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Introduction
An example of a nexus of integrated control within the body is 

regulation of vascular tone. The inherent complexity in analyzing 
vascular function lies not only in the fact that control is mediated, in 
part, by the dynamic interaction of the autonomic nervous system 
with local biochemical and physical forces (hemodynamics), spanning 
spatial domains and time scales, but ultimately because the sum total 
of all aspects of the vascular system are integrated with other control 
systems and influenced by genetic, developmental and environmental 
factors. For example, redundant negative feedback systems operate 
through neurohumoral mechanisms to regulate blood volume and 
blood pressure, but the relative influence of each will differ depending 
upon the anatomical location of a particular circulatory bed (i.e. 
systemic, pulmonary, coronary, etc.) as well as additional confounding 
factors such as sex and age, defined in part by reproductive status 
(sexually immature, reproductively competent or senescent). Study 
of this type of complexity is classically known as “physiology” and 
often investigated through hypothesis-driven experimental protocols 
addressing narrowly defined foci of interest. However, due to 
technological advances over the last decade, a new field has emerged to 
study much of the same topics but utilizing the wealth of burgeoning 
‘omics data including genomics, proteomics, and metabolomics, 
enabling a more holistic approach to the study of biological systems [1]. 

The vascular system is a particularly attractive candidate for an 
‘omics style investigation both in health and disease. Initial forays have 
generated new insights into thrombosis and hemostasis, atherosclerosis, 
angiogenesis and vascular remodeling [2]. There are concerns about the 
proper use and interpretation of ‘omics results given the inherent biases 
associated with high throughput data obtained from differing sources 
and collection techniques. However, meticulous attention to study 
design can ameliorate this problem, and present ‘omics-technologies 
as an attractive and complementary way to examine cardiovascular 
physiology and disease. When considering the control of vascular tone, 

for instance, aging is associated with increased pulmonary vascular 
pressures and systemic vascular stiffening contributing to hypertension. 
For some patients these physiological traits predispose to heart failure, 

Abstract
Regulation of vascular tone is complex due to the presence of redundant mechanisms operating over multiple 

spatial domains (cell, tissue and organ) and influenced by various confounding factors, such as sex, age and time. 
As a result, the task of identifying the underlying mechanisms of vascular dysfunction associated with complex 
cardiovascular diseases, like heart failure with preserved ejection fraction (HFpEF), remains under explored. ‘Omics 
research strategies are proposed to be an effective way to navigate complicated physiology. In this review an ‘omics 
approach is applied to the spatial domains of HFpEF using a mechanistic “physiological map” of factors known to be 
associated with vascular (dys) function. The result is intended to generate hypotheses, foster robust study design, 
and highlight the necessity for collaborative, interdisciplinary approaches to conduct ‘omics research, which in turn 
is expected to facilitate the development of efficacious therapies for cardiovascular diseases such as HFpEF, where 
etiologies are unclear and evidence-based therapeutic strategies lacking. 

Baseline variables
HFrEF
(LVEF<40%; 
n=1540)

HFpEF
(LVEF>50%; 
n=880)

p-value

Mean LVEF, % 25.9 62.4 <0.001
Age, y 71.8 ± 12 75.4 ± 11.51 <0.001
Female (%) 37.4 65.7 <0.001
Coronary artery disease (%) 48.7 35.5 <0.001
Angina (%) 28.0 22.8 <0.005
Prior myocardial infarction (%) 39 16.6 <0.001
Prior CABG (%) 12.9 5.8 <0.001
Hypertension (%) 84 91 <0.001
Diabetes (%) 38.9 31.7 <0.001
Atrial fibrillation (%) 23.6 31.8 <0.001
COPD (%) 13.2 17.7 <0.002
Hemoglobin <10g/dL 9.9 21.1 <0.001
Systolic BP, mmHg 146 156 <0.001

LVEF, left ventricular ejection fraction; CABG, coronary artery bypass grafting; 
COPD, chronic obstructive pulmonary disease.

Table 1: Characteristics of patients with heart failure and reduced ejection fraction 
versus heart failure with preserved ejection fraction. Adapted from Bhatia et al. [5].
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and of recent interest, the syndrome of heart failure with preserved 
ejection fraction (HFpEF). HFpEF is a complex syndrome whose 
pathophysiology remains unclear and therapeutic strategies undefined. 

In addition there is an unexplained female predominance, which has 
received little attention in experimental work to date. These unknowns 
suggest HFpEF is a potentially fruitful candidate for an ‘omics-style 
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Figure 1: Vasculomic Network: cardiovascular physiology map for omics study design.

