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Abstract

The National Heart, Lung, and Blood Institute (NHLBI) convened a multidisciplinary working 

group of hypertension researchers on December 6-7, 2018, in Bethesda, Maryland to share current 

scientific knowledge in hypertension and to identify barriers to translation of basic into clinical 

science/trials and implementation of clinical science into clinical care of patients with 

hypertension. The goals of the working group were: 1) to provide an overview of recent 

discoveries that may be ready for testing in pre-clinical and clinical studies; 2) to identify gaps in 

knowledge that impede translation; 3) to highlight the most promising scientific areas in which to 

pursue translation; 4) to identify key challenges and barriers for moving basic science discoveries 

into translation, clinical studies and trials; and 5) to identify roadblocks for effective dissemination 

and implementation of basic and clinical science in real world settings. The working group 

addressed issues that were responsive to many of the objectives of the NHLBI Strategic Vision. 

The working group identified major barriers and opportunities for translating research to improved 

control of hypertension. This review summarizes the discussion and recommendations of the 

working group.
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Introduction

Hypertension remains a leading cause of global death and disability from cardiovascular 

disease (CVD) and stroke.1 The 2017 American College of Cardiology (ACC)/American 

Heart Association (AHA) clinical practice guidelines on hypertension reported a markedly 

increased number of people with diagnosed and undetected hypertension.2 The Systolic 

Blood Pressure Intervention Trial (SPRINT) data suggest that intensive lowering of blood 

pressure (BP) can significantly lower CVD events and mortality.3 Despite extensive research 

and the existence of multiple effective therapeutic interventions, hypertension remains an 

important public health challenge in the United States, and hypertension-related mortality 

continues to increase. This suggests that in spite of the commitment and significant 

investments made by NHLBI and other funding agencies over the past three decades, the 
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translation of basic science discoveries and knowledge of pathophysiology into better 

treatments that can reach diverse patient population groups remains inadequate.

The goals of the working group were: 1) to provide an overview of recent discoveries that 

may be ready for testing in pre-clinical and clinical studies; 2) to identify gaps in knowledge 

that impede translation; 3) to highlight the most promising scientific areas in which to 

pursue translation; 4) to identify key challenges and barriers for moving basic science 

discoveries into translation, clinical studies and trials; 5) to identify roadblocks for effective 

dissemination and implementation in real world settings.

The working group brought together 16 experts in hypertension research from a broad range 

of disciplines in basic, translational, clinical, population, and implementation sciences. The 

members were selected from diverse areas in hypertension research in order to facilitate 

cross-cutting discussion, spark innovative ideas for future research pathways, and identify 

major barriers in hypertension research and clinical application. NHLBI staff planned, 

convened, and participated in these discussion.

The working group focused on key challenges and barriers that hinder progress of basic 

science translation through clinical trials and implementation. The five topic-specific 

sessions examined potential barriers in the way of: basic science discovery leading to new 

therapeutic interventions; moving forward from experimental animal model studies to 

human studies; translation into clinical trials; advancing from clinical trials to clinical 

practice; and moving from clinical findings and guidelines to real world settings and 

implementation.

The workshop was responsive to many of the objectives in the NHLBI Strategic Vision 

including:4 1) Understand normal biological function and resilience, 2) Investigate newly 

discovered pathobiological mechanisms important to the onset and progression of HLBS 

(heart, lung, blood, and sleep) diseases, 3) Investigate factors that account for differences in 

health among populations, 4) Identify factors that account for individual differences in 

pathobiology and in responses to treatments, 5) Develop and optimize novel diagnostic and 

therapeutic strategies to prevent, treat, and cure HLBS diseases, 6) Optimize clinical and 

implementation research to improve health and reduce disease, and 7) Leverage emerging 

opportunities in data science to open new frontiers in HLBS research. The workshop did not 

directly address the 8th objective - Further develop, diversify, and sustain a scientific 

workforce capable of accomplishing the NHLBI’s mission.

TRANSLATION OF DISCOVERY SCIENCE

To identify problems, find solutions and uncover potential opportunities for effective 

translation of basic science into clinical science, we asked the working group several 

important questions: “Could identification of additional contributors to the pathophysiology 

of hypertension lead to effective new therapeutic interventions?” “Are new treatments on the 

horizon, and how do findings from basic science laboratories evolve to new clinical 

treatments?” “What are the challenges associated with assessing next steps after identifying 

a new regulator of arterial BP?” Several (of the many) recent discoveries which have 
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advanced our understanding of the fundamental mechanisms regulating arterial pressure and 

causing hypertension and its CVD consequences and their potential to enable development 

of new therapeutic agents were discussed. The discussion was not intended to be a 

comprehensive accounting of all gains from recent hypertension research, but to provide 

specific examples.

The T0 to T4 classification system is a method describing research within the translational 

science spectrum as follows: T0: basic biomedical research, including preclinical and animal 

studies; T1: translation to humans, including proof of concept studies, Phase 1 clinical trials, 

and focus on new methods of diagnosis, treatment, and prevention in highly-controlled 

settings; T2: translation to patients, including Phase 2 and 3 clinical trials and controlled 

studies leading to clinical application and evidence-based guidelines; T3: translation to 

practice, including comparative effectiveness research, post-marketing studies, clinical 

outcomes research, health services research, and dissemination and implementation 

research; and T4: translation to communities, including population level outcomes research, 

monitoring of morbidity, mortality, benefits and risks, and impacts of policy change. Many 

basic science researchers work solely in the T0 space and find it challenging to move into 

and through the T1-T4 continuum. Forming and maintaining teams of investigators that 

cover the spectrum from basic discovery, development of therapeutics and clinical research 

remains a barrier.

The Immunological Basis for Hypertension

An important development in the field of hypertension has been the realization that there is 

an immunological contribution to the disease. For decades, cells of both the innate and 

adaptive immune system have been observed in blood vessels and kidneys of hypertensive 

humans and in experimental animal models.5 Historically, it was observed that 

immunosuppression can lower BP in rats with unilateral renal infarction, that transfer of 

lymphocytes from these animals conferred hypertension to recipient rats, that thymectomy 

lowered BP, and that thymus transplant from non-hypertensive rats lowered BP in 

hypertensive rats.6,7

With the marked advances in immunology during the past decade, our understanding of the 

immunological basis of hypertension has expanded dramatically. Virtually every cell in the 

immune system, including macrophages, B and T lymphocytes, monocytes, T cells and 

dendritic cells have been implicated in this disease. The emerging paradigm is that various 

types of immune cells infiltrate the kidney, vasculature and brain, releasing potent mediators 

including cytokines, matrix metalloproteinases and reactive oxygen species that have 

profound effects on these target organs (Figure 1). These effects take two major forms. First, 

they alter function. For example, cytokines like TNFα, IL-1β and IL-17A impair 

endothelium-dependent vasodilation, enhance vasoconstriction, and alter the expression and 

function of renal tubular sodium transporters.8–10 Second, these mediators promote 

irreversible tissue damage, fibrosis and cell death. In several experimental models in which 

cytokines or immune cells are eliminated, target organ damage is virtually eliminated, even 

though BP is only modestly reduced.11 For a review of this topic see Norlander et al.12
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These studies in animals point to new therapeutic avenues that need to be studied in 

translational experiments and humans. Our phenotypic and genetic analytical capacity has 

greatly expanded our understanding of immune cells. New methodologies, including mass 

cytometry (CyTOF), single cell RNA sequencing, and Cytoseq have identified new types 

and subsets of immune cells that need to be defined in experimental animals and humans.13 

A major hurdle for hypertension investigators is that these methods are costly and often 

cannot be replicated. Another related issue is that data from such experiments require expert 

analysis beyond the capability of investigators traditionally trained in hypertension and 

related CVD research. Initiatives to fund these sophisticated kinds of analyses in 

hypertension are highly desirable. A central repository to streamline analysis of these dense 

data sets, would increase research productivity. As such data sets become available, a central 

site to facilitate access to and analysis of such data would be ideal.

