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Abstract

Introduction/background: Heart failure is a major cause of cardiovascular

morbidity and mortality. This review covers current heart failure treatment

guidelines, emerging therapies that are undergoing clinical trial, and poten-

tial new therapeutic targets arising from basic science advances.

Sources of data: A non-systematic search of MEDLINE was carried out.

International guidelines and relevant reviews were searched for additional

articles.

Areas of agreement: Angiotensin-converting enzyme inhibitors and beta-

blockers are first line treatments for chronic heart failure with reduced left

ventricular function.

Areas of controversy: Treatment strategies to improve mortality in heart

failure with preserved left ventricular function are unclear.

Growing points: Many novel therapies are being tested for clinical efficacy

in heart failure, including those that target natriuretic peptides and myosin

activators. A large number of completely novel targets are also emerging

from laboratory-based research. Better understanding of pathophysio-

logical mechanisms driving heart failure in different settings (e.g. hyperten-

sion, post-myocardial infarction, metabolic dysfunction) may allow for

targeted therapies.

Areas timely for developing research: Therapeutic targets directed towards

modifying the extracellular environment, angiogenesis, cell viability, con-

tractile function and microRNA-based therapies.
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Introduction

Heart failure is a major cause of cardiovascular mor-
bidity and mortality, with global prevalence predicted
to increase significantly over the next few decades.1

Important advances in the management of patients
with heart failure and reduced left ventricular ejection
fraction (HFrEF) have been made, with evidence-
based use of angiotensin-converting enzyme (ACE)
inhibitors, beta-adrenergic receptor blockers and
devices such as biventricular pacemakers (cardiac
resynchronization) and implantable defibrillators con-
tributing to a significant reduction in mortality and
hospitalization. However, mortality remains high
even in optimally treated patients. Furthermore, 40%
or more of patients have heart failure with preserved
left ventricular ejection fraction (HFpEF), a condition
where no therapies that reduce mortality have yet
been identified in large randomized controlled trials.2

A greater understanding of the pathophysiological
mechanisms responsible for cardiac remodelling and
other changes in heart failure is required for the
development of new therapeutic targets and treat-
ments. Here, we provide an overview of current heart
failure treatment guidelines, emerging treatments that
are being trialled in humans, and novel therapeutic
targets that may arise from advances in understand-
ing the molecular and cellular mechanisms driving
heart failure.

Current heart failure treatment

guidelines

Current guidelines differ for patients with impaired
or preserved left ventricular ejection fraction
(LVEF), termed HFrEF and HFpEF respectively.
HFpEF patients are commonly categorized by an
LVEF > 45−50% with evidence of LV diastolic
dysfunction.

Both the 2016 European Society of Cardiology
(ESC) guidelines and the 2013 American College of
Cardiology Foundation (ACCF)/American Heart
Association (AHA) guidelines recommend the use of
an ACE inhibitor (or an angiotensin receptor blocker
in those intolerant of ACE inhibitors) as well as a
beta-blocker in all HFrEF patients. In patients with
persistent symptoms, a mineralocorticoid receptor

antagonist should be added. Loop or thiazide diure-
tics are used to improve symptoms of fluid retention
and in acute decompensation. Additional therapies
may be indicated for patients who remain symptom-
atic, e.g. ivabradine, cardiac resynchronization ther-
apy, digoxin, hydralazine and isosorbide dinitrate,
and most recently the angiotensin receptor-neprilysin
inhibitor valsartan/sacubitril. Heart failure patients
at high risk of ventricular arrhythmia benefit from
implantable cardioverter-defibrillators.

For patients with HFpEF, the ESC and ACCF/
AHA guidelines recommend symptomatic manage-
ment with diuretics and appropriate treatment of
co-morbidities (e.g. hypertension, ischaemic heart
disease and atrial fibrillation). No treatments have
been identified that reduce mortality in HFpEF; in
practice, many patients receive similar treatment to
those with HFrEF.

