classes, as well as combinations in patients 
treated with 3 or more drugs classified as having or not resistant hypertension (RH), controlled or uncontrolled RH and 
true versus white-coat RH. From the Spanish ABPM Registry, we identified 21238 patients treated with 3 (14264) or 
more (6974) antihypertensive drugs of different classes. Among patients treated with 3 drugs we compared those with 
controlled (<140/90 mmHg; No RH) or uncontrolled (RH) office BP. In patients treated with 4 or more drugs we 
compared controlled versus uncontrolled RH. Hypertension continues to be an important public health concern because 
of its associated morbidity, mortality and economic impact on the society. It is a significant risk factor for cardiovascular, 
cerebrovascular and renal complications. It has been estimated that by 2025, 1.56 billion individuals will have 
hypertension. The increasing prevalence of hypertension and the continually increasing expense of its treatment 
influence the prescribing patterns among physicians and compliance to the treatment by the patients. A careful selection 
of drug therapy along with close follow-up offers the best prospect to reduce the burden of morbidity and mortality in 
hypertension. This article provides an overview of drugs in the management of patients with hypertension.  
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1. Introduction

Hypertension is a major contributing factor for cardiovascular disease (CVD) and renal diseases that can increase the 
risks of comorbidities such as myocardial infarction, stroke and heart failure (HF) [1]. Studies have revealed that risk 
factors such as obesity and genetic factors can influence the occurrence and development of hypertension [2,3]. In 
addition, complicated regulatory networks, including the renin-angiotensin-aldosterone system (RAAS), the nervous 
system and arterial remodelling [4-6] also affect the progression of hypertension. Because blood pressure (BP) is 
difficult to control, the priority is finding drug targets to effectively control and manage BP in the hypertensive 
population. In this review, we primarily describe the classical and new drug targets used in hypertension therapy. 
Hypertension is the most common chronic disease in the world and produces substantial morbidity and mortality. 
However, in the majority of individuals, the precise cause of elevated blood pressure (BP) cannot be determined. Risk 
factors for primary (formerly called essential) hypertension include advancing age, obesity, high dietary NaCl 
consumption, and low dietary potassium intake, although these appear to contribute to, but not cause, hypertension. 
Renin-sodium profiling has been used to classify primary hypertension, suggesting that the phenotype is highly variable, 
but treatment remains largely empirical and influenced by race and comorbid disease. A number of hypertensive 
subtypes also exist, and although they may make up only a small fraction of the cases of hypertension, they can 
nonetheless be relatively common, given the broad prevalence of hypertension itself. Malignant hypertension is related 
to, but pathophysiological distinct from, primary hypertension, as is the syndrome of preeclampsia. Secondary causes 
may involve the renal vasculature, endocrine organs, and kidney and may be involved in up to 20% of cases of resistant 
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hypertension. Finally, an increasing number of drugs used to treat cancer and other conditions are now recognized as 
causing hypertension, which is often severe. Genetic forms of hypertension with mendelian inheritance are rare but 
have helped to identify important BP-regulating pathways. Over the past 20 years, some the most important scientific 
breakthroughs have emanated from the discovery of the basis of rare subtypes of human hypertension. Among these 
are the solution of nearly all the monogenic causes of hypertension; identification of discrete somatic mutations that 
cause primary aldosteronism; the discovery that polymorphisms in the APOL1 gene underlie some racial disparities in 
hypertensive kidney disease; the discovery that placental insufficiency generates placental growth factor and sFlt-1 
(soluble fms-like tyrosine kinase-1), factors that mark and contribute to preeclampsia; and finally, the recognition that 
certain anticancer drugs commonly cause hypertension by impairing the function of the vascular endothelium and the 
glomerulus. 

The initial animal models of hypertension to be developed involved constriction of renal arteries (Goldblatt kidney) or 
parenchyma (Page kidney); the pathophysiology closely mimicked their human analogs. However, renovascular 
hypertension and Page kidney represent only a small fraction of human hypertension. Most experimental studies of 
hypertension using animals have therefore focused on understanding the mechanisms of primary hypertension. 