Key components of cardiovascular physiology are represented as nodes: cyan nodes = organ-level domain, green nodes = cellular domain, yellow nodes = molecular 
domain, dark-blue nodes = organism domain. Nodes with a thick border indicate heterogeneity. The interactions between components are displayed as either arrows, 
which indicate cause-effect relationships, or dotted lines, which indicate associations. This figure was created using freely available software, Cytoscape (cytoscape.
org), version 2.8.1 [75]. The network structure was created by N. Schaible based on “Vascular Pharmacology” (Ch. 5) by O’Rourke, Vanhoutte, and Miller [76].

This “physiological map” displays the primary components involved in vascular physiology which are represented as nodes, color-coded and grouped according 
to spatial domain. Note that the picture that emerges from a high-level inspection of the map is one of multiple levels of feedback between molecular, cellular, and 
organ-level operation. The relationships between components are represented with either solid arrows (cause/effect) or dotted lines (association). Therefore each line 
connecting a pair of nodes represents distinct physiological purpose. For example, a dotted-line connecting “cardiomyocytes” with “heart” is based upon the knowledge 
that the cardiomyocytes are constituents of the heart organ. Cardiomyocytes have a singular cellular identity, but also are collectively associated with the heart organ. 
An arrow in the physiological map, on the other hand, indicates a cause-and-effect relationship. For example, a unidirectional arrow from “blood flow” (organ domain) 
to “endothelial cell” (cell domain) reflects the understanding that endothelial cells are sensitive to shear stress which is attributed to blood flow. Even without concern 
of the identity of nodes and lines, a key feature easily visualized on this map, is the intimate interconnectedness across all spatial domains – which are certainly not 
unidirectional from gene to organ. 

Note also that some nodes are more heavily interconnected than others; the nodes which have the most connections are the endothelial cells and the smooth muscle. 
This is because these two components are major integrators of vascular control. Vascular smooth muscle, by contracting or relaxing, has the capacity to significantly 
impact pressure/flow responses within the vasculature and as a result plays the important role as main effector of cardiovascular control. Smooth muscle, on its own, is 
sensitive to “external stimuli” provided by the autonomic nervous system. However, smooth muscle also receives input from endothelial cells, also a hub of control. The 
endothelial cells receive many inputs from the local environment, such as hormones, and respond to these cues mainly by affecting the contractile state of the smooth 
muscle. Also, the processing of input to output occurs in the molecular domain which involve many intermediates – most notably calcium ions. The central role of the 
smooth muscle and endothelial cells is another key point illustrated in the diagram. 
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investigation. In this review, pertinent physiological pathways thought 
to be related to the etiology of HFpEF will be used to illustrate the 
relative merits and important design considerations for the successful 
and vigilant application of ‘omics-techniques to the study of vascular 
dysfunction and cardiovascular disease, also known as vasculomics. 
In addition this review presents a unique focus on experimental work 
delineating proposed molecular mechanisms underlying HFpEF, and 
particularly the potential use of ‘omics to clarify poorly understood 
influences, such as the sex-disparity of this disease.

HFpEF: A candidate for vasculomics research

Heart failure is a major public health concern, affecting more 
than 5 million people in the United States, including 10 per 1000 of 
the population over age 65 [3]. Approximately half of all patients with 
chronic heart failure have preserved rather than reduced left ventricular 
ejection fraction (LVEF) but similarly high mortality [4]. Patients with 
HFpEF tend to be older, more commonly female, hypertensive, and in 
contrast to heart failure with reduced ejection fraction (HFrEF), display 
a low prevalence of coronary artery disease (Table 1) [5]. With the 
aging population the prevalence of HFpEF will increase; some predict 
it will surpass HFrEF as the most prevalent heart failure phenotype 
over the coming years [6]. Yet despite these trends the pathophysiology 
of HFpEF remains incompletely understood and to date no effective 
evidence-based therapeutic strategies have emerged.