Emerging therapeutics and drugs

in development

There are a large number of novel pharmacological
agents that are currently undergoing clinical trial
for the treatment of acute decompensated and
chronic heart failure, both HFrEF and HFpEF3

(Table 1). The mechanism of action of these treat-
ments includes vasodilatation and counteracting
neurohormonal activation (valsartan/sacubitril, ulari-
tide and cenderitide), enhancement of cardiac myo-
cyte contractility (omecamtiv mecarbil) and growth
factor therapy (neuregulin-1).

Natriuretic peptides such as brain-natriuretic
peptide (BNP) are produced by cardiomyocytes in
response to myocardial stretch and mediate physio-
logical responses that counteract renin–angiotensin–
aldosterone system (RAAS) activation in heart
failure. They act on the kidneys to increase glomeru-
lar filtration through afferent arteriolar vasodilatation
and efferent vasoconstriction, and inhibit sodium
and water reabsorption in the collecting ducts.
Through generation of cGMP, natriuretic peptides
stimulate peripheral vasodilatation and a reduction
in afterload, as well as having antifibrotic and anti-
hypertrophic effects on the heart. Levels of BNP or
its amino-terminal cleavage equivalent (NT-pro
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BNP) are raised in heart failure, with low levels
having a high negative predictive value for exclu-
sion of heart failure as a cause of symptoms. Higher
levels are suggestive of severe heart failure or acute
decompensation, although levels may also be raised
in other conditions (e.g. arrhythmia, pulmonary
embolism and renal failure). In addition to their
role in diagnosis and as biomarkers, natriuretic
peptides have become a target for heart failure. A
promising new therapy for heart failure is the dual-
acting angiotensin receptor and neprilysin inhibitor
valsartan/sacubitril (formerly known as LCZ696).
Neprilysin is an enzyme responsible for the break-
down of natriuretic peptides and several other vaso-
active peptides including angiotensin II. In the phase 3
randomized, placebo-controlled PARADIGM-HF
trial, LCZ696 treatment was compared to ACE
inhibition with enalapril in 8436 patients with
chronic heart failure with an ejection fraction of
<40%.4 The benefit of treatment with LCZ696 in
reducing cardiovascular mortality or hospitalization
for heart failure led to a premature termination of
the trial after a mean follow-up of 27 months—at
which point there was a 20% risk reduction in the
primary endpoint (HR 0.80, 0.73−0.87, P < 0.001),
with a number needed to treat of 21. Valsartan/
sacubitril received US FDA approval in July 2015,5

with introduction into the UK healthcare system
this year.

Ularitide (or urodilatin) is an endogenous natri-
uretic peptide and a current phase 3 trial (TRUE-
AHF) will evaluate the effects of 48 h continuous IV
infusion of ularitide in patients with acute decom-
pensated heart failure. Cenderitide is a recombinant
natriuretic peptide that has been shown to exert
antifibrotic effects in animal models.6 Various phase
1 and 2 clinical studies have been initiated to evalu-
ate safety and tolerance of cenderitide in patients
with acute and chronic heart failure, although little
peer-reviewed data is available as yet.

Serelaxin is a novel human recombinant relaxin-2
molecule that has shown promise in phase 3 clinical
trials in the treatment of acute heart failure. Relaxin-2
is an endogenous peptide that plays an important
role in the adaptive haemodynamic changes that
occur during pregnancy. In the largest randomized

placebo-controlled study of Serelaxin, RELAX-AHF,
improvements in dyspnoea were demonstrated with
48-h Serelaxin infusion in patients with acute heart
failure, although no demonstrable effects on hospi-
talization or mortality were observed.7 Serelaxin
mediates haemodynamic changes (lowers systemic
vascular resistance, increases cardiac output and
renal blood flow) through activation of G-protein
coupled receptors (GPCR) on vascular smooth mus-
cle cells and is also likely to act directly on cardio-
myocytes to protect against oxidative-stress mediated
injury and cardiac fibrosis.

Riociguat and vericiguat are novel activators of
soluble guanylate cyclase that bypass natriuretic
peptide or nitric oxide (NO) signalling to enhance
cGMP signalling. They have been found to be effi-
cacious in certain types of pulmonary hypertension
and in animal models of heart failure, and are now
being tested for benefit in chronic heart failure.

