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Abstract

Heart failure is a significant global health problem, which is becoming worse as the population
ages, and remains one of the biggest burdens on our economy. Despite significant advances in
cardiovascular medicine, management and surgery, mortality rates remain high, with almost half
of patients with heart failure dying within five years of diagnosis. As a multifactorial clinical
syndrome, heart failure still represents an epidemic threat, highlighting the need for deeper
insights into disease mechanisms and the development of innovative therapeutic strategies for both
treatment and prevention. In this review, we discuss conventional heart failure therapies and
highlight new pharmacological agents targeting pathophysiological features of the failing heart,
for example, non-coding RNAS, angiotensin receptor-neprilysin inhibitors, cardiac myosin
activators, BGP-15 and molecules targeting GRK2 including M119, gallein and paroxetine.
Finally, we address the disparity between phase 11 and phase 111 clinical trials that prevent the
translation of emerging HF therapies into new and approved therapies.

Introduction

Heart failure (HF) is a debilitating disease in which abnormal function of the heart leads to
inadequate supply of blood to tissues and organs to meet their metabolic demands. Various
factors can contribute to HF pathogenesis, such as myocardial infarction, ischaemia,
hypertension or genetic cardiomyopathies. Heart failure is a significant global health
problem which is becoming worse as the population ages [1, 2]. Despite significant advances
in cardiovascular medicine and management, mortality rates remain high, with almost 50%
of HF patients dying within five years of diagnosis [3]. Further, conventional
pharmacological treatments largely delay disease progression and death due to HF, but they
do not cure HF [4]. As a multifactorial clinical syndrome, HF still represents an epidemic
threat, highlighting the need for deeper insights into disease mechanisms and the
development of innovative therapeutic strategies. In this review, we will highlight current
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and new pharmacologic agents for the treatment of heart failure and discuss new therapeutic
approaches (e.g., RNA-based therapies, small molecules) with potential to enter clinical
trials.

Pathological Cardiac Hypertrophy

A hallmark of HF development is pathological cardiac hypertrophy, characterised by an
increase in cardiomyocyte size and thickening of ventricular walls. It is initially thought to
be a compensatory response of the heart to increased workload to maintain heart function.
However, with a sustained haemodynamic load, pathological cardiac hypertrophy will
proceed, and structural and functional cardiac anomalies develop (reviewed in [5-8]). This is
associated with dilation of the ventricle, progressive fibrosis, loss of cardiac myocytes and
cardiac dysfunction. At the molecular level, pathological hypertrophy is commonly
associated with alterations in cardiac contractile proteins (a-myosin heavy chain and p-
myosin heavy chain), increased expression of foetal genes (e.g. atrial natriuretic peptide
[ANP], B-type natriuretic peptide [BNP], a-skeletal actin) and down regulation of calcium
handling proteins (e.g. sarcoplasmic/endoplasmic reticulum Ca2*-ATPase 2a [SERCAZ2a)).
Other biochemical changes include excessive autophagy, inadequate angiogenesis and
chronic inflammation. At the metabolic level, there is a switch from fatty acid to glucose
utilisation, although glucose metabolism decreases with the progression to heart failure, thus
the heart is unable to produce sufficient energy to meet the body’s metabolic demands.
Together, these events lead to impaired contractile performance and contribute to the
progression of heart failure (reviewed in [5-8]) (Figure 1).