The potential of small molecules that modify the inflammatory response to lower blood 

pressure in humans without causing undue immune suppression suggests a new class of 

therapeutic agents for hypertension. Such exploration could involve repurposing of existing 

agents used for other diseases. In some cases of severe hypertension or hypertension 

associated with aggressive end organ damage, biologic agents that block inflammatory 

mediators (anti-IL-1β or IL-17A for examples) should be studied. 2-Hydroxybenzylamine 

(2-HOBA) and agents that prevent inflammasome activation should also be studied.

A hurdle to current research in this field is that the surface markers that identify human 

immune cells are not uniformly shared by other species. As an example, human monocyte 

subsets are characterized by the surface markers CD14 and CD16, while mouse monocytes 

express CD115 and Ly6C. Likewise, memory T cells in humans are characterized by the 

presence of CD45RO, while mouse memory T cells express CD44. There are different 

markers for effector vs. central memory T cells in mice and humans. The proportion of 

circulating lymphocytes and granulocytes varies substantially between these species. This 

does not mean that there are fundamental differences between these cells, and indeed Ly6C 

has been proposed to serve the same subset of monocytes as human cells that have both 

CD14 and CD16, and the role of memory T cells seems similar in both species.14 These 

differences make it difficult to directly extend knowledge gained from studies in mice to 

humans. Even more troublesome is the fact that the reagents for studying the rat immune 

system are limited and there has not been an extensive characterization of the transcriptional 

profile of various rat immune cells. Rats have otherwise proven extraordinarily valuable in 

understanding the pathophysiology of hypertension. Despite these limitations, studies of 

hypertensive rat models have confirmed an important role of immune cells and inflammation 

in hypertension.11,15–17 Efforts to develop additional reagents like surface marker antibodies 

and studies of the rat immune system using transcriptional profiling would be extremely 

helpful in this regard.

Another concern is that there are differences in the susceptibility of different strains of mice 

to various hypertensive interventions. For example, C57BL/6 mice are relatively resistant to 

elevations of blood pressure caused by salt feeding, while salt induces hypertension in other 

strains. This could be considered an advantage, because such variability is also observed in 

human subpopulations and comparison of mouse strains might be informative.
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A powerful approach to overcome these species differences involves the use of humanized 

mice.18 These animals have a full gamut of human immune cells and can be made 

hypertensive by either infusion of Ang II, sodium feeding or by using the L-NAME/ high 

sodium feeding paradigm.19 The activation, homing and phenotypic changes of human 

immune cells can be monitored in these animals. The effect of therapeutic interventions can 

also be monitored. Such studies are costly but will provide a powerful approach to 

translational studies of immune activation in hypertension.

New Mediators of Systemic Vasoconstriction and Arterial Stiffness

Arterial stiffness is a risk factor for cardiovascular morbidity and mortality.20 Between 2010 

and 2015 NHLBI supported 11 R01 awards in response to the RFA entitled “Cellular and 

Molecular Mechanisms of Arterial Stiffening and Its Relationship to Development of 

Hypertension” to clarify temporal and causal relationships between arterial stiffening and 

hypertension. A summary of the results have been published.21,22 One of the 

accomplishments of the initiative was the demonstration that increased arterial stiffness can 

precede systemic hypertension in several different animal models. This is consistent with 

data from the Framingham Heart Study.23 An extensive list of the 275 publications derived 

from the initiative is provided in the online supplement. Recent reviews also detail new 

advances in our understanding of the relationship between arterial stiffness and 

hypertension.24,25

Findings from human genetic studies and results of clinical trials can seed the next 

generation of informative animal models that will uncover underlying pathophysiological 

mechanisms and molecular pathways. As an example, PPARγ was identified as a new 

hypertension gene by virtue of its genetic linkage with hypertension and from clinical 

studies showing that drugs (thiazolidinediones) that activate PPARγ can lower BP.26,27 

Studies of a unique animal model in which a hypertension-causing mutation in human 

PPARγ was specifically targeted to vascular smooth muscle led to the identification of the 

RhoBTB1-Cullin-3 pathway as an important regulator of BP.28 Mutations in Cullin-3 cause 

hypertension in humans, and additional studies revealed that loss of vascular smooth muscle 

Cullin-3 in mice causes severe and progressive hypertension and arterial stiffness.29,30 

Importantly, re-expression of the PPARγ target gene RhoBTB1 in mice reversed the 

hypertension and arterial stiffness caused by interference with PPARγ.31 Biochemical 

studies revealed that the molecular target of RhoBTB1 is phosphodiesterase 5 (PDE5), an 

important component of the cGMP pathway that controls vasodilation. PDE5 inhibitors, 

already approved for erectile dysfunction, are in clinical trials for male urogenital 

dysfunction, optic neuropathy, contrast media-induced nephropathy, cancer, heart failure, 

metabolic syndrome, type 2 diabetes, cardiomyopathies, and chronic kidney disease, among 

others (see ClinicialTrials.gov). Moreover, there are numerous completed and ongoing trials 

to examine effectiveness of PDE5 inhibitors as treatments for pulmonary arterial 

hypertension. Other clinical trials are focusing on PDE5 related to exercise capacity in 

hypertension, the association between erectile dysfunction and endothelial dysfunction, and 

improving diastolic function in patients with resistant hypertension.
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Identification of a gene that rapidly regresses arterial stiffness is potentially groundbreaking, 

but taking this to the next step remains a challenge as many unknowns remain. First, is 

RhoBTB1 relevant in humans? Second, what is the most physiologically relevant site of 

RhoBTB1 expression, given that it is ubiquitously expressed? Third and perhaps most 

importantly, is RhoBTB1 a druggable target? Current data suggest that RhoBTB1-deficiency 

leads to disease, thus classical inhibitors are unlikely to be useful therapeutically.

Role of Microbiota in the Pathophysiology of Hypertension

Another area of recent discovery in hypertension research was discussed - whether 

understanding the microbiome could lead to new and improved treatments for hypertension? 

The primary focus of this inquiry has been microbiota composition in the gastrointestinal 

tract. The gastrointestinal tract presents a vast interface between the external environment 

and symbiotic and pathogenic factors such as food and microbes that interact with the host. 

It is an initial point of entry for many deleterious risk factors for hypertension. In addition, 

the gastrointestinal tract is enriched with endocrine, immune and enteric nervous systems, 

highly innervated and harbors trillions of microorganisms. The microbiome’s potential 

interactions with the host fine tune the gastrointestinal tract to regulate diverse physiological 

functions. Despite these implications and the fact that environmental influences play critical 

roles in hypertension, the impact of the gut on BP control was not fully appreciated until a 

decade ago as a result of advances in genomic and metabolomic technologies and by two 

publications demonstrating dysbiosis in hypertension.32,33

Persuasive evidence now exists for gut dysbiosis in animal models and in human 

hypertension.34 Emerging data suggest that altered gut microbiota in hypertension could be 

responsible for high BP and associated pathophysiology. These data include: 1) Dysbiosis is 

found in prehypertensive patients; 2) Fecal matter transplant from hypertensive patients or 

animals results in increases in BP in normotensive animals; and 3) Fecal matter transplant 

from spontaneously hypertensive rats (SHR) into normotensive Wistar Kyoto (WKY) rats 

increases BP, neuroinflammation, sympathetic nervous system activity, circulating T cells, 

aortic infiltration by circulating T cells and impaired endothelial function.34–36 Conversely, 

fecal matter transplant from WKY rats into SHR reduces BP, restores inflammatory cell 

imbalance and improves endothelial function. Proof of this concept in human subjects would 

be an important contribution in clinical hypertension research. Another significant 

development has been the observation of profound alterations in gut pathology and increased 

intestinal permeability in hypertension. These findings have important implications in the 

regulation of mucin production and subsequently gut wall interactions with microbiota, thus 

impacting overall host-microbiota communication in hypertension. Rescue of gut pathology 

by captopril, an ACE inhibitor, further strengthens the gut-BP link.33

Diet-originated and microbiota-produced metabolic products such as short chain fatty acids 

(SCFA) have attracted attention in delineating the role of microbiota in BP control and 

hypertension.37 Decreased abundance of short-chain fatty acids (SCFA) producing bacterial 

communities have been demonstrated in hypertension.34,38 Supplementation with butyrate or 

propionate decreases BP.39,40 This suggests that beneficial effects of a high fiber diet could 

be due to microbiota-mediated fermentation of the fiber to produce SCFA. This concept 
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warrants further investigation to strengthen the link between diet and gut microbiota and 

explore whether there are diet-dependent microbiota signatures with implications for BP 

regulation.