To begin to unravel complex pathophysiology, a holistic 
“physiological map” across the spatial domains of cell, tissue and organs 
may be constructed to highlight the primary components involved in 
feedback between these domains and their complex multi-directional 
manner (Figure 1). From an organ-level perspective, important factors 
identified to contribute to the HFpEF syndrome include concentric left 
ventricular (LV) remodeling, diastolic and subtle systolic dysfunction, 
decreased arterial distensibility, and abnormal interaction between LV 
performance and the systemic arterial system (ventricular-vascular 
coupling) [7-12]. Each of these measurable factors is likely influenced 
by processes acting at cellular, subcellular, and molecular levels, for 
example deranged extracellular matrix turnover [13,14], endothelial 
dysfunction [15], and activation of inflammatory pathways [16]. 
Additional factors such as chronotropic incompetence [17-19] and 
increased sensitivity to neurohormonal stimulation [20] further suggest 
an orchestrated multifaceted mechanism underlying the development 
of the HFpEF syndrome. While traditional hypothesis-driven research 
has been invaluable in delineating individual etiological pathways 
in heart failure, particularly HFrEF, one could argue that sole use of 
reductionist lines of investigation may lack the sensitivity to adequately 
describe the complex and potentially non-linear interactions involved 
in a heart failure syndrome. Specifically for HFpEF, the challenge 
remains to identify nuances that lead to the development of clinical 
symptoms from asymptomatic states pertaining to aging and 
hypertension, and to explain the marked female preponderance of this 
condition. In this respect a conceptual approach incorporating ‘omics 
methodologies may not only complement traditional biochemical 
research but generate heretofore unidentified mechanisms, biomarkers, 
and therapeutic targets. 

A visual representation of current knowledge of factors pertaining 
to HFpEF, integrated within the overall context of cardiovascular 
physiology as depicted in Figure 1, may be useful for initiating 
the design of vasculomic studies. These factors are discussed with 
supporting evidence in subsequent sections and emphasized in Figure 

2. Components represented in the figures are highlighted by italics in 
the following sections.  

From hypertension to HFpEF

Across epidemiological surveys, hypertension recurrently emerges 
as the most frequent co-morbidity in patients with HFpEF. Prevalence 
reports range between 59 and 86% across large hospitalized and 
community-based cohorts [21-23], and 60 to 88% in HFpEF clinical 
trials [24-27]. While this strong association has provided a useful 
investigational model for research into HFpEF, the specific etiology 
of hypertension in these patients is rarely reported. Animal studies 
to model HFpEF to date have consisted of renovascular hypertension 
[20,28], yet in humans, hypertension is widely recognized to have 
multiple etiologies, and further influenced by sex, age, and likely 
genetic factors. Although human studies incorporate this variation 
to some extent, it is unknown if such heterogeneity masks potential 
predictors of HFpEF within unidentified hypertensive subgroups. For 
example, mechanisms inducing HFpEF in elderly hypertensive females, 
the most frequently encountered clinical scenario may differ between 
those developing hypertension under the influence of an estrogenic 
or anestrogenic state, i.e., pre- and post-menopausal hypertension. 
Consequently a first-line traditional linear approach to scientific 
enquiry may limit the rate of knowledge acquisition in this regard, 
where employing an ‘omics-wide lens to genetically or biochemically 
profile research subjects may enable more robust phenotyping and 
facilitate more avenues for hypothesis-driven investigation. This 
concept will be developed further below. 

Genomics of hypertension and HFpEF: Gene expression profiling 
involves the use of microarray platforms which can deliver both 
qualitative and quantitative information regarding gene function, i.e., 
identification of gene activation or silencing, and expression levels 
respectively. The technique has been usefully applied in distinguishing 
etiology in some HFrEF studies; Kittleson et al. were able to distinguish 
ischemic from non-ischemic heart failure with 89% sensitivity and 
specificity in 48 patients with either end-stage (n=41) or newly 
diagnosed (n=7) HFrEF [29]. Similarly in both obstructive and non-
obstructive hypertrophic cardiomyopathy (HCM), the latter a classic 
paradigm of HFpEF, genotyping has proved invaluable in establishing 
pathogenesis. The difficulty with HFpEF is that it nearly always arises in 
the context of several co-morbid conditions, in particular hypertension 
and obesity, each of which has its own genetic susceptibility that 
may additionally influence heart failure risk. Uncovering genetic risk 
modifiers for an HFpEF phenotype would require construction of 
elaborate etiological pathways through adequately powered studies, 
arguably the remit of ‘omics style informatics, though the complexity 
of which should not be underestimated. Taking hypertension as an 
example of a multifactorial disease and HFpEF antecedent: while 
candidate gene studies have proposed many potentially contributory 
single nucleotide polymorphisms (SNPs), results from two large 
primary genome-wide association studies (GWAS) for hypertension 
were modest at best [30,31], and only on meta-analyses were genome-
wide significant associations observed, i.e., significance withstanding 
correction for multiple testing [32,33]. It is important to note that 
GWAS findings only indicate approximate loci of causal variant genes. 
Neighboring alleles must be considered equally or perhaps more 
significant in determining a particular phenotype until functional 
mechanisms can be verified. Nevertheless ongoing efforts at large-scale 
genetic profiling spawning from databases such as the Human Genome 
[34] and HapMap [35] projects and newer next-generation sequencing 
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technologies offer the potential to reveal as yet unidentified genetic 
variants with larger biological effects.

