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Patients hospitalized with acutely decompensated heart failure (ADHF) are often
critically ill and require immediate treatment to stabilize their haemodynamic sta-
tus. Despite improving the signs and symptoms of ADHF, currently available therapies
have failed to demonstrate improvements in post-discharge outcomes, such as mor-
tality and rehospitalization, and to address the impact of end-organ damage.
Furthermore, attempts to develop therapies to treat patients with ADHF over the
past 10 to 20 years have been largely unsuccessful, further compounding the prob-
lem. Recent evidence supporting a variety of novel therapies, such as serelaxin and
natriuretic peptides, may signal a new hope on the horizon for patients with ADHF.

Introduction

Acutely decompensated heart failure (ADHF) is the rapid
worsening of the symptoms and signs of heart failure (HF).1

Most cases of ADHF occur in patients with underlying
chronic HF, which can present as HF with reduced ejection
fraction (HFrEF; left ventricular ejection fraction
[LVEF]<40%), heart failure with preserved ejection frac-
tion (HFpEF; LVEF�50%) or heart failure with mid-range
ejection fraction (HFmrEF; LVEF 40–49%).1 ADHF is a grow-
ing healthcare problem; increases in risk factors for cardio-
vascular (CV) disease have resulted in a rise in HF-related
hospitalizations.2 Recent estimates, based on health serv-
ice records from a number of European countries, suggest
that hospitalizations with a primary diagnosis of HF account
for 1–2% of all hospitalizations.3 Patients admitted to hospi-
tal for ADHF are critically ill with serious and often life-
threatening symptoms; therefore the immediate focus for
treatment is stabilizing the patient’s haemodynamic sta-
tus, improving organ perfusion and relieving the signs of

systemic and pulmonary congestion (e.g. dyspnoea,
oedema, elevated blood pressure [BP] and irregular heart
rhythm).1 These short-term outcomes can be achieved
through treatment with currently available therapies,
which include administration of oxygen, diuretics, nitrates,
inotropes, and b-blockers.1,3 However, it is critical for the
patient’s overall prognosis that long-term outcomes, such
as end-organ protection, prevention of hospital readmis-
sion, reduction of length of hospital stay and reduction in
mortality, are also improved.1,4

Despite improving the initial signs and symptoms of ADHF
during hospitalization, current therapies have failed to
reduce post-discharge event rates andmay have detrimental
effects on organs, contributing to increased morbidity and
mortality.2,4,5 Further, heterogeneity in the underlying path-
ophysiology of HF may help to explain the lack of evidence
for unequivocal benefit with current treatments.6 Hence,
there is significant unmet need in ADHF for novel agents that
relieve both the early signs and symptoms of ADHF and have
a beneficial effect on long-term outcomes, as well as reduc-
ing rehospitalizations and length of hospital stay.2

In this article, we provide an overview of the key data
supporting therapies currently in development for the
treatment of ADHF. We discuss how these treatments have
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the potential to affect current clinical management practi-
ces aiming not only to relieve symptoms, but also to provide
end-organ protection of multiple organs, and thus, improve
in-hospital, post-discharge and long-term patient out-
comes. Furthermore, we highlight the importance and util-
ity of biomarkers as valuable tools which can aid diagnosis,
evaluate organ damage and guide clinical decisionmaking.

Treatment options for acute heart failure in
advanced development stage

Despite a considerable effort, few clinical trials have dem-
onstrated significant improvements in long-term outcomes
for patients with ADHF.6 Mortality remains high and patients
are likely to experience frequent hospital readmissions3;
therefore, the development of new therapies is warranted.
Below, we review the currently available data for several
promising investigational agents in advanced stages of clini-
cal development for themanagement of ADHF.

Serelaxin

Serelaxin is a recombinant form of the naturally occurring
human relaxin-2 peptide hormone, which is involved in the
regulation of haemodynamic and renal changes during
pregnancy.7,8 Recent clinical studies suggest that serelaxin
acts through multiple pathways to improve haemodynam-
ics and relieve congestion in the short-term, as well as pro-
viding organ protection to enhance patients’ long-term
outcomes, distinguishing this potential treatment from tra-
ditional vasodilator therapies.4

Serelaxin induces vasorelaxation by binding to the
relaxin family peptide 1 receptor in the heart, blood ves-
sels and kidneys, leading to modulation of multiple signal-
ling pathways, including nitric oxide synthase activation,
antagonism of vasoconstrictors (e.g. endothelin-1, angio-
tensin II), prostacyclin production, induction of vascular
endothelial growth factor transcription, and inhibition of
transforming growth factor b transcription.4,7

Evidence from pre-clinical and clinical studies suggests
that serelaxin alleviates haemodynamic imbalance and
relieves congestion through multiple pathways, including
increasing arterial compliance and decreasing systemic
vascular resistance (SVR).9 Importantly, serelaxin is also
thought to interfere with systemic and local mechanisms
that mediate end-organ damage, including inhibition of
the inflammatory response, protection of endothelial cells
against oxidative stress, inhibition of apoptotic and
necrotic cell death, and inhibition of fibrosis and hypertro-
phy.4 Serelaxin also appears to have pro-angiogenic effects
that may facilitate tissue repair and minimize organ
damage.4

Evidence from clinical trials supports the hypothesis that
serelaxin may improve both short- and long-term outcomes
in patients with ADHF.10,11 In the preliminary RELAXin in
Acute Heart Failure (pre-RELAX-AHF) phase IIb dose-
finding study (n¼ 234), serelaxin 30lg/kg/day adminis-
tered as a 48-h intravenous (IV) infusion significantly
improved dyspnoea vs. placebo (assessed with the Likert
scale) and was associated with improvements in clinical

outcomes such as length of stay, days alive out of hospital
and CV death or readmission due to heart or renal failure.11