Sodium intake is an independent risk factor for hypertension, and it is likely that gut 

microbiota play a role in sodium sensitivity. The find that high sodium intake alters gut 

microbiota and increases gut inflammation in Dahl-SS rats supports this view.41 High 

sodium intake decreases Lactobacillus murinus and treatment of mice with this bacterium 

prevents sodium-sensitive hypertension.42 Furthermore, Lactobacillus reuteri is suggested to 

be protective against high sodium diets in some salt sensitive people.42 However, much more 

research is needed to determine if there are gut microbial signatures unique to sodium 

sensitive and sodium resistant hypertensive patients to establish their therapeutic importance.

Finally, microbiota in other organs particularly in the oral cavity, has been gaining interest in 

recent years since early observations showed an association between poor oral health with 

greater prevalence of cardiovascular disease.43 A relationship between high blood pressure 

and subgingival periodontal bacteria has been observed.44,45 Both relative abundance of 

certain oral bacterial species in older women with high blood pressure and an association of 

periodontal disease with high blood pressure strengthen the concept that oral dysbiosis could 

be linked to hypertension.44,46,47 Additionally, oral nitrate producing bacteria have been 

found to play a beneficial role blood pressure regulation and cardiometabolic diseases.48 

This is supported by evidence that a nitrate-rich diet lowers blood pressure, while tongue 

cleaning that eliminates nitrate-producing bacteria, increases it.48 These observations 

strongly implicate involvement of oral microbiota in blood pressure control. Further research 

is needed to fully understand this relationship.

Despite above advances supporting the involvement of gut microbiota many important 

questions need to be answered. Some of these questions are:

i. We have inadequate information on microbiota signatures in hypertensive and 

normotensive phenotypes, and little understanding of sex and ethnic diversity 

signatures. Furthermore, are microbiota signatures associated with 

prehypertensive states? Large cohort studies with metagenomic analyses are 

required.

ii. Mechanisms involved in epithelial-microbiota communication need to be 

investigated from a bidirectional signaling perspective.

iii. How do sympathetic and vagal pathways interact with the gut to coordinate their 

influence on BP control?

iv. Do hypertension signals such as high sodium intake and high fat diet directly 

influence gut epithelium or microbiota or both to alter host-microbiota crosstalk?

v. What role, if any, do gut microbiota play in drug-resistant hypertension? Is the 

metabolism of antihypertensive drugs higher in resistant hypertensive patients?

vi. What is the role of microbiota in other organs such as oral cavity, skin, and heart 

in blood pressure regulation?
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Sodium (Na+)/potassium (K+) Ratio in Hypertension

The working group discussed whether increased understanding of sodium and potassium 

handling can lead to new approaches to reduce BP. The increase in hypertension-related 

mortality since 1980 is often attributed to increased consumption of sodium-enriched 

processed and restaurant food. Early land dwelling animals, including humans, faced a 

sodium-scarce, potassium-rich environment, and the renin angiotensin aldosterone system 

(RAAS) evolved to conserve sodium and drive appetite for salty food, and excretion of 

excess dietary K+ in order to maintain homeostasis of circulating volume and K+ levels.49 

Industrialized humans now satisfy their craving for salty food with readily available sodium-

rich foods, and have no apparent sensory drive to consume K+. NaCl intake varies widely 

(0.05 g/day in Yanomami to 6-10 g/day in US) and predicts BP, yet, hypertension correlates 

better with dietary Na+/ K+ ratio than with Na+ alone.50–52 The recently published report, 

Dietary Reference Intakes for Sodium and Potassium, defines the Chronic Disease Risk 

Reduction (CDRR) intake values of sodium for adults 19 years and older as 2.3 g per day, 

recommending intakes above this level be reduced to reduce risk of hypertension and 

cardiovascular disease.53 The report indicates that median intakes of US and Canadian 

populations ranged between 3-4 g per day, well above the 2.3g per day CDRR. The DRI 

committee reviewed research on association of sodium intake and cardiovascular disease 

outcomes and mortality and noted that validation studies of sodium intake estimation 

methods using spot urine had a “systematic bias across the range of sodium intakes, such 

that spot urine sodium estimates are particularly biased estimates of 24-hour urine sodium at 

the lower and upper extremes of intake” (NASEM, 2019, pp.226-227).53 The Committee did 

not define CDRR intake values for potassium, citing the “heterogeneity of studies, lack of a 

intake-response relationship, and low or insufficient evidence for the chronic disease 

endpoints”. Prospective studies suggest that higher K+ intake is associated with decreased 

incidence of hypertension (Prevention of Renal and Vascular Endstage Disease Intervention 

Trial, PREVEND), and slower progression of chronic kidney disease.54,55 A recent Dietary 

Approaches to Stop Hypertension (DASH) diet study of ~400 participants with hypertension 

showed that a low sodium DASH diet (rich in fruits, vegetables, low-fat dairy products and 

naturally high in K+), lowered systolic BP (SBP) more effectively than sodium reduction 

alone, with striking reductions in the highest-BP group.56

Recent studies in rats and mice provide mechanistic insight into the BP lowering potential of 

raising dietary K+ (Figure 2).51 Mice consuming K+ enriched diets exhibit lower proximal 

tubular fluid reabsorption and 40% lower Na+/H+ exchanger isoform 3 (NHE-3) abundance. 

Along the distal nephron, a rise in plasma [K+] inactivates the Na+-Cl- cotransporter (NCC) 

by dephosphorylation, thus, increasing Na+ delivery downstream to the epithelial Na+ 

channels (ENaC) where Na+ reabsorption drives K+ secretion via collecting duct K+ 

channels.57,58 These mechanisms complete the homeostatic response to increased K+ intake 

by raising urinary K+ and lowering plasma K+. Conversely, low dietary K+ intake activates 

NCC to minimize downstream K+ secretion even when Na+ intake is high; thus, a K+ -poor 

diet blunts the impact of lowering dietary Na+ intake on BP due to NCC activation to 

conserve K+.58 Importantly, eating a K+-rich diet, similar to that consumed by our pre-

industrial ancestors, is predicted to reduce Na+ reabsorption along the proximal and distal 

nephron and significantly augment the impact of lowering dietary Na+ on BP.40,58
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The recently published dietary reference index for potassium asserts “lack of evidence for 

intake-response relationship, and lack of supporting evidence for benefit of potassium on 

CVD”.59 While there is evidence that increasing dietary potassium is associated with 

reducing BP, there are no available CVD outcome studies that support long term benefit. 

Thus, a need exists for CVD outcome studies in humans to test the hypothesis that raising 

dietary potassium promotes natriuresis, lowers BP and improves CVD outcomes.53,60 Two 

relevant studies are underway. First, the Salt Substitute and Stroke Study (SSaSS) of 

>20,000 people in rural China is a 5-year trial investigating the impact of a potassium 

enriched salt substitute on stroke. Second, a randomized placebo-controlled clinical trial in 

the Netherlands (n= 400) is addressing reno-protective effects of potassium including BP as 

an end point.61 Filling this knowledge gap can drive feasible strategies to raise the dietary 

potassium / Na+ ratio (e.g., potassium enriched table salt, subsidizing potassium -rich foods) 

in order to reduce the prevalence of hypertension and associated medical costs.62,63

TRANSLATION TO HUMANS

This session focused on how researchers can translate fundamental discoveries to understand 

human hypertension.