Omecamtiv mecarbil is the first direct myosin
activator. It binds to cardiac myosin and increases
the transition rate of myosin into actin-bound form,
prolonging systolic ejection time and having a
different mechanism of action from other positive
inotropic agents that have been unsuccessful in pre-
vious heart failure trials. In the phase 2b placebo-
controlled ATOMIC-AHF trial, the highest dose of
omecamtiv mecarbil resulted in significant improve-
ment in dyspnoea in patients with acute decompen-
sated heart failure and reduced LVEF, although
pooled analysis of all doses showed similar effects
to placebo. Those with stable, chronic HFrEF have
been enrolled into the phase 2 COSMIC-HF trial
studying omecamtiv mecarbil with 544 patients.

Neuregulin, a cardiac growth factor that signals
through ErbB receptors, has important roles in car-
diac development, growth and maintenance of func-
tion and has emerged as a potential novel therapy
in heart failure. Evidence for the importance of
growth factor signalling comes from both the ani-
mal models and the clinical adverse effects of ErbB
blockade in cancer patients. The monoclonal anti-
body trastuzumab improves survival in HER2-
positive breast cancer, but its use is associated with
the development of cardiac dysfunction and heart
failure in many patients. A phase 2 double-blind

103New therapeutic targets for heart failure, 2016, Vol. 119



placebo-controlled study in 44 patients with stable
HFrEF who were given recombinant human
neuregulin-1 for 10 h over 10 days showed greater
increases in LVEF and improvements in echocardio-
graphic measurements with neuregulin-1.

Novel therapeutic targets

The heart failure phenotype includes several different
components that may at least in part be subject to
distinct regulation and are potentially amenable to
therapeutic manipulation (see Fig. 1). These include
cardiac hypertrophy, abnormalities of excitation–

contraction (EC) coupling, impaired cardiomyocyte
viability, abnormal protein homeostasis, oxidative
stress, energetic dysfunction, arrhythmia, extracellu-
lar matrix remodelling and chamber dyssynchrony.

Hypertrophy

A feature that is commonly present in heart failure,
especially in the earlier stages, is cardiomyocyte
hypertrophy. This is a complex pathological growth
process that is a near-universal response to chronic-
ally increased cardiac workload but which eventually
leads to impaired cardiac function and is associated

Fig.1. Pathophysiological mechanisms and key therapeutic targets (green boxes) in heart failure. The heart failure phenotype

involves cardiomyocyte hypertrophy, abnormalities of excitation–contraction coupling, impaired cardiomyocyte viability, abnor-

mal protein homeostasis, oxidative stress, energetic dysfunction, arrhythmia, extracellular matrix remodelling and chamber

dyssynchrony. These changes are mediated by intracellular signalling pathways and the interactions of multiple cell types

within the heart including fibroblasts, endothelial cells and their associated capillary network and extracellular matrix. Key sig-

nalling pathways amenable to therapeutic targeting are shown in the figure and further described in the text. VEGF (vascular

endothelial growth factor), PLGF (placental growth factor), SERCA2A (sarcoplasmic/endoplasmic reticulum Ca2+ ATPase), HDAC

(histone deacetylase), GRK (G-protein coupled receptor kinase), AC (adenylate cyclase), NO (nitric oxide) and PDE inh(phospho-

diesterase inhibitors).
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with adverse cardiovascular outcomes.8 A wide
range of agonists (e.g. catecholamines, angiotensin II,
cytokine growth factors and endothelin), intracellu-
lar signalling cascades (e.g. mitogen-activated and
other protein kinases) and nuclear transcription fac-
tors (e.g. nuclear factor of activated T cells [NFAT],
myocyte enhancer factor 2 [MEF2], GATA binding
protein 4 [GATA4] and serum response factor
[SRF]) are involved in pro-hypertrophic gene expres-
sion. Additional points of regulation include counter-
regulatory networks that inhibit hypertrophy (e.g.
cGMP/protein kinase G [PKG]), epigenetic factors
(e.g. histone deacetylases [HDAC]) that modulate
gene expression and post-translational modification
of mRNA by microRNAs (discussed later). These
signalling networks provide a wide range of potential
therapeutic targets, which may affect not only hyper-
trophy but also other components of the heart failure
phenotype.