Inflammation, fibrosis & remodeling: That being said, it is unlikely 
that the development of HFpEF is principally genetically driven. While 
the genome represents the initial layer of complexity in both normal 
and disease pathways, the important ‘effector’ products of genes are 
proteins. These proteins may be subject to alternative splicing and post-
translational processing, both of which may independently confer risk 
of disease. Proteomic technologies permit the examination of global 
alterations in protein abundance and expression in cardiovascular 
disease states [36]. Various human cardiac protein databases are already 
available online, largely based on information from two dimensional 
polyacrylamide gel electrophoresis (2DPAGE) and/or combined with 
mass spectrometry data [2,37]. The Human Plasma Proteome Project 
pilot phase (HUPO PPP) constitutes an impressive international 
collaborative effort to analyze human plasma samples with proteomic 
platforms [38]. From a subset of 3020 proteins identified on the basis 
of two or more peptides on MS/MS experiments, 345 were identified 
as having cardiovascular-related functions, and a number specifically 
pertaining to heart failure and ventricular remodeling. Among these, 
cytokines including transforming growth factor beta (TGF-β) and 
tumor necrosis factor (TNF) emerged as potential mediators of a 
heart failure syndrome, confirming previous findings in HFrEF [39]. 
Although a separate proteomic analysis of HFpEF has not yet been 
published, there is experimental evidence that proinflammatory 
pathways and immune activation are involved. When compared 
to control subjects, Niethammer et al. observed increased levels of 
soluble TNF receptors 1 and 2 and elevated serum concentrations of 
pro-inflammatory cytokines IL-6, IL-10 and c-reactive protein (CRP) 
in patients with HFpEF and hypertension [16]. Levels of all markers 
remained highest in the HFrEF arm of the study, suggesting either a 
distinct pathophysiological pathway of systemic immune activation 
or the possibility that HFpEF, at least in some patients, may progress 
to an HFrEF phenotype. Whether HFpEF constitutes part of a 
continuum in heart failure or a distinct entity remains controversial. 
Furthermore, while both the HUPO PPP and the latter study examined 
both age-appropriate adult males and females, it remains unclear if 
immune function varies by sex in this predominantly female-afflicting 
syndrome, as occurs in autoimmune and connective tissue diseases such 
as rheumatoid arthritis or lupus. Further large-scale ‘omics-style data 
analyses would enable the adequately powered analyses, also including 
sex as a biological variable, necessary to answer these questions.

Other proteins proposed to be differentially regulated in HFpEF 
include those related to extracellular matrix (ECM) remodeling. In 
murine models of hypertension, inflammatory cells have been co-
localized with collagen producing fibroblasts [40]. Collagen is the 
predominant constituent of the ECM, and increased collagen content 
is a precursor to fibrosis. It is plausible that an increase in ECM 
fibrosis may lead to LV diastolic stiffness, as is observed in the HFpEF 
syndrome. To this end, histological analyses in both human and 
animal studies have confirmed the presence of an increased myocardial 
collagen volume fraction in hypertensive and heart failure states [41]. 
In HFpEF, additional evidence from circulating biomarkers of collagen 
metabolism points towards an active fibrotic process involving both 
increased collagen synthesis and decreased degradation [42], though 
two areas of contention exist. Firstly, in an early and unique study of 
endomyocardial biopsy tissue from patients with a clinical diagnosis 
of HFpEF, only two-thirds of the study cohort (n=12) displayed a 

high collagen volume fraction consistent with fibrosis, despite high 
resting tension within mechanically isolated cardiomyocytes [41]. 
There were no patients with high collagen volume fraction (fibrosis) 
and low resting cardiomyocyte tension, suggesting that intrinsic 
cardiomyocyte stiffness can precede ECM fibrosis in HFpEF. Secondly, 
it is unclear whether ventricular remodeling is similar for both sexes. 
In mice models of pressure overloaded myocardium (transverse aortic 
constriction), used as a model hypertensive state, higher expression 
of genes pertaining to ECM remodeling was observed [43]. These 
findings are supported by a human study of aortic constriction where 
males displayed more disordered collagen architecture [44]. If fibrosis 
were to underlie the development of HFpEF, this is at variance with 
the female preponderance seen in epidemiological surveys. An ‘omics 
based study could be designed specifically able to address these 
questions and tease out possible sex-specific distinctions in HFpEF 
pathogenesis. Additionally, intrinsic cardiomyocyte stiffness has 
been linked to expression of a shorter and more stiff isoform of the 
cytoskeletal protein titin (N2B) [45], its altered phosphorylation, or 
increased formation of intramolecular disulfide cross-bridges [46-48]. 
Concurrent large-scale examination of the HFpEF proteome including 
descriptions of multiple titin and collagen related proteins, within male 
and female models would offer valuable insights here.