Although excellent animal models with good human fidelity have been developed for many of these rare causes of 
hypertension,1,2 models of primary hypertension have been more difficult to develop, largely because the causes of the 
human disorder are unclear. Of National Institutes of Health–sponsored hypertension research, studies using Ang II 
(angiotensin II) infusion make up a disproportionate share (nearly 50%) [7] Only 4% of studies focus on aging and 4% 
focus on DOCA (deoxycorticosterone acetate)–salt hypertension (which itself does not model primary aldosteronism). 
Thus, an important unmet need is to develop better animal models that more closely mimic the discrete hypertensive 
syndromes that now populate the clinic such as primary aldosteronism. A corollary would be that the portfolio of 
hypertension research might more closely mimic the spectrum of human hypertension. 

A second important unmet need is to resolve ongoing controversies concerning pathogenesis. Proponents for individual 
pathways, including the primacy of the nervous system, kidney, and vasculature in the development of hypertension, 
typically focused on their own views and interests, often independently of considerations of heritability, environmental 
exposure, and developmental programming. Despite >50 years of work, there is no consensus integrating this range of 
contributing causative factors. This persistent lack of convergence slows bona fide progress and can limit the impact of 
the field. Addressing this unmet need will require that we bring together diverse teams with competing views who are 
committed to this common goal. 

2. Utility and Validity of Animal Models of Hypertension 

Across a range of human diseases, including hypertension, animal models have been useful for unravelling disease 
pathogenesis by providing incisive experimental strategies not possible in human studies. In hypertension, the utility 
of animal models for improving the understanding of the pathogenesis, prevention, and treatment of hypertension and 
its comorbidities depends on their validity for representing human forms of hypertension, including responses to 
therapy, and the quality of studies in those models. Recently, the utility of animal studies in translational medical 
research has come under increasing scrutiny because of low study reproducibility and problems such as bias, poor 
experimental design and execution, analytical and logical errors, and incomplete reporting. [7-11]. Published 
recommendations on ways to mitigate these issues should be considered for any studies using animal models. It should 
be noted that >1000 scientific journals have endorsed guidelines designed to improve the reporting of animal 
experiments. Nonetheless, these guidelines should be applied cautiously because excessive regulation may also hinder 
studies in animals. 

2.1. In vivo Models 

Induced Reno vascular  

2.1.1. Harry Goldblatt and the discovery of renin 

In 1934, pathologist Harry Goldblatt established the first animal model of hypertension. This model provided 
researchers with the tools to delineate the renin-angiotensin system of blood pressure control and, eventually, to design 
enzyme inhibitors for the treatment of chronic hypertension. As early as the mid–19th century, physicians had noted 
that patients with kidney disease and those with long-term high blood pressure (hypertension) both had enlarged heart 
muscles. The first clue to this kidney–hypertension connection came from physiologists Robert Degerstedt and Per 
Bergman who injected kidney extracts into rabbits, thus triggering a dramatic rise in blood pressure. In a prophetic 
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explanation, they suggested that the kidneys produced a soluble protein they called it renin that triggered a rise in blood 
pressure. [12].  

2.1.2. Renin in human hypertension 

Simple theory would predict high renin levels in patients with hypertension, but instead, says Laragh, “renin levels are 
all over the place.” Thus, despite an understanding of the renin angiotensin system in animals, there was still doubt 
about its role in humans. The development of ACE inhibitors helped explain this seeming inconsistency. Laragh and 
colleagues injected the first such inhibitor into patients and found a drop in blood pressure, but only in patients with 
high levels of circulating renin. In other studies, Laragh showed that hypertension not caused by increased renin results 
from insufficient salt excretion by the kidney. The work of Laragh and others thus revealed that hypertension is not a 
single mechanistic process, but still confirmed Goldblatt's original idea: production of renin by the kidney regulates 
blood pressure. [12-13]. Evidence from animal studies demonstrates that the renin-angiotensin (ANG II) system and 
sodium retention play major roles in experimental renovascular hypertension (RVH). Two basic models have been 
described. In the first, one-clip two-kidney Goldblatt hypertension, the ischemic kidney secretes renin, which leads to 
increased ANG II formation and hence elevation of blood pressure (BP). As BP rises, sodium excretion by the intact 
contralateral kidney increases (pressure natriuresis); therefore, there is no sodium retention. In the second, one-clip 
one-kidney Goldblatt hypertension, the contralateral kidney is removed. In this case the pressure natriuresis can no 
longer occur, and sodium retention occurs. The ensuing expansion of plasma volume inhibits renin secretion, so that in 
this model the renin level is normal or low. Following the clipping of the renal artery, renal blood flow and pressure are 
maintained distal to the stenosis by an ANG II-mediated vasoconstriction. This acts preferentially on the efferent 
glomerular arterioles, so that the ratio of pre glomerular to post glomerular resistance is reduced, which helps to 
maintain glomerular filtration despite the reduced renal perfusion pressure. In the contralateral kidney the afferent 
arteriolar resistance is increased, probably as a direct result of exposure to the higher intra renal arterial pressure. 