In principle, detrimental signalling pathways
could be inhibited or beneficial pathways could be
enhanced.9 Activation of c-GMP-dependent PKG by
NO and natriuretic peptide receptor signalling inhi-
bits hypertrophic signalling, and drugs to stimulate
this pathway may hold promise. These include the
cGMP phosphodiesterase inhibitors (e.g. sildenafil)
and activators of guanylate cyclase, the enzyme that
produces cGMP. Preliminary trials of the guanylate
cyclase activator cinaciguat suggested that its use in
acute decompensated heart failure improved after-
load, filling pressures and dyspnoeic symptoms.
However three randomized, placebo-controlled trials
in the COMPOSE programme failed to demonstrate
the improvement of dyspnoea symptoms, and together
with an excess of hypotensive adverse events resulted
in its early termination. Initial trials of riociguat in
patients with pulmonary hypertension and heart
failure (LEPHT and DILATE-1) showed improve-
ments in haemodynamic and echocardiographic
parameters. The recently published phase 2, double-
blind, placebo-controlled, dose-finding SOCRATES-
REDUCED trial of 456 patients with LVEF < 45%
and recent deterioration in symptoms failed to demon-
strate statistically significant change in NT-proBNP
levels after 12 weeks of treatment compared with
placebo, although exploratory analysis suggested a

possible dose–response relationship. A similar trial is
currently being completed in patients with HFpEF
and results are awaited.10

Extracellular matrix and interstitium

Cardiac myocytes exist in a complex, dynamic
fibrous extracellular matrix. Fibroblasts are the
most numerous cell type and lay down many struc-
tural proteins including collagen, and interact with
myocytes both physically and through paracrine
signals. Pathophysiological changes to this environ-
ment in response to cardiac stress result in fibrosis,
contractile dysfunction and increased propensity for
re-entrant arrhythmia, while in the later stages of
heart failure they contribute to ventricular dilata-
tion and dyssynchrony. Indeed ACE inhibitors and
angiotensin receptor blockers exert their effects in
part through modulation of maladaptive cardiac
remodelling and reduction in fibrosis. Collagen
fibres are responsible for providing structural integ-
rity and its production and deposition in response to
cardiac stress may be a homeostatic response
designed to maintain adequate tensile strength.
Dysregulation of this process results in excess stiff-
ness with associated cardiac dysfunction. In vivo
experimental evidence has shown that a number of
matricellular proteins (e.g. thrombospondins and
syndecans) are important in preventing systolic dys-
function after infarction, but persistent expression
increases collagen production, stiffness and diastolic
dysfunction. Severe fibrosis is a significant predictor
of mortality and cardiac events in HFrEF.11

Underlying mechanisms involved in the development
of fibrosis include RAAS activation, transforming
growth factor beta (TGFβ), tumour necrosis factor
alpha (TNFα), oxidative stress and haemodynamic
factors. Cross-linking of collagen is an important
post-translational modification that increases tensile
strength, and is regulated by lysyl oxidase. Collagen
cross-linking is typically abnormal in the failing heart.
The turnover of the extracellular matrix is regulated
by a family of matrix metalloproteases and their inhi-
bitors, and this is especially important in cardiac dila-
tation as well as post-myocardial infarction rupture.
Targeting abnormal extracellular matrix remodelling
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and fibrosis in heart failure has long been considered
a promising therapeutic target but no clinically
applicable therapies have so far emerged.