The signalling pathways of pathological cardiac hypertrophy are incredibly complex and are
reviewed in detail elsewhere [6-8]. In addition, cross-talk between cardiomyocytes and other
cardiac cell types (e.g. cardiac fibroblast) occurs that influences cardiac function and
pathophysiology [9, 10]. In response to a pathological insult, factors including angiotensin |1
(Ang 11), endothelin 1 (ET-1) and noradrenaline (NE) are released and bind to G protein-
coupled receptors (GPCR) which in turn activate multiple downstream effectors to stimulate
hypertrophy. These downstream signalling effectors of Gq include calcineurin, calcium/
calmodulin-dependent protein kinase (CaMK), mitogen activated protein kinases (MAPKS),
phospholipase C (PLC), protein kinases (PKC) and histone deacetylases (HDACs) [6-8].
Phosphoinositide 3 kinase (PI3K)[p110v] is also activated by GPCR pathways and
negatively regulates cardiomyocyte contractility by modulating the activity of
phosphodiesterases (PDEs) and cCAMP [11]. Recent studies have uncovered new findings
related to the role of calcineurin and CaMKII in the heart [12], as well as the complexities
surrounding activation of extracellular signal-regulated kinases (ERK1/2) at two distinct
phosphorylation sites via G protein subunits [13]. Further, some of the molecules implicated
in these pathways have been the targets of pharmaceutical development which will be
discussed in this review.

Conventional Pharmacological Therapies

The goals for therapy of HF are ultimately to minimise risk factors, reduce symptoms, slow
progression of the disease and improve survival. Multiple interventions are available to the
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clinician, ranging from lifestyle modifications (e.g. exercise) to surgical and device
interventions. A host of clinical trials have demonstrated that careful pharmacologic
management can achieve these goals in a majority of patients. Conventional
pharmacological therapies include beta blockers or diuretics, and a number of agents that
inhibit the deleterious effects of the Renin—Angiotensin—Aldosterone-System (RAAS).

Inhibition of the RAAS System

Vasoconstriction, sodium and water retention, aldosterone release, ventricular remodelling,
and myocardial hypertrophy are well-known detrimental consequences of excessive
circulating angiotensin Il. A number of current medications target different points of the
RAAS to attenuate these effects, including angiotensin converting enzyme inhibitors (ACE
inhibitors), angiotensin Il receptor antagonists (ARBSs), and mineralocorticoid receptor
antagonists (MRASs) (reviewed extensively elsewhere [7, 14-18]). In brief, ACE inhibitors
are generally used as first-line therapy for the treatment of a number of cardiovascular and
renal diseases. The beneficial effects of ACE inhibitors have been studied in thousands of
patients with varying aetiologies and stages of HF (see review [18]). Angiotensin converting
enzyme inhibition has repeatedly been shown to attenuate cardiac remodelling and improve
heart function in patients with HF and after myocardial infarction. Angiotensin Il receptor
antagonists are an appealing option in patients who are intolerant to ACE inhibitors.
Angiotensin Il receptor antagonist therapy is considered an alternative to first line ACE
inhibitor therapy due to fewer randomised, controlled trials in patients with HF as well as
possible inferiority to ACE inhibitors. Several clinical trials have illustrated a reduction in
morbidity and mortality in patients with left ventricular dysfunction (see [14, 18, 19]).
Mineralocorticoid receptor antagonists are prescribed in addition to ACE inhibitors, ARBs
and B-blockers. The first MRA developed was spironolactone and was shown to reduce
hospitalisation and total mortality in patients with severe HF [20]. Further benefit for HF
patients was observed with the next generation MRA, eplerenone (Bert Pitt, 2003 NEJM).
However, in patients with chronic HF and preserved ejection fraction, spironolactone failed
to provide any significant benefit [21].

Beta Blockers

Diuretics

Beta blockers are administered to control HF symptoms (such as shortness of breath, high
blood pressure or weakness), which occur due to the release of excess catecholamines. Beta
blockers have produced almost uniformly beneficial effects in patients with HF from various
causes and in all stages. This is due in large part to their inhibition of the harmful effects of
chronic activation of the sympathetic nervous system, which is a hallmark of HF. Significant
effects have included improvement in survival, morbidity, ejection fraction, quality of life,
remodelling, hospitalisation and incidence of sudden death (see reviews [7, 14, 22]).