Importance of Sex Differences in Hypertension

Genetic, epigenetic and hormonal mechanisms contribute to sex differences in BP and the 

effects of increased BP on target organs.64 There is heterogeneity in the timing of BP 

transition over the life course in women versus men.65 Men tend to develop BP elevations 

earlier in life, while in women hypertension is often diagnosed at later, postmenopausal time 

points. Further, in animal models, there is a sexual dimorphism such that BP is much higher 

in male than female hypertensive mice and rats.66,67 This has led to most preclinical 

hypertension research being carried out in male rodents; omission of female animals from 

these studies denies us access to fundamental knowledge about the pathogenesis of 

hypertension in the female.

Sex hormones and their receptors, as well as differential expression of the sex chromosome 

genes, contribute to the development of hypertension and related CVD. Estrogen has 

beneficial effects (vasodilation, decreased inflammatory activation and growth factor 

expression and reduced lesion progression) on healthy arteries of young women but harmful 

effects (vasoconstriction, inflammatory activation and growth factor expression and 

decreased plaque stability) on arteries of older postmenopausal women with established 

atherosclerosis.68 Further mechanistic work is needed to elucidate the cellular and molecular 

pathways through which estrogen mediates its anti-inflammatory and vasoprotective actions 

in the young and how these pathways are affected by aging. These studies may reveal 

strategies for estrogen rescue in both sexes. Additional studies on how sex hormones and sex 

chromosomes differentially affect gene networks and how this influences CVD susceptibility 

are also needed.

Pre-eclampsia and gestational hypertension have been associated with increased risk of 

chronic hypertension and various forms of cardiovascular disease, including ischemic heart 

disease, stroke and venous thromboembolism, as well as all-cause mortality in later life.69–72 
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These risks are further elevated in the presence of a small-for-gestational-age infant and/or 

preterm delivery. There is also an unmet need for further studies of the risks of hypertension 

in pregnancy and the possible benefit or harm of antihypertensive treatment in pregnant 

women. Assessment of these benefits and risks for both mother and fetus is needed both 

short-term (during gestation and the immediate post-postpartum period) and long-term in 

order to assess CVD outcomes in the mother and developmental outcomes in the child. For 

example, a recently published randomized clinical trial from India demonstrated that 

nifedipine, methyldopa and labetalol are effective options in the treatment of severe 

hypertension of pregnancy in low resource settings.73 Thresholds and goals for medical 

treatment of hypertension in pregnancy also need to be established in randomized controlled 

trials. The ongoing NHLBI-sponsored pragmatic multicenter randomized clinical trial of 

antihypertensive therapy for mild chronic hypertension during pregnancy, the Chronic 

Hypertension and Pregnancy (CHAP) Project, is a good example of a much-needed study 

(ClinicalTrials.gov NCT02299414). Long-term follow-up of CHAP participants and other 

cohorts of women with gestational hypertension is needed to assess the long-term effects, 

both benefits and possible harms, of antihypertensive treatment in pregnancy.

Key challenges and barriers to progress in sex-related research in hypertension include the 

belief that sex differences in BP and responses to treatment are unimportant and not 

deserving of further study. Further, the belief of the public and health care community that 

estrogen is harmful for older persons and should not be studied further has created a major 

impediment to further research in the area. Another particularly vexing challenge is the 

controversy regarding the relative benefits and risks of BP lowering in pregnant women. The 

controversy concerns the extent of BP lowering and what impact it may have on the fetus in 

terms of miscarriage and risk for growth restriction. Both have biologic plausibility. If 

maternal mean arterial pressure is reduced, exchange of O2 and nutrients at the maternal-

fetal interface may be impaired, leading to stillbirth or fetal growth restriction. The 

developmental origins of health and disease suggest that fetal growth restriction may be 

associated with future CVD risk for the child.74 The impact of lowering BP at all, and what 

the appropriate thresholds and goals for BP lowering treatment should be on the pregnancy 

and the future life of the child are poorly understood. Therefore, many obstetricians are 

reluctant to treat hypertensive pregnant women with BP lowering medications. Further study 

in this area, as in the CHAP Project, are urgently needed.

In order to address these gaps in knowledge about sex differences in the pathogenesis of 

hypertension and its vascular complications, more support is needed to examine these issues 

in both animal models and humans. There is a need to improve the experimental models of 

hypertension in female animals since most existing preclinical research has been conducted 

in males. Using retired female breeder animals would provide a far better model to study 

postmenopausal hypertension than is currently commonly used.

Role of Sympathetic Nervous System Activity in Hypertension

Increased activity of the sympathetic nervous system is a major contributor to the 

pathogenesis and maintenance of hypertension.75 However, at the present time there are no 

diagnostic methods available in the clinic to assess sympathetic nervous system activity in 

Sigmund et al. Page 11

Hypertension. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov


patients. Moreover, preclinical studies suggest that the mechanisms whereby the sympathetic 

nervous system chronically increases arterial pressure are not generalized to the entire body 

but likely involve only key organs and tissues such as the renal and splanchnic vascular beds.
76 These studies also suggest that the contribution of increased sympathetic nerve activity to 

one target (e.g., kidney) versus another may vary from patient to patient. Therefore, in 

addition to development of methods to measure “whole body” activity of the sympathetic 

nervous system, it is also necessary to assess organ/tissue-based sympathetic nerve activity 

in the clinic.

Improved diagnostics for organ/tissue based sympathetic activity will help guide novel 

treatments for organ targeted inhibition of the sympathetic nervous system. This approach is 

desirable since it avoids unwanted side-effects associated with global blockade using 

traditional drug-based therapies. This was the goal of the first device-based therapy for organ 

specific targeting of the sympathetic nervous system; catheter-based renal nerve ablation 

(CBRNA).77 The first proof-of-principle for CBRNA was the Symplicity HTN-1 trial 

conducted in 45 patients with drug resistant hypertension.78,79 Mean office blood pressure 

was decreased at 1 month (−21/−10 mmHg) and up to 36 months (−32/14 mmHg) after a 

single procedure. Symplicity HTN-2 was a larger randomized controlled trial in 106 patients 

with drug resistant hypertension conducted in 24 centers in Europe, Australia and New 

Zealand. Patients were randomized 1:1 for treatment or control, but control subjects did not 

receive a sham procedure.80 The results of this trial were similar to those of Symplicity 

HTN-1, where a sustained decreased in office blood pressure was observed in patients 

treated with CBRNA compared to controls.

The outcome of a larger U.S. randomized, blinded, sham-controlled trial, Symplicity 

HTN-3, was highly anticipated. Symplicity HTN-3 was conducted in 535 patients randomly 

assigned in a 2:1 ratio to undergo CBRNA or a sham procedure.81 CBRNA decreased office 

systolic blood pressure by an average of 14mmHg at six months post-CBRNA. However, the 

primary efficacy endpoint was not met as the decrease in office systolic blood pressure was 

not different between the CBRNA and the sham group, suggesting either a placebo or 

Hawthorne effect. An extensive post-hoc analysis of Symplicity HTN-3 suggests failure to 

properly perform the procedure may have been major factor in the failure of the trial. In 

addition, 39% of patients changed medication during the trial, which may have influenced 

responses. Moreover, African Americans in the sham control group receiving a vasodilator 

had a marked decrease in systolic pressure (−21.9 mmHg) that was not observed in the other 

subgroups, perhaps reflecting a change in pharmacological adherence.

Although the failure of Symplicity HTN-3 was viewed by some to indicate CBRNA is not 

an effective therapy for hypertension, recent improvements in catheter technology and 

clinical trial design has validated this approach.82 More than a decade after the publication 

of the original proof-of-concept study, three recent trials have sparked renewed interest in 

CBRNA: the SPYRAL HTN-OFF MED, the RADIANCE-HTN SOLO (endovascular ultra- 

sound) as well as the SPYRAL HTN-ON MED trial in hypertensive patients on concurrent 

antihypertensive therapy.82 All demonstrated a convincing and clinically significant 

reduction of ambulatory blood pressure in comparison with respective sham control groups. 
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Evidence is therefore now available from three adequately designed, randomized, sham-

controlled trials confirming the blood pressure lowering efficacy of CBRNA.