MicroRNA

MicroRNAs (miRNA) are short, highly conserved,
anti-sense RNA strands that target mRNA in a com-
plementary manner and reduce protein expression by
inhibiting mRNA translation and targeting their
breakdown. Typically, a single miRNA has multiple
mRNA targets, often in the same pathway. By regu-
lating expression of multiple genes at the post-
transcriptional level, miRNA are an exciting and
novel therapeutic target for modulating networks of
genes that may be involved in maladaptive remodel-
ling. The role of miRNA in cardiac hypertrophy,
fibrosis and remodelling is the focus of much
research and their potential to be used as biomarkers
as well as therapeutic targets is being increasingly
recognized.12 Several miRNA have been shown to be
associated with cardiac hypertrophy, among which
miR-1 is one of the best understood. Animal models
of heart failure have shown that administration of
exogenous miR-1 improves hypertrophy, fibrosis and
apoptosis.13 Another miRNA, miR-21, has been
found experimentally to be an important mediator of
cardiac fibroblast activation by promoting TGFβ sig-
nalling, and it induces fibrosis in animal models
when over-expressed. Reducing transcription of
miR-21 reduced fibrosis and attenuated cardiac dys-
function in response to pressure overload.14 Other
miRNA that have been implicated as being important
in maladaptive cardiac processes and have shown
promise in animal models of heart failure include
miR-30, miR-133, miR-208a, miR-199a, miR-199b,
miR-132, miR-212/132, miR-29 and miR-101. While
miRNA-based therapies (e.g. inhibition of miRNA
effects using antagomirs) represent an attractive option
in heart failure, several important factors relating to
methods of delivery, pharmacokinetics and target
organ and gene specificity still need to be addressed.12

Microvasculature and angiogenesis

Efficient blood supply to cardiomyocytes is neces-
sary to meet their high metabolic demands and

oxygen requirements. Unlike physiological settings
such as pregnancy and chronic exercise, patho-
logical cardiac stressors such as hypertension and
chronic myocardial infarction are associated with
an abnormal balance between the extent of hyper-
trophy and the level of myocardial blood supply.
This may relate to abnormal angiogenic properties
or altered capillary preservation and results in a
relative impairment of local tissue oxygenation.
Various factors have been implicated, including
endothelial dysfunction, myocardial fibrosis and
an abnormal balance between pro- and anti-
angiogenic factors.15 Microvascular dysfunction
may be seen early in heart failure, while inhibiting
angiogenesis can lead to myocardial dysfunction.16

Promoting myocardial angiogenesis or the main-
tenance of appropriate local blood flow is there-
fore a target for the development of novel therapeutic
agents.

Proliferation, differentiation and migration of
endothelial cells require growth factors such as vas-
cular endothelial growth factor (VEGF) and placen-
tal growth factor (PLGF).17,18 While phase I studies
of recombinant human VEGF (rhVEGF) showed
promise, the VIVA and RAVE trials did not demon-
strate significant positive effects in patients with
stable ischaemic heart disease and peripheral artery
disease respectively. Both studies used systemically
delivered rhVEGF, and possibly were unable to
achieve high enough plasma concentrations to ensure
adequate myocardial uptake.18 Targeting VEGF to
the myocardium may be able to improve this, though
this is not without its difficulties or limitations.
Myocardial angiogenesis is also under the control
of miRNAs, of which miR-92a and miR-24 have
been best studied.19 Pre-clinical studies suggest that
this may be a promising area for therapeutic
intervention.12,20

In addition to pro-angiogenic growth factors, for-
mation of new vessels and maintenance of existing
ones is also regulated by anti-angiogenic factors.
These usually act through blocking the activation
and effects of VEGF signalling or by triggering apop-
tosis in endothelial cells. They are increasingly
recognized to have important pathophysiological
roles in specific causes of heart failure, including
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peripartum cardiomyopathy and chemotherapy-
related cardiomyopathy.