Diuretics remain a major component of drug therapy in both hypertension and HF and are
combined with an ACE inhibitor, B-blocker or MRA. They are often necessary to combat the
water and sodium retention elicited by angiotensin Il and aldosterone. Diuretics allow for a
rapid improvement in signs and symptoms of HF but their effect on morbidity and mortality
remains somewhat unclear [17, 23].
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New Pharmacological Agents Targeting Pathophysiological Features of the
Failing Heart

Next generation HR therapeutics are required that can improve clinical outcome. Potential
pharmacological agents have been identified that target pathophysiological features of the
failing heart. Many new medical therapies of heart failure have been extensively reviewed
elsewhere (see [15, 16]). Here we focus on two recent therapies that have had positive results
from phase Il and/or phase 111 clinical trials.

Dual-action Inhibitor LCZ696

One of the most promising recent developments in pharmacotherapy for HF is the
investigational combination drug consisting of valsartan (a RAAS blocker) and the
neprilysin inhibitor sacubitril [24]. This combination is often referred to as ARNi
(angiotensin receptor-neprilysin inhibitors). Angiotensin receptor-neprilysin inhibitors are
designed to inhibit the deleterious effects of RAAS while preventing peptide degradation.
The first experimental ARNi drug, LCZ696, was shown to be more effective than the current
standard treatment (the ACE inhibitor enalapril) at preventing the progression of HF; sudden
death was also reduced [24]. Further, fewer patients receiving LCZ696 were admitted to
hospital for HF and had less need for intensive HF treatment compared to patients on
enalapril. This study provides strong evidence to use ARNi for the treatment of HF [24],
although there are growing concerns regarding under-reported adverse events in the trial.

Finerenone

Finerenone is a nonsteroidal MRA, formally known as BAY94-8862. Results from a phase
Ila study in patients with chronic HF with reduced ejection fraction and renal dysfunction
demonstrated that finerenone was as effective as spironolactone at decreasing NT-proBNP,
but more importantly, lowered the occurrence of hyperkalaemia and worsening renal
function [25]. Further, in patients with chronic HF with reduced ejection fraction as well as
type 2 diabetes and/or chronic renal disease, finerenone was just as effective as eplerenone at
reducing levels of NT-proBNP but also moderately reduced rates of mortality and
cardiovascular hospitalisation [26]. A phase Il clinical trial is now planned to compare
finerenone with eplerenone in chronic HF patients and patients with diabetic kidney disease.

Targeting Cardiac p-adrenergic Signalling through GRK2 Inhibition as a
Potential Therapy for HF

Paroxetine

Activity and expression levels of G protein-coupled receptor kinase 2 (GRK?2) are elevated
in HF, contributing towards HF progression by deactivation and down-regulation of
adrenergic signalling, ultimately impairing myocardial contractility and promoting myocyte
cell death [27]. Inhibition of GRK2 using a viral mediated gene therapy approach has
consistently improved functional and morphological parameters of the failing heart in
preclinical animal models [28, 29] (Figure 1). More recently, paroxetine, an antidepressant
drug, was shown to inhibit GRK2. Administration of this antidepressant drug in mice two
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weeks after myocardial infarction was associated with improved cardiac function, decreased
fibrosis and preservation of left ventricular structure [30]. Further, paroxetine demonstrated a
greater beneficial effect when compared to p-blocker therapy, the current standard-of-care
treatment for HF [30]. Finally, two weeks after treatment was stopped, the improvements in
cardiac function remained [30]. However, it is unlikely this particular pharmacological agent
will be feasible for heart failure patients as the dose required is excessive. Nonetheless, this
study demonstrates that small molecule pharmacological inhibitors of GRK2 are a potential
therapy for the treatment of HF (Figure 2).