Finally, a recent case report demonstrated a substantial a reduction in blood pressure by 

combining CBRNA and celiac plexus block (thereby reducing sympathetic activity to the 

splanchnic vascular bed) in a patient with treatment resistant hypertension.83 This 

demonstrates the potential for targeting nerves to organs other than the kidney for the 

treatment of hypertension. Therefore, organ-based modulation of sympathetic activity 

represents an emerging area for development of novel hypertension therapies.

Relevance of Animal Models in Understanding and Hypertension

The value of basic animal research for advancing our understanding of hypertension and 

CVD and for testing potential therapies is well established. Virtually all major advances in 

hypertension therapy have been preceded by studies in experimental animals. Animal 

models have been especially informative for unraveling the pathophysiology of secondary 

forms of hypertension such as those caused by renal artery stenosis and various endocrine 

disorders.84 Animal models of genetic hypertension have also revealed potential pathways 

for heritable hypertension in humans.84 Development of animal models that recapitulate the 

pathophysiology of human primary (essential) hypertension, has been challenging, however. 

Choosing appropriate animal models, using rigorous methods for phenotyping, and studying 

diverse experimental models under appropriate conditions are all important factors in 

determining the relevance of preclinical studies for understanding the etiology, treatment and 

prevention of human hypertension.

Are commonly used animal models the most appropriate for understanding human 

hypertension? Current evidence suggests that 65-75% of the risk for human hypertension is 

related to excessive weight gain and obesity, which are often associated with a complex 

cascade of metabolic disorders and only modest activation of known hypertensinogenic 

systems (e.g. renin-angiotensin-aldosterone and sympathetic nervous systems).85 Moreover, 

obesity initially produces only mild hypertension, with increasing severity and onset of 

CVD, stroke and chronic kidney disease generally requiring several years to develop.86 

Large and small animal models of obesity-induced hypertension have been developed and, 

in some cases, display many of the cardiovascular, renal and metabolic changes observed on 

humans with primary hypertension, including slow onset of mild to moderate hypertension.
86 However, the most commonly used experimental models of genetic and secondary 

hypertension develop full blown hypertension very rapidly, with onset of major increases in 

BP and target organ injury in 1-2 weeks.84

An analysis by Galis et al. indicated that approximately 72% of animal studies of 

hypertension funded by NHLBI included angiotensin II infusion (48%) or genetic models 

(24%).87 Angiotensin II infusion rates in many studies were high, producing plasma 

concentrations far in excess of those observed in human primary hypertension, and were 

associated with rapid onset of large increases in BP. Commonly used genetic models of 

hypertension, such as spontaneously hypertensive rats or Dahl salt-sensitive rats, develop 

severe hypertension with complex genetic etiologies that are not yet fully understood and 

may not have direct counterparts in humans. Although the choice of appropriate animal 
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models depends on the specific objectives of the studies, excessive reliance on well-

established genetic, endocrine and surgical models of hypertension may be an important 

barrier for translation.

Excessive reliance on specific strains of inbred rodents with limited genetic diversity may 

also be a barrier to translation. The large menagerie of animal models that once formed the 

basis for physiological studies of hypertension has been whittled down to mainly rats and 

mice. The ability to manipulate the genome of mice, which have a short gestation period and 

large litter size, has been especially advantageous. Mice also require minimal quantities of 

compounds for treatment and have relatively simple housing requirements, and fewer federal 

regulations than large animals. These considerations have led to an exponential increase in 

the number of papers published using mice, whereas the number of hypertension studies 

using large animals have declined. Although hundreds of inbred strains of rats and mice are 

available commercially, the C57BL/6 mouse is, by far, the most widely used mouse strain 

for biomedical research. Inclusion of additional strains with diverse genetic backgrounds 

may improve the ability to generalize results and discern mechanisms of disease etiology 

and progression.

Additional emphasis should also be directed toward use of large animal models that closely 

mimic the pathophysiology of human primary hypertension. The gradual decline in use of 

dogs, primates, and other large animals may have a negative impact on translation of 

preclinical studies to understanding human pathophysiology. Although cost and convenience 

are often overriding considerations, the advantages and disadvantages of large and small 

animal models in meeting specific research aims should be carefully weighed.

Age and sex of experimental animals and humans have important influences on BP 

regulation and development of CVD. The NIH has appropriately emphasized the importance 

of studying both males and females. However, most studies of experimental hypertension are 

conducted in young animals, whereas human primary hypertension is usually associated 

with aging, obesity and metabolic disorders. Studies in aged animals may offer translational 

advantages compared to the common practice of using mainly young animals.

Are the most commonly used animal models studied under appropriate conditions? A 

limitation of many experimental studies, especially in rodents, is that the animals are 

permitted to eat ad libitum and therefore are over-fed, are usually relatively inactive, and are 

therefore “metabolically morbid”.88 Thus, “control” animals used for most studies are 

actually “couch potatoes”, which may limit their usefulness. Also, most rodent studies are 

conducted at temperatures that induce cold stress, with important effects on metabolism, BP 

and heart rate. In mice, the thermoneutral zone lies at 30°C, whereas most laboratories and 

animal facilities are maintained at 18-22°C.89 These abnormal environmental conditions 

induce metabolic morbidity and cold stress that can be important confounders in studies of 

hypertension, obesity, and associated metabolic disorders.

Are the phenotyping methods used in experimental (and clinical) hypertension studies 

rigorous enough? A key phenotype for hypertension studies is BP. Yet, many studies of 

experimental animals and humans use sub-optimal methods for BP measurement that may 
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not be rigorous enough to adequately address the proposed aims. Studies in experimental 

animals may also be compromised by measuring BP during anesthesia or stress or by using 

techniques that do not permit assessment of BP during normal daily activities, or BP 

variability, which can influence risk for CVD.90 The same concerns exist for many studies in 

humans that rely on casual office BP measurements made under non-standardized 

conditions.90

Extensive phenotyping of BP is now feasible in small and large animals using 

radiotelemetry. Further development of improved technologies for telemetric assessment of 

cardiovascular, nervous system and metabolic function as well as in vivo imaging of 

molecular events will greatly increase the rigor and reproducibility of studies in 

experimental animals.

Genomics (and other “omics”), “big data”, electronic health records, clinical trials, and 

population studies are providing opportunities for translating results from experimental 

studies to understanding human hypertension, but there will always be a need for animal 

models of hypertension. Continuous reevaluation of animal models, comparison with human 

hypertension and CVD, and more rigorous phenotyping (of humans as well as experimental 

models) will inform future research and enhance translation for improved treatment and 

prevention strategies.

TRANSLATION TO PATIENTS, CLINICAL PRACTICE AND REAL-WORLD 

SETTINGS

These three sessions focused on how the understanding of hypertension mechanisms 

improves the health of patients, the implementation of effective hypertension treatments in 

clinical practice and the effect of controlling blood pressure on populations, particularly the 

underserved.