Fibrosis is not restricted to the myocardium; several studies have 
described the contribution of the ECM to arterial stiffness [49]. This 
is important since HFpEF is a cardio-vascular syndrome and it is 
purported that symptoms in HFpEF, particularly exercise limitation 
and acute pulmonary edema, are heavily determined by properties of 
the vasculature [50-52]. Elevated arterial stiffness is observed in aging 
and hypertension, and is associated with increased myocardial oxygen 
demand, a concomitant reduction in ventricular compliance, and 
impaired handling of acute changes in blood pressure or circulating 
volume [50,53]. For maximal mechanical power transfer, ventricular 
and vascular (arterial) properties must match (ventricular-vascular 
coupling). In HFpEF, ventricular stiffness exceeds arterial stiffness 
(deranged coupling), although importantly the absolute values of both 
are elevated compared to normotensive controls [51]. In this context, 
any acute changes in afterload leads to a disproportionate increase in 
systolic load on the ventricle, thereby increasing LV diastolic filling 
pressure, and precipitating acute pulmonary edema [50]. Animal models 
of essential hypertension, such as the spontaneously hypertensive 
rat (SHR) have enabled investigation into the cellular and molecular 
determinants of arterial stiffness; though potentially introducing bias 
through the predominant study of animals of a single sex, i.e. male. 
Much of the focus, including genotype-phenotype studies, has been 
on mechanical factors regulating vascular structure (cytoskeletal and 
cell membrane proteins, ECM proteins e.g. collagens and elastin). 
However, with the use of microarray gene technology on human aortic 
tissue, the differential expression of proteoglycan signaling molecules 
and various transcripts of yet unknown function were revealed to play 
an equally important role [54]. Little data exists on the association of 
proteoglycans with arterial stiffness, and certainly any role in HFpEF 
pathogenesis is currently unknown. Herein lies an example of how 
genomics data may generate new avenues for proteomic investigation 
in HFpEF or a potentially novel therapeutic target.

Aging, diastolic dysfunction, and HFpEF

Normal aging is associated with a degree of increased ventricular 
stiffness (reduced compliance) and prolongation of diastolic relaxation, 
known as diastolic dysfunction [55]. In HFpEF, however, such changes 
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Figure 2: HFpEF vasculomic network. The pathophysiology of HFpEF is highlighted on the same physiological map shown in Figure 1 with the nodes and edges 
that represent factors relevant to the etiology of HFpEF highlighted in red to integrate current knowledge about factors related to HFpEF into the overall cardiovascular 
physiology context. This technique may be useful for initiating the design of vasculomic studies. This figure was created by N. Schaible using freely available software, 
Cytoscape (cytoscape.org), version 2.8.1. [75].

are more pronounced and correlate with hemodynamic alterations and 
the appearance of heart failure symptoms [56]. Diastolic dysfunction 
is in fact a central criterion for the diagnosis of HFpEF [8]. The 
correlation between HFpEF and aging may be partly explained by a 
greater prevalence of co-morbidities such as hypertension, whereby 
ECM fibrosis and changes in cardiomyocyte titin expression increase 
passive ventricular stiffness (see earlier), but may also relate to age-
associated changes in regulation of myocardial relaxation. This 
component of normal diastole is a metabolically active process [57]. In 
order to entertain any such hypotheses, and ultimately predict who is 
likely to develop HFpEF, a detailed understanding of the biochemical 
and molecular changes that characterize myocardial relaxation within 
the context of diastolic dysfunction would be necessary. Few studies to 
date have addressed this. Junhong et al. applied proteomic methods to 
a rat model of renovascular hypertension induced diastolic dysfunction 
[28]. Compared to sham operated control rats, diastolic dysfunction 
was associated with differential protein expression in calcineurin 