M119 and Gallein

Other molecules that target GRK2-Gg, include M119 and gallein [31]. In an acute mouse
model of HF due to chronic stimulation of 3-ARs via isoproterenol miniosomotic pumps,
administration of M119 at the onset of HF was able to improve cardiac function, normalise
ventricular wall thickness, decreased cardiac hypertrophy, reduce fibrosis and normalise
elevated GRK2 expression [32]. Similarly, the compound gallein, a highly related and more
chemically stable analogue to M119, was shown to confer protection and prevent HF
progression in two preclinical models of HF [32, 33]. Specifically, the efficacy of gallein
was investigated in mice with established HF due to overexpression of calsequestrin or due
to pressure overload. Administration of gallein in calsequestrin transgenic mice with
established HF showed that treatment prevented the progression of HF, maintained cardiac
function, and partially normalised cardiac fibrosis, p-adrenergic receptor expression and HF
marker gene expression (ANP, BNP, GRK2) [32]. In a clinically relevant, pressure overload
mouse model of HF, gallein treatment (when delivered after the establishment of HF)
improved survival, preserved cardiac function, attenuated ventricular hypertrophy and
decreased fibrosis, excess adrenal catecholamine release and inflammatory markers [33].
Collectively, these studies demonstrate that small molecule inhibitors of GRK2-Gg, can
improve cardiac function and halt HF progression in small animal models of HF [34] (Figure
2). Before these molecules can proceed to clinical trials, studies in large animal models are
required and understanding the systemic effects of GRK2-Gg, inhibition is important.

Therapies that Target Impaired Cardiac Contractility

Activation of SERCAZ2a using Viral Vectors

Abnormal handling of calcium ions by cardiomyocytes is a key pathophysiological
mechanism in HF. The SERCAZ2a pump is responsible for calcium re-uptake during
excitation—contraction coupling [35]. The importance of SERCA2a has been reflected in
numerous studies that demonstrate reduced SERCA?2a activity and expression in animal
models of HF and in the human failing myocardium. Thus, therapies that can normalise
cardiac SERCAZ2a activity are being investigated (reviewed in [36]). Much research has
focussed on a gene therapy approach to deliver the SERCAZ2a gene to the heart. Preclinical
studies in small and large HF animal models have convincingly shown significant
improvement in cardiac function and remodelling as a consequence of overexpression of
SERCAZ?2a using adenoviral vectors [37-39] (Figure 3). Following successful preclinical
studies, clinical trials were conducted and SERCAZ2a was delivered to the myocardium of
patients with HF using an adeno-associated viral (AAV) vector approach. These studies
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demonstrated that AAV-SERCAZ2a gene therapy increased SERCAZ2a protein levels, was safe
and improved cardiac function in HF patients [40]. Further, after a 12-month follow-up,
patients with advanced HF displayed improved signs and symptoms of HF and cardiac
function [41]. More importantly, after a three-year follow-up and long-term treatment of
AAV-SERCAZ2a, no adverse events in patients with HF were reported and SERCA2a vector
sequences were present in cardiac tissues from patients for at least 31 months [42]. However,
results from a recent international clinical trial (CUPID-2) suggested that AAV-SERCA2a
was no different to the placebo when added to a maximal, optimised heart failure drug and
device regimen [43]. Several factors may have contributed to the primary endpoint not being
achieved in this study. These include dose, less uptake of the vector, patient population,
delivery method and the distribution of AAV1 neutralising antibodies is greater in European
than USA populations, which can limit effective gene transfer [44]. Second- or third-
generation AAV vectors designed using mosaics are being developed, and the therapeutic
formulation can be optimised which will be important for future studies [43].

Manipulating Serca2a activity by SUMOylation and the Small Molecule Activator N106

An alternate way that SERCAZ2a activity can be manipulated is through modification of
small ubiquitin-like modifier-1 (SUMOL), which is required for preserving SERCA2a
function by SUMOylation. Experimental models of HF and primary cardiomyocytes isolated
from failing human hearts have decreased SUMOZ1 protein expression [45]. Gene transfer of
SUMOL in rodents and large animal models of HF improved cardiac function, reduced
mortality and restored SERCAZ2a protein levels [45, 46]. More recently, the small molecule
N106, identified from a screening study, was shown to increase SERCA2a SUMOylation
[47]. Acute N106 treatment in mice following pressure overload with HF improved LV
contractility and increased SUMOlyation of SERCAZ2a in the hearts of N106 treated mice
[47]. Chronic studies will need to be performed to evaluate long-term efficiency and
toxicology of N106. Given the recent discovery of N106, this small molecule activator
represents a promising novel therapeutic approach for the treatment of HF (Figure 3).