Barriers to the Elimination of Resistant Hypertension

This session focused on the potential to eliminate resistant hypertension (RH). RH is defined 

as BP of a hypertensive patient that remains above the therapeutic goal despite the 

concurrent use of three or more antihypertensive drugs of different classes administered at 

maximal or maximal tolerated doses or BP that is controlled at or below the therapeutic 

target but requires at least four antihypertensive agents of different classes to achieve 

control.91,92 The therapeutic goal defining the separation of RH from non-RH was BP 

<140/90 mmHg, or <130/80 mmHg in patients with diabetes or CKD, according to the 

recommendations of the 2003 Report of the Joint National Committee on the Prevention, 

Detection, Evaluation and Treatment of High BP in Adults (JNC-7).93 In 2017, the 

ACC/AHA clinical practice guideline recommended a lower BP target, < 130/80 mmHg, for 

adults below 65 years of age and SBP < 130 mmHg for adults at or over 65 years of age.2 

The 2018 AHA Scientific Statement on RH adopted the lower BP target (<130/80 mmHg) 

from the 2017 ACC/AHA guideline to define RH.92

Pseudo-RH is a term applied when BP is elevated above the therapeutic goal but is not truly 

resistant to pharmacologic therapy.92 Most common causes of pseudo-RH are: 1) inaccurate 
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BP measurement commonly resulting in falsely elevated BP values; 2) the “white coat 

effect” (office BP above goal but out-of-office BP at or below goal in a patient taking at least 

one antihypertensive medication), which is associated with minimal or no increased risk of 

CVD and stroke; 3) under-treatment of hypertension, including “clinical inertia”, in which 

there is lack of appropriate treatment escalation in a patient with uncontrolled hypertension; 

and 4) medication nonadherence. These causes of pseudo-resistance must be excluded 

before the diagnosis of true RH can be confirmed.92 When pseudo-resistance cannot be 

excluded, the term “apparent treatment RH” (aTRH) is usually employed.92 Virtually all 

clinic- and cohort-based studies defining the prevalence of RH have de facto reported the 

prevalence of aTRH, and the prevalence of true RH represents a major gap in knowledge. A 

recent study demonstrated that, using the 2008 definition of RH (BP ≥ 140/90 mmHg or ≥ 

130/80 mmHg for adults with diabetes or CKD) the prevalence of aTRH was 17.7% of 

hypertensives, whereas using the 2018 definition (BP ≥ 130/80 mmHg for all adults or 

systolic BP ≥ 130 mmHg for adults ≥ age 65) the prevalence was only marginally increased 

at 19.7%. 94

Medication nonadherence is a substantial problem in the diagnosis and management of RH.
95 In a recent meta-analysis of 24 studies, 31.2% of patients with RH were shown to be non-

adherent.94 The highest pooled nonadherence estimates were for therapeutic drug 

monitoring and directly observed therapy (47.9%) and the lowest estimates were for indirect 

methods such as questionnaires and self-reporting (3.3%). Thus, objective measures of drugs 

and/or drug metabolites are the most reliable method of assessment but due to lack of 

resources and/or unavailability, these methods are rarely employed in clinical practice.

The diagnosis, evaluation and treatment of true RH includes identification and reversal of 

contributing lifestyle factors (i.e., obesity, poor dietary pattern, high dietary sodium intake, 

alcohol intake, and low physical activity), discontinuation or minimization of interfering 

substances (e.g., non-steroidal anti-inflammatory agents, oral contraceptives, hormone 

replacement therapy, sympathomimetic amines), and screening for secondary causes of 

hypertension (especially primary aldosteronism, renal parenchymal disease and renal artery 

stenosis).92 Evidence-based management of RH includes the substitution of a long-acting 

thiazide-like diuretic (i.e., chlorthalidone or indapamide) for hydrochlorothiazide and the 

addition of a mineralocorticoid receptor antagonist (MRA; spironolactone or eplerenone) or 

amiloride to the antihypertensive drug regimen.92 Beyond that point, recommendations for 

addition of antihypertensive drugs are based on expert opinion, as no clinical trials are 

available upon which to base evidence.92 Despite the evidence for the efficacy of a thiazide-

like diuretic and MRA, a recent analysis demonstrated a low rate of usage (3.2-9%) of these 

agents in the management of resistant RH.94

Major gaps in knowledge that are critical in the management of RH include: 1) the 

prevalence of true RH, 2) optimal methods for detection and reversal of non-adherence in 

the context of RH, 3) prognosis of controlled vs uncontrolled true RH, 4) causes of clinical 

inertia, 5) optimal BP targets for RH and their relationship to target organ damage, 6) 

identification of intermediate phenotypes of RH in whom to explore pathophysiology and 

biomarkers to identify early target organ damage, 7) pharmacogenetic/genomic prediction of 

BP and target organ damage responses to antihypertensive agents, 8) evidence-based 
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approaches to the therapeutic decision algorithm, and 9) the role, if any, of device-based 

therapy.

The most promising scientific areas in RH include: 1) elucidation of the pathophysiology of 

true RH using clinical research protocols to identify intermediate phenotypes (e.g., salt-

sensitivity of BP, obesity-induced RH, autonomous aldosterone production, “refractory” 

hypertension) and mechanisms of severe BP elevation and target organ damage, 2) 

identification of circulating or urinary biomarkers predictive of early target organ damage 

(e.g., circulating dp-ucMGP, urinary mucin 1, and CKD273), 3) Randomized controlled 

trials (RCTs) to identify the optimal BP target for patients with true RH, 4) RCTs to evaluate 

the BP lowering efficacy of pharmacologic management beyond thiazide-like diuretics, 

MRAs and amiloride, 5) RCTs to determine the effects of intensive versus standard BP 

lowering on CVD and stroke morbidity and mortality, and 6) rigorous evaluation of device-

based therapeutic options.

Key challenges and barriers hindering progress in RH include: 1) the shifting definitions of 

RH, 2) the poor infrastructure for patient-oriented research (lack of General Clinical 

Research Centers and their resources for clinical investigation), 3) the expense of large-scale 

RCTs and the limited funding resources for these trials, 4) the lack of knowledge of who is 

at risk for developing RH, the absence of validated prediction biomarkers; and lack of a 

strategy for prevention based on early intervention, 5) the lack of a basis for personalized 

antihypertensive drug selection based on genetic/genomic information, and 6) the absence of 

new classes of antihypertensive drugs during the past two decades.

Major Unanswered Questions in Hypertension Treatment and Control

The working group first discussed the major unanswered questions in hypertension 

treatment and control. A number of the unanswered questions related to hypertension 

treatment and control were described in detail in the 2017 ACC/AHA Hypertension 

Guideline “Evidence gaps and future directions.”2 It is important to emphasize the first item 

in their list: Does hypertension prevention or earlier treatment of hypertension improve 

outcomes? This could be tested with non-pharmacologic interventions or drug therapy to 

prevent the development of sustained hypertension, major CVD outcomes and mortality in 

persons at high risk for developing hypertension.

Several important RCTs including the Veterans Administration Cooperative Study of the 

treatment of hypertension in the 1960s and the NHLBI-sponsored Hypertension Detection 

and Follow-up Program (HDFP) of the 1970s, have shown that treating to a diastolic BP 

(DBP) goal <90 mm Hg reduces CVD outcomes.96,97 However, we do not have definitive 

clinical trial evidence that treatment to a lower DBP goal, e.g., <80 mmHg, in a general 

hypertensive population would reduce events, even though recent guidelines have 

recommended such a goal based on “expert opinion”.2 Several trials, including the NHLBI-

sponsored Systolic Hypertension in the Elderly Program (SHEP), have demonstrated CVD 

benefits of targeting a systolic BP (SBP) goal <150 mmHg, and the NIH-sponsored SPRINT 

study has shown that targeting a SBP goal <120 mmHg versus <140 mmHg reduces major 

CVD events and total mortality by 25-30%.3,98 These results need to be confirmed in other 

populations, such as Asians, and in hypertensive patients with comorbidities such as 
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diabetes, CKD, post-stroke, or heart failure. There are data suggesting benefit for some of 

these groups, including the standard glycemia subgroup of the NHLBI-sponsored Action to 

Control Cardiovascular Risk in Diabetes (ACCORD) BP trial and the CKD subgroup of 

SPRINT.99,100 In contrast, the NINDS-sponsored Secondary Prevention of Small 

Subcortical Strokes (SPS3) Study did not show benefit of intensive treatment (SBP goal 

<130 mmHg) for the primary stroke outcome and ACCORD BP did not show significant 

benefit for overall CVD outcomes.101 However, both of these trials were underpowered 

because of lower than expected event rates.