2.2. In vitro models 

2.2.1. Monocrotaline induced Pulmonary Hypertension 

Most studies of the mechanisms of hypertensive pulmonary vascular remodeling are in animal models. The two most 
commonly used are hypoxia- and monocrotaline-induced pulmonary hypertension in rats, although transgenic mice are 
increasingly being used. While the rat models have provided important groundwork for the current use of Ca2+ channel 
blockers, PGI2 analogy, ET-1 receptor antagonists, inhaled NO, and phosphodiesterase inhibitors in the clinical 
treatment of PAH, and continue to provide new insights into the myriad cellular and molecular mechanisms involved in 
regulation of pulmonary vascular tone and structure, it should be emphasized that neither develops the obstructive 
neointimal lesions found in severe PAH. In fact, if the hypertensive lungs of chronically hypoxic or monocrotaline-
injected rats are vasodilated and fixed under positive intravascular pressure, it is observed that the adventitial and 
medial thickening of small muscular PAs causes little, if any, reduction in lumen area. Thus, it appears that much of the 
muscular PA medial hypertrophy and luminal narrowing typically reported in hypoxia- and monocrotaline-induced 
hypertensive rat lungs fixed without maximal vasodilation is due to vasoconstriction (vasospasm), rather than to 
structural inward remodeling of the vascular wall. Recent studies showing marked reversal of established pulmonary 
hypertension in either chronically hypoxic or monocrotaline-injected rats by acute administration of Rho-kinase 
inhibitors, such as Y-27632 and fasudil, supports the idea that sustained vasoconstriction, rather than structural medial 
thickening of either muscular Pas or neo muscularized pulmonary arterioles, is a major cause of increased pulmonary 
vascular resistance in these models. This is not to say that the remodelling plays no role in the increased resistance, but 
rather that its apparent contribution is exaggerated in Pas that are not vasodilated before fixation. It is noteworthy that 
in studies of vascular remodelling in systemic hypertension, it has long been appreciated that the direct contribution of 
vascular structure to luminal narrowing needs to be determined under conditions of complete lack of vascular tone, 
that is, under maximal vasodilation [14]  

2.2.2. ACE Inhibition in Guenia Pig ileum 

Studies indicate that ACE inhibitors and some Ang metabolites increase B2R functions as allosteric enhancers by 
inducing a conformational change in ACE. This is transmitted to B2Rs via heterodimerization with ACE on the plasma 
membrane of cells. ACE inhibitors are also agonists of the B1R, at a Zn-binding sequence on the second extracellular 
loop that differs from the orthosteric binding site of the des-Arg-kinin peptide ligands. Thus, ACE inhibitors act as direct 
allosteric B1R agonists. When ACE inhibitors enhance B2R and B1R signalling, they augment NO production. 
Enhancement of B2R signalling activates endothelial NO synthase, yielding a short burst of NO; activation of B1Rs results 
in a prolonged high output of NO by inducible NO synthase. These actions, outside inhibiting peptide hydrolysis, may 
contribute to the pleiotropic therapeutic effects of ACE inhibitors in various cardiovascular disorders. ACE inhibitors 
can enhance both B2 and B1R signalling. Blocking kinin inactivation by ACE raises the concentration of intact B2R 
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agonists, which are also the substrates of CPN and -M. This can generate more des-Arg-kinin B1R agonists (Figure). The 
successful use of antagonists of the Ang II type 1 receptor (AT1R) for many of the same indications as ACE inhibitors 
does not prove ACE inhibitors work only through reducing Ang II as there are complex interrelationships among Ang II, 
BK and their receptors. Ang II has 2 receptors, AT1R and AT2R. AT1R is blocked by drugs such as losartan, which can 
shift Ang II actions to the AT2R. This switching of receptors further counteracts AT1R effects because it leads to the 
release of mediators such as nitric oxide (NO) and is attributed partially to release of BK to activate B2Rs, a form of 
“crosstalk.”[28] Intricate Ang II and kinin receptor interrelationships were also indicated in animal experiments where 
both kinin B1 and B2Rs share in the favourable cardiovascular effects of AT1R blockade [15-17].  