Cardiac Myosin Activators

Decreased cardiac contractility is a central feature of systolic heart failure. Omecamtiv
mecarbil is a small molecule, cardiac-specific myosin activator. It speeds up the transition of
myosin from a weak actin-binding to a strong actin-binding force generating state, thereby
increasing the contraction of the left ventricle [48] (Figure 3). In preclinical studies, cardiac
myosin activators increased systolic function, stroke volume and cardiac output without
desensitisation or increasing myocardial oxygen consumption [49, 50]. These studies
appeared to support advancement of omecamtiv mecarbil into humans. Reports in healthy
volunteers established the maximum tolerated dose [51], and in a Phase Il trial patients with
stable heart failure omecamtiv mecarbil improved cardiac function [52]. However,
omecamtiv mecarbil failed to improve symptoms of acute decompensated heart failure in a
second Phase I trial (ATOMIC-AHF (Acute Treatment with Omecamtiv Mecarbil to
Increase Contractility in Acute Heart Failure), raising some concern for future studies,
including possible effects of a myosin activator on diastolic function. Combined data from
ATOMIC-HF and from the ongoing COSMIC-HF (Chronic Oral Study of Myosin
Activation to Increase Contractility in Heart Failure) will be utilised to determine the
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whether Phase Il clinical trials assessing the effect of omecamtiv mecarbil in patients with
acute or chronic heart failure will be pursued.

Targeting Non-coding RNAs for the Treatment of Heart Failure

microRNAs

The multifaceted pathophysiology of heart failure limits the effectiveness of current
therapeutics. Thus, fine-tuning gene expression using microRNA-based drugs may represent
a novel therapeutic approach for the treatment of HF. microRNAs (miRNAs) are small, non-
coding RNA molecules that regulate gene expression by directing their target MRNAs for
degradation or translational repression [53, 54]. These tiny RNA molecules, once thought of
as “genomic junk”, play crucial roles in health and disease, including the development of
cardiac hypertrophy and HF [55-57]. The actions of disease-causing miRNAs can be
blocked by synthetic oligonucleotides, some of which have been shown to improve cardiac
function and pathology in preclinical rodent models. miRNA replacement therapy using
oligonucleotide based miRNA mimics are employed to restore the expression of miRNAs
repressed in a setting of disease, but this strategy has received less attention (see review

[54]).

Studies have targeted miRNAs involved in calcium homeostasis, contractility, adaptive heart
growth (i.e. cardiac protection) or myocyte proliferation as potential therapies for HF
(Figure 4). Defective calcium handling is a key feature of HF. SERCAZ2a is an important
regulator of calcium reuptake in the sarcoplasmic reticulum and is inhibited by miR-25.
Blocking miR-25 in a mouse model of HF was associated with improved contractility,
survival and restoration of SERCAZ2a activity [58] (Figure 4). Other studies have
investigated the therapeutic potential of miR-208a. miR-208a is encoded by the a-myaosin
heavy chain gene and regulates the cardiac stress response and contractility. In a rodent
model of salt-induced hypertension, inhibition of miR-208a was able to ameliorate
hypertrophy, attenuate fibrosis and improve cardiac function [59] illustrating therapeutic
potential (Figure 4).