An important question raised by observational data from 24-hour ambulatory BP monitoring 

(ABPM) is whether screening for, or treatment of, hypertension using nighttime BP or some 

other ABPM parameter or daytime home BP measurements reduces major CVD events more 

than using office BP measurements alone. It is also not clear how nighttime or home BP is 

best treated. Another issue is whether and how higher BP variability, which is associated 

with higher CVD risk, can best be reduced and if that reduction would improve CVD 

outcomes.

A number of RCTs, such as the NHLBI-sponsored Antihypertensive and Lipid Lowering for 

the Prevention of Heart Attack Trial (ALLHAT), have compared major antihypertensive 

drug classes, but questions remain about whether one class or combination of classes is 

superior to other classes or combinations, and whether the addition of particular drugs or 

classes, such as a MRA or neutral endopeptidase inhibitor would be superior.102 Other major 

unanswered questions pertain to comparative efficacy of drugs in the same or similar classes. 

Some of these questions may be more appropriately tested in pragmatic studies, such as the 

VA-sponsored Diuretic Comparison Project (DCP), which is comparing the effect of 

chlorthalidone versus hydrochlorothiazide on major CVD outcomes.103

Other important clinical research topics include how to improve adherence to lifestyle/non-

pharmacologic interventions and antihypertensive drug therapy, especially in community 

settings and the related question - how to improve BP control in various settings, systems, 

and populations. Finally, a major outstanding question is whether device therapy makes a 

clinically important addition to other non-pharmacologic (lifestyle modification) therapies 

and long-term antihypertensive drug therapy in controlling BP and preventing CVD.104

Gaps in Implementing Lifestyle Change to Control BP

The two core strategies to prevent and control high BP are - lifestyle modification and BP 

lowering medications. Lifestyle modifications that lower BP include weight loss, sodium 

reduction, potassium supplementation, healthy dietary patterns, increased physical activity, 

and moderation of alcohol intake. While much BP treatment focuses on medical 

management of adults with elevated BP, the vast scope of the BP epidemic argues for public 

health strategies that broadly and efficiently deliver lifestyle modification to the general 

population. These strategies include technology-facilitated interventions, and team-based 

care that engages a variety of health professionals (e.g., dentists, pharmacists, medical 

assistants, community health workers) and others (e.g., peers, barbers). To date, most studies 

of lifestyle modification have focused on adults. However, since BP tracks from younger 

ages into adulthood and elevated BP at younger ages is already associated with subclinical 
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disease, there is compelling rationale to focus research on developing and testing BP-

lowering strategies at younger ages. Further, the burden of high BP disproportionately 

affects certain groups, e.g. blacks and individuals with lower socioeconomic status. Targeted 

BP lowering strategies are needed for these groups, which may not have access to traditional 

sources of medical care or may prefer alternative venues.

Roadblocks to Use of Precision Medicine in Hypertension

While there is great hope in “-omic” strategies for prevention and treatment of hypertension, 

progress in translation of -omics into practice has been challenging. It is important to 

identify factors that are perceived to stand between our current -omic understanding of 

hypertension and real-world hypertension precision medicine strategies. Generally, 

published reviews of hypertension -omics outline recent developments and characterize the 

state of the field. Many authors conclude their reviews by describing the limitations of 

current knowledge and suggesting important avenues for future research. In short, reviewers 

often identify what they perceive to be roadblocks to precision medicine in hypertension.

The PubMed database (www.ncbi.nlm.nih.gov/pubmed/) was queried for reviews published 

from late 2015-2018 using the following search criteria: hypertension OR “blood pressure” 

OR “arterial pressure” AND genetics OR genomics OR pharmacogenetics OR 

pharmacogenomics OR “precision medicine” OR “personalized medicine.” Of the search 

returns, 52 reviews were freely available as full text, and of these, 41 were deemed to assess 

the limits of current knowledge and avenues for future research (references provided in 

Online Supplement). These assessments were compiled, categorized, and tallied. Our review 

of the literature revealed a range of challenges in both the research and clinical domains. 

There was, however, some agreement among experts: the most-noted roadblock was 

mentioned in 10 reviews. The 10 most frequently noted roadblocks included the following 

(in descending order of times noted):

1. Gene x gene and gene x environment interactions are probably critically 

important but are difficult to study and have been understudied.

2. A paucity of good pharmacogenetic evidence and no validated gene panels exist 

to guide treatment.

3. Documented genotype-phenotype associations have not provided viable drug 

targets.

4. The BP phenotype may be problematic, and hard outcome studies are rare.

5. Other -omics, compared to genomics, have been understudied. Other -omics 

studies are not as standardized as genomic studies, thereby making comparisons 

among studies and meta-analyses difficult.

6. Hypertension is a complex condition and difficult to study.

7. Existing -omic data have not been fully exploited.

8. Replication studies for potentially informative genotype-phenotype associations 

have not been conducted.
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9. Genotype-phenotype association findings often do not replicate across racial 

groups.

10. Replicated genotype-phenotype associations have low predictive value.

Several workshop recommendations were made to overcome these roadblocks in the next 

5-10 years: incorporating DNA collection and genome-wide association analyses into every 

BP clinical trial; creating ancillary genomics committees for trials funded by NHLBI; using 

the TOPMed, EMERGE, and All of Us studies to build a genetic screening tool for 

antihypertensive medication efficacy and safety; potentially partnering with commercial, 

direct-to-consumer genomics enterprises (e.g., 23andMe, MyHeritage DNA, etc.); funding 

further analyses of extant trials with BP data (e.g., SPRINT, Look Ahead, GenHAT).

Implementation of Multilevel/Population Interventions to Control Hypertension

This topic focused on the important question: “Why can we not successfully implement 

multilevel/population interventions to improve BP control?” A strong association exists 

between social determinants of health and CVD.105,106 Neighborhood characteristics may 

affect hypertension prevalence. Individuals residing in the most economically deprived 

neighborhoods have greater odds of having high BP.107 An association also exists between 

residence in certain geographic areas, such as the southeastern United States, and the 

prevalence of hypertension.108 Taken together, these and other social determinants of BP are 

critically important to the prevention and control of hypertension in the population.

Low adherence to medication is common and is a major contributing factor to uncontrolled 

BP and RH. For example, in one study, 21.3% of 6,627 older U.S. adults initiating 

antihypertensive medication in 2012 discontinued treatment within one year.109 Also, 31.7% 

of patients who had not discontinued their antihypertensive medication had low treatment 

adherence, defined by having medication available to take for <80% of days in the year 

following treatment initiation. Barriers to achieving high medication adherence are 

multifactorial and include complex medication regimens (e.g., multipill regimens), 

convenience factors (e.g., dosing frequency), behavioral factors, and issues with adverse 

effects of medications administered to asymptomatic patients. Additional factors commonly 

associated with low antihypertensive medication adherence are limited access to care and 

cost.110

Consistently effective intervention strategies include: 1) facilitating patient-provider 

communication, 2) using mHealth technologies with emphasis on two-way communication, 

3) providing patient education in tandem with lifestyle and behavioral counseling, and 4) 

providing psychosocial support. Regarding medication adherence phases, all studies 

examined implementation (i.e., taking medications as prescribed over time) and one also 

addressed treatment initiation (i.e., beginning a new medication).111

Clinician therapeutic inertia is another barrier preventing patients from achieving guideline-

recommended goals. Data from the U.S. National Ambulatory Medical Care Survey indicate 

that there were 41.7 million primary care visits in the United States annually between 2005 

and 2012 wherein a patient had SBP ≥140 mm Hg or DBP ≥90 mm Hg.110 However, a new 

antihypertensive medication was initiated in only 7 million (16.8%) of these visits.112 There 
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are a number of reasons why clinicians may not initiate or intensify antihypertensive 

medication, including workflow constraints and insufficient time to conduct a patient 

evaluation, concern about side effects, lack of knowledge to make dosing decisions, and 

uncertainty regarding a patient’s out-of-office BP.113

The United States health care organizations and agencies in the public and private sectors 

spend between $70 billion and $120 billion on research each year. Yet, in many routine 

clinical situations, stakeholders do not have enough information to make decisions about the 

most effective treatments under particular circumstances or for particular patients. When 

evidence is available, it often takes a long time to use it to make decisions.114 Moreover, 

evidence is not always useful or might not address questions that decision makers need 

answered. Finding ways to enhance awareness and knowledge of useful and relevant 

information (dissemination) to help people and organizations make decisions and put it into 

practice (implementation) is an increasingly important area of focus. Engagement of diverse 

stakeholders, such as payers and insurers, should enhance the uptake and feasibility of 

clinical trials and trial findings. To enhance communication, we propose a meeting to 

address implementation science in hypertension, including leaders from NHLBI, healthcare 

systems, payers, industry, insurers and other agencies.