signaling cascades and cellular energetic pathways, thus providing 
novel targets for further investigation. The authors state that titin 
isoform and collagen expression were not examined in this study on 
account of proteomic technology reasons; so their relative contribution 
remains unknown. Furthermore, it must be emphasized that proteomic 
data is only suggestive of an association to a particular physiological 
state until there has been validation of clinical significance [28]. This 
highlights an important issue. The application of ‘omic technologies 
to cardiovascular disease most often requires cardiac tissue which is 
infrequently obtained in routine clinical care. Animal models are 
therefore heavily relied upon; the importance of the precise model 
utilized must not be underestimated. In the aforementioned study 
the calcineurin pathway was implicated in the pathogenic proteome 
of renal-clipped hypertensive male rats with diastolic dysfunction. 
Overactivated calcineurin signaling has similarly been identified in 
other models of increased LV afterload (aortic constriction) [58,59], 
but not observed in studies utilizing spontaneously hypertensive rats 
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(SHR), where activation of other signaling pathways such as those 
involving NF-kappa B have rather been observed [58,60]. HFpEF 
is arguably a complex multifactorial disease state, and individually 
identified etiological pathways may only pertain to the particular 
experimental model used. Furthermore, each individual ‘model’ is 
likely to be an imperfect representation of this complexity: Junhong et 
al utilized only male hypertensive rats. It is not clear whether this would 
adequately represent the clinical, biochemical, and molecular processes 
underlying HFpEF in females; which is an important consideration 
given the markedly female predominance of this disease. 

Additionally a key corollary of the application of global ‘omics-
type’ investigations is the generation of large amounts of data from 
differing sources. The subsequent task remains to model functional 
networks based on this data that are broadly capable of representing 
all components of the ‘system’ or disease within the environment and 
contexts in which it occurs. For this, a combination of informatics and 
traditional hypothesis-based lines of investigation will prove essential. 

Endothelial dysfunction and impaired vasodilator response

The definition of HFpEF extends beyond myocardial diastolic 
dysfunction and involves maladaptive vascular remodeling and 
function [12]. The contribution of arterial stiffness within the 
central vasculature has been outlined above, but another proposed 
contributing factor to the pathophysiology of HFpEF is dysfunction 

of the vascular endothelium. The endothelium releases endothelium-
derived relaxing factors (EDRFs) such as nitric oxide (NO) and 
prostacyclin, which decrease vascular tone, as well as factors collectively 
known as endothelium derived contracting factors (EDCFs) including 
cyclo-oxygenase (COX) derived metabolites of the arachidonic acid 
(AA) cascade and thromboxane A2 (TXA2), which increase vascular 
tone. Both COX derived metabolites of the AA cascade and TXA2 
are pro-inflammatory factors, suggesting an association between 
inflammation, endothelial dysfunction, and vascular tone. Control 
of the balance between EDRFs and EDCFs is important. In healthy 
endothelium EDRFs predominate and counteract the constrictive 
effects of EDCFs. In systemic hypertension this balance is shifted, there 
is decreased bioavailability of endothelial-derived NO, and relatively 
unopposed activity of EDCFs [61], the degree of which predicts the 
severity of future vascular complications [62]. Thus the endothelium 
is able to act as both a source and effector of inflammation and both of 
these negative and positive feedback mechanisms must be considered 
in models which include the endothelium in the etiology of the disease.

Evidence of a shift in the balance of dilatory to constrictor 
functions of the endothelium in the etiology of HFpEF is derived 
from measures of reactive hyperemia following occlusion of forearm 
blood flow [12]. Increases in blood flow of the brachial artery after 
release of the cuff occlusion (reactive hyperemia index, RHI) were less 
in HFpEF and hypertensive patients compared with normotensive 

Endothelium

NO

NOS-BH4

eNOS

O˙2ˉ

nNOS

Oxidative depletion of BH4

NOS uncoupling

NOS-BH2

NO synthesis

Blood pressure

Sex

?
Male animal models to date

Decreased NO 
bioavailability 
implicated in diastolic 
dysfunction & HTN

? ?

 Figure 3: Relationship between endothelial cells and nitric oxide (NO) synthesis, as implicated in HFpEF pathophysiology. Pathways shown represent 
experimental evidence to date; avenues for future experimental investigation are highlighted by ‘?’. Abbreviations: NO, nitric oxide; eNOS, NOS, nitric oxide synthase, 
eNOS, endothelial derived nitric oxide synthase; nNOS, neuronal nitric oxide synthase; BH4, tetrahydrobiopterin (NOS cofactor); O˙2ˉ, superoxide; HTN, hypertension. 
Landmesser et al. [63], Silberman et al. [64].
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control subjects, suggesting a decrement in endothelium dependent 
vasodilatation, i.e., endothelial dysfunction. A proposed mechanism is 
uncoupling of nitric oxide synthase (NOS), the enzyme catalyzing NO 
synthesis, which has been documented in the setting of hypertension 
and renin-angiotensin system (RAS) activation [63]. Interestingly 
though, not all patients with HFpEF in this study were reported to 
have preceding or concurrent hypertension. Taking this point further, 
Silberman et al. demonstrated that NOS uncoupling and oxidative 
depletion of its cofactor tetrahydrobiopterin (BH4), was implicated in 
the pathogenesis of diastolic dysfunction, in male mice in the absence 
of hypertension. And further that oral therapy with the depleted 
cofactor was able to reverse this diastolic dysfunction [64]. Whether 
these observations apply to female animals is unclear. Recognizing that 
NOS may be of both endothelial (eNOS) and neuronal (nNOS) origin; 
there is nonetheless a suggestion of a link between an endothelium-
derived and regulated product and diastolic dysfunction, independent 
of hypertension. 