The adult mammalian heart has a limited capacity to regenerate following injury. The loss of
cardiomyocytes in adult hearts is a key component of most HF pathogenesis. Thus the
potential of applying miRNAs to restore lost cardiomyocytes in the damaged heart would be
of considerable therapeutic value. Several studies have sought to identify miRNA regulators
of cardiomyocyte proliferation [60-62]. The miR-15 family plays an important role in the
cardiac regenerative response by regulating a number of cell-cycle genes including
checkpoint kinase 1. Prolonged inhibition of the miR-15 family was able to promote
cardiomyocyte proliferation in the infarct region of the heart [61]. The miR-17-92 cluster is
among the best-studied miRNA clusters. Expression of this cluster has been shown to
promote cell proliferation and suppress apoptosis in cancer cells [63]. Further, this cluster is
dysregulated in cardiovascular disease. Cardiac-specific overexpression of the miR-17-92
cluster has been shown to be sufficient to induce cardiomyocyte proliferation in adult hearts
and in response to cardiac injury, and this was associated with improved cardiac function
[60]. More recently, the miR-302-367 cluster has been shown to be crucial for
cardiomyocyte proliferation during development, and functions in part, through repression
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of Hippo signalling, a pathway that governs cell proliferation and organ size [62]. Transient
overexpression of miR-302b/c mimics in adult mice after myocardial infarction led to an
increase in cardiomyocyte proliferation and cardiac regeneration, which resulted in
decreased fibrosis and improved heart function after injury [62]. Collectively, these studies
provide a framework to explore miRNA-based therapies to promote heart repair and
regeneration for the treatment of cardiovascular disease (Figure 4).

Whilst most investigators examine the potential of inhibiting miRNAs that have increased
expression in a cardiac disease setting (see review [55]), Bernardo and colleagues
therapeutically target miRNAs that display differential expression in settings of cardiac
stress and protection [64—67]. Inhibition of miR-34, miR-34a, or miR-652 with miRNA
inhibitors was associated with reduced pathology and improved cardiac function in mouse
models of cardiac disease via mechanisms that are associated with preserved angiogenesis,
decreased fibrosis and a more favourable cardiac molecular profile (e.g. attenuation of ANP,
BNP gene expression) [64-66]. Further, treatment with these miRNA inhibitors was
associated with upregulation of target genes implicated in angiogenesis, contractile function
and cell survival [65, 66]. Thus, targeting miRNASs that are differentially regulated in
settings of protection and disease represents a promising approach for the development of a
novel mMiRNA-based therapy for the failing heart (Figure 4).

Although these preclinical studies are encouraging, a major obstacle in translating miRNA-
based therapeutics into a therapy for HF patients is how to deliver miRNA inhibitor
oligonucleotides to the sites where their actions are needed. Dosing, specificity and side
effects should be carefully assessed when developing miRNA-based therapies (see review
[54]). However, the translational efficacy and safety of miRNA-based therapeutics to
patients has been shown in phase Ila clinical trials for the treatment of hepatitis C virus,
where results indicate that the treatment was well tolerated in patients[68]. Thus, there is
promise for the successful development of miRNA-based therapies for the treatment of HF.

Long Non-coding RNAs

In addition to small non-coding RNAs (ncRNAs), high-throughput analyses of the
transcriptome have identified other functional classes of transcripts, which are larger than
200 nucleotides, collectively known as long non-coding RNAs (IncRNASs). There is
increasing evidence that InNcRNAs have a role in numerous cellular processes, however our
understanding of IncRNAs is limited [69, 70]. In the heart, several studies have characterised
the expression of IncRNAs involved in cardiac development and disease (see reviews [71-
73]). Braveheart (Bvht) and Foxfl adjacent noncoding developmental regulatory RNA
(Fendrr) are two IncRNASs that have been shown to be important in cardiac development [74,
75]. Other studies have demonstrated that IncRNAs are regulated during myocardial
infarction (e.g., Movincé), arrhythmia (e.g. KCNQ10T1I) and heart failure (e.g., Mhri),
whereas others control hypertrophy (e.g. C/rf), mitochondrial homeostasis and apoptosis of
cardiomyocytes (e.g. Carl) (see reviews [71-73]). Chemically modified antisense
oligonucleotides called “gapmeRs” can be used to downregulate the expression of INCRNAs.
As individual IncRNAs have distinct biological functions and target a specific molecular
process (e.g. apoptosis, hypertrophy, angiogenesis), inhibition of their function might lead to
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novel treatments for HF. One of the first pharmacological inhibition studies using gapmeRs
for cardiac or vascular disease was performed in an animal model of hind limb ischaemia to
inhibit Malat1 [76]. Inhibition of Malat1 decreased vascularisation, suggesting Malat1 as a
potential target for angiogeneic processes [76]. Further understanding of the involvement of
IncRNAs in cardiac development and disease will aid in the development of new therapeutic
strategies for the failing heart.