2.2.3. Alpha 2-adrenoceptors and endothelium-dependent relaxation in canine large arteries 

The carotid, coronary, renal, mesenteric and femoral arteries of the dog were precontracted with the thromboxane 
mimetic after ensuring that the resting conditions were comparable from the Laplace relationship. In the presence of 
prazosin (1 microM) and propranolol (3 microM), noradrenaline (NA) relaxed the arteries in the order coronary greater 
than carotid greater than femoral greater than renal = mesenteric. When maximum relaxation to nitroglycerin (10 
microM) was taken to be 100% the maximum relaxation to noradrenaline in each artery was: coronary 70%; carotid 
34%; femoral 19%; renal 7% and mesenteric 2%. In endothelium-intact arteries UK14304 mimicked the relaxation 
responses to NA and idazoxan shifted the curves to both agonists to the right, consistent with an alpha 2-adrenoceptor 
classification. Substance P relaxed the arteries in the same order as for NA but showed higher efficacy i.e.: coronary 
100%; carotid 80%; femoral 71% renal 49%; and mesenteric 41%. Removal of the endothelium abolished the relaxation 
to NA. We conclude that endotheliumdependent relaxation to NA and substance P varies greatly across 5 large arteries 
of the dog. This may indicate that endothelium-derived relaxing factor (EDRF) release is site-dependent or that the 
efficacy of EDRF on smooth muscle varies; being greatest in the coronary and weakest in the renal and mesenteric 
arteries [18-19]. 

2.2.4. Beta adrenoreceptors activity 

Renal a-Adrenergic Receptors 

The majority of studies on a-adrenergic receptors in hypertension have been performed in the kidney. Most 
investigators have described an increased density of renal adrenergic receptors in SHR when compared with Wistar-
Kyoto (WKY) rats,  although two studies did not detect significant changes. This alteration appears to be specific for SHR 
and has not been described in other models of genetic hypertension such as the MHS,24 the SBH,19 or the DS rat54 
when compared with their respective control strains. The increase in renal adrenergic Peripheral Adrenergic Receptors 
109 receptor in SHR precedes the elevation of blood pressure. 48 Animal models of acquired hypertension have 
unchanged or decreased renal adrenergic receptors[20-29]. Similarly, many studies have demonstrated an elevated 
density of renal a2-adrenergic receptors in SHR. Such increases have also been found in two other models of genetic 
hypertension, the DS54-58 and the SBH rat [20-29]. 

3. Conclusion 

As mentioned above, morphological changes in the organs depend probably on rat breeding, genetic factors and even 
interspecies differences. A multitude of different animal hypertension models enables scientists to choose the one that 
is most suitable for their specific purposes. Nevertheless, an appropriate approach to the interpretation of the obtained 
results is necessary. Unfortunately, it is often impossible to relate the results obtained in animal hypertension models 
to those obtained in humans with hypertension. Moreover, it has been shown that very often the selection of a given 
model significantly affects the obtained results. Therefore, before starting an experiment, scientists should know the 
exact specification of a given animal model and then they should consider its relevance to the planned objectives. It 
seems to be reasonable to select more than one model for the experiment because such an approach makes it possible 
to obtain more complete and comparable results.  
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