By incorporating these experimental data within a physiological 
map representing the known components of the HFpEF syndrome 
(Figure 2), several avenues for future experimental work emerge 
(Figure 3). For instance, a potential application of ‘omics investigations 
here could be to comprehensively characterize endothelial gene and 
protein expression within HFpEF cohorts. Certain polymorphisms in 
the NO system have been suggested to have greater effects in women 
than in men [65,66]; an ‘omics analysis may offer revealing insights 
into sex-specific contributions of endothelial or NO function in 
HFpEF pathogenesis. Furthermore, in contrast to an ‘omics approach 
that requires traditional animal and human experimental models to 
provide clinical validation here it may be possible to identify a unique 
genotype-phenotype combination, particularly HFpEF patients 
without hypertension, in whom the endothelium may present a 
genuine therapeutic target. Hence the ‘omics approach may facilitate 
the goal of individualized medicine. 

Impaired chronotropic reserve 

The ‘omics approach investigates networks of genes, proteins 
and molecules interacting under counter-regulatory signals to 
achieve homeostasis. These signals may originate from more than 
one regulatory system, for example in the case of cardiac output 
and blood pressure regulation the autonomic nervous system plays 
an integral role. In diseased states, this balance is disrupted. HFpEF 
patients demonstrate autonomic dysfunction [17]. Compared to age 
and gender-matched healthy controls and hypertensive patients, 
HFpEF patients were shown to exhibit chronotropic incompetence, i.e. 
inadequate elevation of heart rate at peak exercise, and prolonged heart 
rate recovery time following exercise [17,19]. These phenomena reflect 
the balance between parasympathetic and sympathetic activation and 
withdrawal at various stages of exercise, and contribute to symptoms 
in HFpEF. What is unclear from existing studies is whether this 
altered regulation is an adaptive response to prolong diastolic filling 
time, or maladaptive.  Furthermore, it is difficult to account for the 
female predominance of HFpEF from these generalized data as little is 
known regarding the control of vascular resistance in women. A linear 
relationship between total peripheral resistance and sympathetic nerve 
activity does not exist for young women as for men [67] but it is not 
known if these relationships change with age or hormonal status in 
women as they age. While some data suggest that there is a withdrawal 
of vagal tone in women with aging, most data on heart rate variability 

(turbulence) is not analyzed by sex [68,69]. A detailed analysis at the 
proteomic and metabolomic level of patients with differing degrees 
of diastolic dysfunction and symptomatic stages (from asymptomatic 
hypertension to HFpEF) considering sex and hormonal status may 
facilitate understanding in this regard.

Integrating cardiovascular disease data into an ‘omics 
framework

The essence of an ‘omics study consists of finding meaningful 
differences in data filled with many sources of variation. A simple 
example would be the comparison of genomic data to identify genetic 
markers for disease. With the exception of monogenetic diseases with 
Mendelian patterns of inheritance, it is rare for a disease to be solely 
genetically determined, and many sources and forms of data must be 
considered simultaneously in order to find meaningful differences, 
i.e, those that have biomedical significance as opposed to a difference 
due to confounding or bias. Importantly, once data is collected, 
differences all appear in the same way. For this reason, the precise 
design of an ‘omics study is extremely important. What distinguishes 
a meaningful difference from noise requires application of differing 
expertise working together as an interdisciplinary team. Such a team 
could include physiologists, biochemists, pharmacologists, molecular 
scientists, and geneticists, along with clinician scientists, clinicians, 
statisticians and epidemiologists, depending on the disease under 
investigation. Each offers a unique skill set and viewpoint necessary 
for valid and effective scientific research. An important consideration 
is that collaboration should be present from the initial phase of 
study design and continue to provide the adequate care and scrutiny 
required throughout the entire study process [70]. It is the role of 
scientists and clinicians to frame a robust and objective initial study 
idea by identifying both the final quantity of interest (endpoint) and 
potential confounding factors, integrating physiological and clinical 
data. The aforementioned discussion on HFpEF is an example of how 
raw knowledge may be used to synthesize the initial study design; the 
creation of a “pathophysiological map” may help in this regard (Figure 
1 and  Figure 2). It is also important to frame this knowledge in a way 
that fosters subsequent interdisciplinary collaboration.