NHLBI has recently funded 10 sites to train the next cohort of investigators in the field of 

implementation science via RFA-HL-17-016. Dissemination and implementation generally 

begins at the evidence-based stage and includes engaging stakeholders to provide input on 

relevant research and become partners in the execution of research and dissemination of 

findings. Engagement is most effective when it is bidirectional, with stakeholders providing 

input and feedback and receiving information in turn. Lessons learned by partners and 

stakeholders from planning and conducting dissemination and implementation activities 

should inform subsequent efforts. One of the working group’s recommendations was to 

prioritize the funding of initiatives that focus on multi-level system approaches. In support of 

the NHLBI’s strategic goal to speed up the adoption of findings into real-world settings, 

NHLBI published two funding opportunities to support implementation research studies 

related to cardiovascular and pulmonary health disparities, titled “Disparities Elimination 
through Coordinated Interventions to Prevent and Control Heart and Lung Disease Risk 
(DECIPHeR)” in March 2019. It is anticipated that research aimed at identifying strategies 

to achieve sustainable uptake of proven-effective interventions in routine clinical and public 

health practice and community-based settings will be funded through the DECIPHeR 

initiative. Dissemination and implementation efforts occur concurrent with and build upon 

other research and foundational activities. The identification of target audiences and the 

formation of partnerships begin at the evidence-based stage. The framework emphasizes 

that, when evidence is assessed, additional work to refine target audiences and engage 

partners should occur. The notion that the processes through which evidence is adopted will 

vary by context or setting and type of evidence is especially important. Thus, the 

DECIPHeR initiative appears to be timely given the favorable outcomes of an NHLBI-

funded study that paired African-American-owned barbershops with pharmacists in an effort 

to address the high incidence of hypertension in African-American men.115 This important 

study was the first to provide clear evidence that a pharmacist intervention in collaboration 
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with a barber can make significant differences and lower cardiovascular health risks in the 

barber’s regular patrons.

In general, multilevel, multicomponent strategies, followed by patient-level strategies, are 

most effective for BP control in patients with hypertension and should be used to improve 

hypertension control.116 Issues addressing the multi-level barriers of medication adherence 

and clinical inertia need further attention, and the field of implementation science will be 

essential to ensure that successful programs reach those who need them in a timely manner.

Summary

The working group reviewed presentations with an eye on identifying and clarifying key 

barriers to overcome and to identify research opportunities for consideration. Table 1 

illustrates several of the key barriers where creative solutions are necessary. Table 2 provides 

research opportunities suggested by the workgroup to remove barriers impeding translation. 

The reader should recognize that neither is an exhaustive list but reflects the opinions of the 

working group based on the issues presented and discussed. The authors apologize in 

advance if specific areas important to hypertension about which the reader may be 

passionate are not included.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Immune mechanisms causing hypertension.
Several stimuli common to hypertension stimulate antigen presenting cells to activate T 

cells, which in turn produce cytokines including TNFα, IL-17A and IFNγ. These activated 

T cells infiltrate the kidney and vasculature, where they promote sodium retention, 

vasoconstriction and local tissue damage, leading to worsening hypertension.
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Figure 2: Mechanisms of Potassium induced Natriuresis
Raising dietary potassium reduces sodium transporter activation along the nephron by: 

reducing proximal tubule (PT) Na/H exchanger isoform 3 (NHE3), reducing 

phosphorylation (-p, activation marker) of the thick ascending limb (TAL) Na-K-2Cl co 

transporter (NKCC2) and distal convoluted tubule (DCT) Na-Cl-cotransporter (NCC). 

Reducing these transporters increases volume flow and sodium delivery to the cortical 

collecting duct (CCD), as occurs with loop and thiazide diuretics. In CCD, sodium 

reabsorption via epithelial Na+ channels (ENaC) increases which drives potassium secretion 

via K+ channels, and higher volume flow activates K+ channels. This potassium provoked 

natriuresis and diuresis has the potential to reduce effective circulating volume and blood 

pressure, like thiazide and loop diuretics.
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Table 1:

Major Barriers Impeding Translation of Hypertension Research

Communication gaps among basic science researchers, clinical researchers, and clinicians in the field of hypertension are preventing translation 
of fundamental discoveries to better BP control.

Limited understanding of the antecedents of hypertension such as fetal programming and epigenetics.

Limited understanding of gene-environment and gene-gene interactions to improve therapeutic decision making in hypertension.

While animal models are crucial for identifying therapeutic targets and testing new drugs, not all experimental and genetic animal models are 
applicable to humans.

Poor understanding and validation of methods for detection and reversal of antihypertensive medication non-adherence.

Limited understanding of age-related changes in BP in children, adolescents and young adults, determinants of BP for early prevention and 
effectiveness of antihypertensive therapy to improve clinical outcomes.

Insufficient engagement of diverse stakeholders such as payers and insurers through all study phases to enhance uptake and feasibility of 
clinical trials and clinical trial findings.

Insufficient knowledge of how efficacious community-based interventions can be brought to scale
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Table 2:

Research Opportunities to Enhance Translation of Hypertension Research

Encourage innovative translational research that requires collaboration among basic and clinical scientists and includes patient-oriented 
research.

Facilitate training that encourages collaboration and cross-training in basic science and clinical application.

Develop new drugs and treatments (such as potassium-rich diets) to target diverse hypertensive patient populations, such as patients with 
resistant hypertension.

Capitalize on resources currently or previously supported by NHLBI such as databases, clinical populations, and clinical trial data that will 
facilitate discovery.

Develop new technologies for better phenotyping of humans and animals through: in vivo imaging, single cell analysis (central repository and 
analysis), analysis of large datasets, validation of surrogate endpoints and biomarkers, robust long term follow-up, and assessment of tissue and 
organ-based sympathetic activity.

Support studies on hypertension and aging, including arterial aging, cognition, medication adherence, and complications of antihypertensive 
therapy.

Support studies related to the role of sex differences in the complications of hypertension and hypertension in pregnancy and preeclampsia.

Develop and use animal models that are best suited to the scientific question posed irrespective of cost.

Develop approaches to optimally detect and reverse antihypertensive medication non-adherence.

Strengthen the evidence base for genetic screening tools for both risk of hypertension and optimal treatment options, with collection of genetic 
data in clinical trials and population-based studies across the lifespan.

Support clinical trials for early intervention in high BP, particularly in stage 1 hypertension and in younger populations, with long term tracking 
of outcomes.

Develop strategies to engage health care practitioners in strong patient relationship bonds and trust to promote lifestyle modification in high risk 
populations.

Support studies that focus on multi-level, collaborative system-based approaches including patients, providers, and/or health systems (at a 
minimum of two levels).

Encourage researchers to incorporate implementation science methodologies that can look broadly to bridge healthcare and community settings.

Support clinical trials designed to use quasi-experimental or mixed methodologies and those that specifically address the questions, such as 
“who does it work for?” and “when does it work?”

Convene representatives and leaders from NHLBI, healthcare systems, payers, industry, insurers, and other government agencies to address 
implementation science in hypertension.

Support training for the next generation of health disparities and implementation science researchers, including lay persons and community 
health workers.
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