Other Small Molecule Therapies Showing Therapeutic Promise for the

Treatment of HF

BGP15

BGP-15 is a hydroxemic acid derivative and is a co-inducer of the stress-inducible form of
heat shock protein 70. BGP-15 has therapeutic potential for HF as it has previously been
tested for safety and efficacy in human clinical trials and was shown to have no adverse
cardiac effects [77]. Oral administration of BGP-15 in mice with HF and atrial fibrillation
was associated with reduced episodes of arrhythmia, improved cardiac function and
decreased cardiac fibrosis through increased phosphorylation of the insulin-like growth
factor receptor 1 [78]. Given that BGP-15 is safe and well tolerated in humans, it represents
a novel small molecule approach for the treatment of HF and atrial fibrillation.

Phosphodiesterase (PDE) Inhibitors

Altered cyclic nucleotide-mediated signalling plays a critical role in the development of
cardiovascular pathology, and is regulated by the action or inhibition of PDEs [79]. Altered
expression of PDEs and cyclic nucleotide signalling have been implicated in a number of
cardiovascular diseases, thus the pharmacological inhibition of PDEs has gained interest as
an area for drug development for the treatment of HF. Inhibitors of the cyclic AMP-specific
PDES3 (including inotropic drugs such as milrinone, vesnarinone, and enoximone) augment
intracellular levels of cyclic AMP, resulting in a subsequent rise in intracellular calcium and
have been used to treat congestive heart failure. However, a number of clinical trials have
revealed chronic treatment with PDE3 inhibitors in heart failure patients is associated with
increased mortality. Thus PDE3 inhibitors are now only used in patients with severe heart
failure or those awaiting cardiac transplant (see review [79]). PDES5 expression is highly
upregulated in the heart in response to pathological conditions and modulates cyclic GMP
activity in the heart. PDES inhibitors such as sildenafil have been investigated as potential
therapeutic agents in preclinical models (see review [79]). In a mouse model of myocardial
pressure overload, inhibition of PDE5 with sildenafil attenuated cardiac hypertrophy and
fibrosis, preserved cardiac function, and was associated with deactivation of various
hypertrophy signalling cascades [80]. Sildenafil has been tested in a number of clinical trials
indicating that PDE5 inhibitor treatment does appear to have beneficial effects on several
forms of HF, including improved cardiac performance, reduced levels of inflammatory
markers and a tolerable safety profile (see review [79]).

HDAC inhibitors—Both class I and class 1la HDACs have been identified as important
regulators of cardiac remodelling and potential therapeutic targets for the treatment of HF
[81, 82]. Inhibition of HDACSs by administration of pan-HDAC inhibitors (such as
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trichostatin A or valproic acid), has been shown to prevent, attenuate or reverse LV
hypertrophy in preclinical models of load-induced heart growth [83]. More recently,
administration of the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA), which has
been approved by the FDA for the treatment of lymphoma, improved systolic function in
rabbits subjected to ischaemia—reperfusion injury [84]. Given that HDAC inhibitors are
capable of blunting adverse remodelling, and several HDAC inhibitors have been approved
by the FDA for oncology therapy, HDAC inhibitor therapy may emerge as a novel therapy
for targeting ventricular hypertrophy and HF.