Limitations of physiological maps and ‘omics approaches: 
Physiological maps, such as those illustrated in (Figure 1 and  Figure 
2) can serve as an initial step towards constructing hypotheses 
and describing the relevant pathophysiology of a disease but are 
necessarily oversimplified for the purposes of visual representation. 
As further knowledge is assumed, a map may be expanded to 
some degree, although input-output processing within molecular 
domains and details of biochemical pathways may still be difficult 
to display. Moreover, it must be recognized that, particularly in the 
case of HFpEF, the important contributions of multiple time points 
(cyclic positive and negative-feedback) even within an age group (to 
include reproductive or hormonal status) are not readily displayed. 
Nonetheless, where such maps are useful is in highlighting the complex 
interconnectedness between components (each represented as a node) 
involved in cardiovascular physiology and those relevant to consider in 
cardiovascular disease. Nodes which are more heavily connected than 
others, for example endothelial cells, can be readily identified as key 
effectors of cardiovascular control and therefore potential mediators of 
disease or targets for therapy. These visualizations also help to identify 
gaps in current knowledge that could lead to new insights into disease 
etiology or therapeutic targets. 
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Data used to construct a physiological map may be derived from 
varying sources and this represents a potential source of bias to 
consider both in the analysis of a map and the design of an ‘omics 
study. The variety of experimental models and populations used to 
study the pathophysiology of HFpEF has been outlined in the preceding 
discussion. However, it must be appreciated that outcomes observed 
relating to specific species, strains of animals or sex are not categorically 
generalizable, and that validation in alternative or more representative 
populations may still be required. The absence of data from female 
animals and/or cells (unpublished survey conducted by our group) is 
striking and represents opportunities to explore the physiological basis 
of a disease that presents with a female predominance [71-74]. There are 
potential confounders within HFpEF pathophysiology, such as obesity, 
which are proposed to have multi-level interactions and implicate 
multiple other significant components already mentioned. There are 
also ubiquitous processes germane to cardiovascular physiology and 
disease such as intracellular calcium signaling. For simplicity we have 
elected not to discuss these as separate components within this review.

Finally, certain nodes within a map may exhibit heterogeneity, and 
it may be misleading to represent, for example, all endothelial cells as 
a single node. The reality is that endothelial cells exhibit a considerable 
degree of heterogeneity conferred in part by anatomical location and 
environment as well as the specific complement of adrenoreceptors (α 
and β subtypes). To acknowledge components where heterogeneity is 
present is an important consideration not only to HFpEF pathogenesis 
but to vascular physiology as a whole. All possible interactions are 
mapped to the heterogeneous node with the caveat that only a subset 
may actually be valid for any given endothelial cell to follow the previous 
example. The presence of heterogeneity is a potentially confounding 
influence in vasculomics studies which probably deserves more 
attention and detail than a two dimensional network can illustrate.

Conclusion
The introduction and availability of novel ‘omics technologies 

into the scientific arena offers an alternative and complementary 
paradigm to traditional hypothesis-driven research. It is now possible 
to comprehensively describe pathophysiology at a genetic, proteomic 
and molecular level, and generate elaborate network maps that more 
closely represent the truly integrated nature of cardiovascular disease. 
Ultimately the goal of this holistic approach is to generate novel and true 
insights into disease pathogenesis, in order to propose new diagnostic 
or therapeutic strategies. Heart failure with preserved ejection fraction 
is an example of an increasingly prevalent disease where there is a 
desperate need for a better understanding of etiology, to include 
mechanisms underlying its female predominance, and potential targets 
for therapy. Early efforts have been made to delineate hemodynamic 
and cellular pathophysiologic aberrations in HFpEF antecedents such 
as hypertension and ventricular diastolic dysfunction, for which ‘omics 
technologies have initially proved meritorious. Importantly though, 
complexities and confounding factors are key considerations in the 
design of ‘omics studies. These complexities and confounding factors 
include techniques of data collection and generalizability of those data. 
The development of ‘omics-techniques have followed the demand for 
more individualized and advanced therapies in an aging population 
with increasing co-morbidities. The true challenge of the ‘omics era 
will be in the appropriate design, handling, and interpretation of 
multidimensional data in order to meet this goal. 
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