Contractile function

A cardinal feature of heart failure is an impairment
of the cardiomyocyte EC coupling machinery and
calcium homeostasis.21Appropriate EC-coupling is
essential for normal myocardial contraction and
relaxation and the changes in contractile perform-
ance during exercise, mediating an efficient coupling
between cyclical changes in calcium and the contract-
ile machinery. Several steps are required, including
the entry of calcium via sarcolemmal L-type chan-
nels, which stimulates Ca2+-induced Ca2+ release
from the sarcoplasmic reticulum (SR) via ryanodine
receptor (RyR) channels and the subsequent binding
of Ca2+ to the myofibrillar apparatus to initiate con-
traction. Relaxation of the contractile machinery is a
result of reuptake of Ca2+ into the SR by SERCA2a
and efflux from the cardiomyocyte via the Na2+/Ca2+

exchanger. In the failing heart, these processes are
typically dysregulated and are therefore an important
therapeutic target.22 Indeed, agents such as the car-
diac myosin activator omecamtiv mecarbil target ele-
ments of this machinery. A key modulator of efficient
calcium signalling and EC-coupling is the beta-
adrenergic signalling pathway through an increase in
cAMP-dependant protein kinase activity (PKA). PKA
enhances calcium entry via L-type channels, calcium
release from the SR, calcium sensitivity of the myofi-
laments and calcium re-uptake into the SR through
the phosphorylation of L-type channels, RyR, tropo-
nin I and myosin binding protein C and phospholam-
ban (with impact on the SERCA pump) respectively.
Beta-adrenergic pathways are desensitized in heart
failure (probably due to chronic beta-adrenergic
stimulation) and this contributes to contractile dys-
function, arrhythmia and exercise intolerance.
Although augmenting this pathway might seem intui-
tively beneficial, previous studies of beta-adrenergic
agonists or augmenting PKA signalling were found
to be detrimental—potentially by causing energetic
imbalance and increasing calcium overload. Indeed,
the opposite strategy of chronic beta-blockade

promotes some reverse remodelling and decreases
mortality. Nevertheless, other approaches to target
abnormal EC-coupling in heart failure remain under
investigation. One idea is to target beta-adrenergic
desensitization at the level of GPCR kinases (GRKs),
which promote the degradation of beta-receptors and
are found to be increased in heart failure. Inhibition
of an isoform GRK2 may be beneficial to supporting
contractile function23 and represents a promising tar-
get to boost beta-receptor function. However, the sig-
nalling is complex and further downstream of the
G-protein are adenylate cyclases (ACs) that convert
ATP to cAMP when GPCR are activated. AC5 and 6
are the major isoforms in the heart. Interestingly
inhibition of AC5 may in fact be cardioprotective.24

It is likely that isoform-specificity of GRKs and ACs
will be crucial in establishing successful therapies.
The downstream signalling of PKA to specific targets
within the cardiomyocyte is mediated by A-kinase
anchoring proteins (AKAPs) which reside on myofila-
ments, RyR and phospholamban, therefore providing
specificity of PKA action.25 Targeting specific PKA-
AKAP interactions may be an interesting therapeutic
approach. Further downstream in the signalling path-
way, the activity of SERCA2a (which regulates cal-
cium re-uptake into the SR) has long been a target of
interest. SERCA2a is downregulated in heart failure
and this is thought to be a major contributor to con-
tractile impairment. Attempts at increasing SERCA2a
levels by gene therapy have already progressed
to human trials with encouraging initial results.
However, a randomized, double-blind, placebo-
controlled, phase 2b trial of AAV1/SERCA2a therapy
in 250 patients with chronic heart failure recently
reported negative results.26 Reducing Ca2+ leak from
RyR channels (which in particular may increase
arrhythmia) or inhibiting Na2+ accumulation are
other potential targets that could be of therapeutic
benefit.27 Another potential agent that directly modi-
fies myofilament proteins to enhance their Ca2+

sensitivity is nitroxyl (HNO).28 HNO donors target
the redox sensitive cysteines in EC-coupling machin-
ery (RyR2 and SERCA2a effects) and myofilament
proteins, therefore enhancing both contractile and
relaxation properties.
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Cell viability