Protease-activated Receptor 1 (PAR1) Antagonists

Acute coronary syndrome (ACS) is a term given to a group of heart conditions including Ml
or unstable angina. These conditions result from reduced blood flow in the coronary arteries,
leading to decreased heart function. People with ACS are typically treated with aspirin or
clopidogrel to prevent reoccurrence of ischaemic events. However, newer anti-platelet drugs
have been developed and tested, such as vorapaxar, which is a PAR1 antagonist. Vorapaxar
has been trialled as a dual antiplatelet therapy and found to be effective along with aspirin or
clopidogrel in reducing the risk of cardiovascular death, Ml or stroke in patients with ACS
[85]. However, due to an increased risk in severe bleeding, it is not recommended for
patients with a history of stroke. In 2014, U.S. Food and Drug Administration approved
vorapaxar for the reduction of thrombotic cardiovascular events in patients with a history of
MI or in patients with peripheral arterial disease.

The Disparity between Phase Il and Phase Il Clinical Trials

A notable feature of drug development programs for the treatment of HF has been the
discrepancy between the positive efficacy outcomes from Phase 1l clinical trials and lack of
efficacy and associated safety concerns in Phase I11 clinical trials [86]. This has been
observed for a number of agents including spironolactone, tezosentan, tolvaptan, rolofylline,
levosimendan, SERCA2A-AAV and nesiritide [21, 86, 87]. A number of explanations
regarding unexpected negative results have been reported. Possible explanations include
inadequate dose-response studies; the right patient population, drug and endpoint may not
have been carefully selected; suboptimal quality of phase Il studies or chance findings in
underpowered small trials; overly optimistic interpretation of study results; drug interactions
difficult to foresee; and that the pharmacokinetics and pharmacodynamics of new drugs are
often investigated in healthy volunteers or in patients with mild HF, but mortality trials are
conducted in patients with severe HF in which the drug may act, interact or be metabolised
quite differently [86, 88]. A number of new HF therapies are being developed and explored,
some which have been discussed in this review. Thus, increased attention to clinical trial
development is required. Selection of optimal clinical endpoints and patient population are
paramount and understanding the drug’s mechanism(s) of action will hopefully turn
potential HF therapies into a growing reality.

Conclusion

Heart failure is the end result of a variety of disease states, including coronary artery disease
and hypertension. Heart failure remains a challenge to treat, and the incidence continues to
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rise with an ageing population. With current HF drugs largely delaying HF progression,
some of the new therapeutic approaches discussed in this review may show potential in
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1duosnuen Joyiny

improving heart function and reversing adverse cardiac remodelling.
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Pathological hypertrophy —

the diseased heart
" [ncreased heart size
= Decreased heart function
= Fibrosis and apoptosis
® Increased foetal gene expression
= Decreased calcium handling proteins
= Inflammation
" [rreversible

= Increased mortality

Figure 1.
Key morphological and functional characteristics of pathological hypertrophy.
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Figure 2. Novel therapies targeting cardiac p-adrenergic signalling
A schematic representing novel therapies (green) that normalise BAR-Gpy signalling and

cardiac dysfunction.
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Figure 3. Promising therapies targeting impaired cardiac contractility
A schematic representing gene-based or small-molecule based therapies that manipulate

SERCAZ?2a activity by directly targeting SERCAZ2a or by SUMOylation. Cardiac myosin
activators such as omecamtiv mecarbil targets contractile apparatus of the heart increasing
the contracting of the left ventricle of the heart.
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Figure 4. miRNA-based therapies for the treatment of heart failure
miRNAs implicated in calcium homeostasis, cardiac contractility, adaptive heart growth or

myocyte proliferation are dysregulated in the diseased heart. Administration of miRNA
inhibitors or mimics in preclinical models of cardiac stress reduced pathology and improved
heart function. This demonstrates the therapeutic potential of miRNAs for the treatment of
heart failure.
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