Cardiomyocyte death is recognized to be a central
feature of cardiac remodelling and progression to
heart failure.29 Cell death in the failing heart occurs
either by necrosis or by apoptosis. The underlying
triggers of cell death in chronic heart failure are not
fully understood but several mechanisms have been
proposed including the gradual accumulation of
damaged macromolecules from oxidative stress,
persistent catecholamine and RAAS signalling,
activation of TNFα signalling and chronic inflam-
matory signalling.30 Mitochondrial permeability
transition pore (MPTP) opening is a major mechan-
ism for necrotic cell death and various methods to
inhibit MPTP have been shown to prevent cell death
or reduce adverse remodelling in pre-clinical studies
e.g. inhibition of CaMKII31 or cyclophilin D.32

Dysfunctional mitochondria arising from intracellu-
lar damage due to oxidative stress are also thought
to be a central player in inducing a process termed
sterile inflammation.33 Incomplete autophagocytosis
of mitochondrial DNA can activate toll-like recep-
tor 9 (TLR9) signalling cascades leading to the pro-
duction of proinflammatory cytokines and further
cellular damage in the failing heart. Similarly, the
activation of inflammasomes—multiprotein com-
plexes that identify harmful substances such as pro-
ducts of oxidative stress within the cell—are also
implicated in ischaemic heart failure.34 Hence tar-
geting inflammatory receptors and cytokine signal-
ling may provide potential targets that can limit cell
death in the failing heart. Autophagy is a key pro-
cess in cellular renewal and either too much or too
little autophagic activity also impacts on cardiac
remodelling and the progression to heart failure.35

A key upstream regulator of autophagic signalling
is through the mechanistic target of rapamycin
(mTOR) complex and targeting this complex is seen
as a potential therapeutic target.36 Cell viability is
also determined by other cellular processes includ-
ing the ubiquitin-proteasome system (UPS) and the
endoplasmic reticulum (ER) stress response, with
both systems serving to maintain intracellular pro-
tein homeostasis.37 Disruption of these mechanisms
also leads to the activation of cell death pathways.

Targeting the proteasome and ER stress signalling
cascades and their associated molecular chaperones
may be another potential target for heart failure
therapeutics.38

Metabolism and energetic dysfunction

For the heart to perform its role as a pump it utilizes
significant amounts of ATP and therefore relies on
substrates such as carbohydrates and fatty acids for
its energetic requirements.39 Heart failure is charac-
terized by an impaired ability to generate sufficient
ATP to support pump function. Defects in glycoly-
sis, glucose and fatty acid oxidation and oxidative
phosphorylation are observed in the failing heart.
Perhexiline, which is currently undergoing trials (see
Table 1), is a metabolic modulator whose primary
action is thought to inhibit fatty acid oxidation and
stimulate glucose utilization thereby improving the
efficiency of ATP generation within the failing
heart. As well as maintaining energetic functions the
heart utilizes substrates that cross-talk with other
remodelling processes including hypertrophy, fibro-
sis and cell viability.39 Therefore manipulating sub-
strate metabolism and energetics offers another
potential strategy to target the remodelling process
in heart failure.

Conclusions

Existing drug therapies (beta-blockers and ACE
inhibitors) that reduce mortality in chronic heart
failure were introduced nearly two decades ago. A
wide range of new therapies that are currently
undergoing clinical trials have been reviewed in this
article. In addition, increased knowledge about the
molecular and cellular processes underlying the
development of cardiac remodelling—recognized as
a central process in the development of heart fail-
ure21—is providing diverse potential therapeutic
targets. Targeting components of the heart failure
phenotype, such as hypertrophy, fibrosis and cell
viability, that have hitherto not been direct thera-
peutic targets may prove to be valuable. Despite
this apparent progress, it should be noted that there
is a striking lack of therapies that are proven to
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reduce mortality in HFpEF. In addition, more
information is required on the differences in patho-
physiology and response to therapy among diverse
causes of heart failure, e.g. diabetes and metabolic
dysfunction, as well as individual patient factors
that determine response to therapy. As well as the
current approaches to discovery, it is increasingly
recognized that the use of systems biology approaches
to understand the interactions that drive complex
biology at several levels (e.g. alterations occurring at
the genomic, transcriptomic and metabolomic levels)
will be invaluable. Finally, more discovery science in
large animal models and in human experimental
medicine is also required.
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