In the RELAXin in Acute Heart Failure (RELAX-AHF) phase
III clinical trial (n¼ 1161), patients were randomized to
serelaxin (30lg/kg/day via 48-h IV infusion) or placebo,
both in addition to standard of care.12 Serelaxin signifi-
cantly improved the primary endpoint, relief from dysp-
noea, as assessed by the visual analogue scale (VAS) area
under the curve (AUC) from baseline to Day 5, compared
with placebo. No significant effect was observed on the
other primary endpoint, relief from dyspnoea as assessed
with the Likert scale during the first 24 h (Figure 1).10

Treatment with serelaxin was not associated with improve-
ments in the secondary endpoints of days alive out of hospi-
tal, and CV death or hospital readmission for HF or renal
failure through Day 60 compared with placebo.10 Serelaxin
was associated with significant improvements in a number
of other clinical outcomes which included greater reduc-
tions in the early signs and symptoms of congestion,
reduced risk of worsening HF in the first 14 days, and
reduced length of hospitalization, compared with pla-
cebo.10 Serelaxin demonstrated significant improvements

Figure 1 Patient-reported change in dyspnoea with serelaxin vs. pla-
cebo in the RELAX-AHF study.10

AUC, area under the curve; h, hour; VAS, visual analogue scale

(A) The primary endpoint of patient-reported change in dyspnoea meas-
ured using the VAS and quantified as the AUC of serial assessments from
baseline to Day 5, where increasing values represent improvements in
dyspnoea. Mean AUCs are shown for the placebo and serelaxin treatment
groups.

(B) The patient-reported change in dyspnoea relative to baseline during
the initial 24 h was measured with a seven-level scale (Likert scale).
Results for each individual timepoint are shown with percentages of
patients reporting each level of change. There were fewer than 0.6% of
patients with moderately worsened dyspnoea at each timepoint and data
for this group consequently could not be shown.

Reprinted from The Lancet 381, Teerlink et al. Serelaxin, recombinant
human relaxin-2, for treatment of acute heart failure (RELAX-AHF): a
randomized, placebo-controlled trial, pages 29–39, Copyright 2013 with
permission from Elsevier.
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on longer term outcomes which included reductions in 180-
day CV and all-cause mortality, compared with placebo.10

Analysis of combined data from pre-RELAX-AHF and RELAX-
AHF studies confirmed the beneficial effect of serelaxin,
vs. placebo, on 180-day all-causemortality (Figure 2).13

In a post-hoc analysis of RELAX-AHF, substantial changes
of markers of cardiac (troponin T, N-terminal pro-B-type
natriuretic peptide [NT-proBNP]), renal (cystatin-C) and
hepatic (aspartate transaminase [AST] and alanine transa-
minase [ALT]) damage at Day 2 were associated with an
increased risk of all-cause mortality at Day 180.13

Treatment with serelaxin reduced levels of these bio-
markers at Day 2 compared with placebo, suggesting that
early treatment with serelaxin may prevent organ damage
in patients following hospitalization.4,13 In a recent post-
hoc analysis of patients (n¼ 1132) enrolled in RELAX-AHF,
patients with renal dysfunction (estimated glomerular fil-
tration rate [eGFR]<60mL/min/1.73 m2) who were
treated with serelaxin had lower CVand all-causemortality
vs. placebo, supporting a protective role of serelaxin in this
highly vulnerable patient population.14 Overall, data from
pre-RELAX-AHF and RELAX-AHF studies indicate that sere-
laxin was well tolerated with a favourable safety profile,
comparedwith placebo.10,11,13–16

The impact of serelaxin on the prognosis of patients with
ADHF is being evaluated in several large phase III studies

(>10 000 participants).17–19 RELAX-AHF-2 (n¼�6800) is
evaluating the efficacy and safety of serelaxin (30lg/kg/
day via 48-h IV infusion) vs. placebo, in addition to standard
therapy, with co-primary endpoints of CV death at 180 days
and worsening HF at Day 5.19,20 RELAX-AHF-ASIA (n¼ 1520)
is assessing the safety and efficacy of serelaxin (30lg/kg/
day via 48-h IV infusion) in patients from several Asian
countries with a trichotomous primary endpoint of treat-
ment success, treatment failure or no change evaluated
through Day 5 after randomization.18,20 Evaluation of the
safety of serelaxin treatment in the RELAX-AHF-2 and
RELAX-AHF-ASIA trials will include analysis of total adverse
events, serious adverse events and death.18,19 Finally,
RELAX-AHF-EU (n¼ 2685) is a 2:1 randomized open-label
study which will confirm and extend the evidence for sere-
laxin (30lg/kg/day via 48-h IV infusion) in addition to
standard of care, vs. current standard of care alone.17

Natriuretic peptides

Natriuretic peptides, which include atrial natriuretic pep-
tide (ANP), B-type natriuretic peptide (BNP), C-type
natriuretic peptide (CNP) and urodilatin, are known to pro-
mote a diverse set of physiological actions which include
stimulating vasodilation, natriuresis, diuresis, and reducing
fibrosis, proliferation and inflammation, thus protecting
against organ damage.20,21 As such, the natriuretic peptide
system and its role in the development and progression of
HF has been extensively investigated.21 Two novel natriu-
retic peptides currently being studied include ularitide and
cenderitide. It should be noted that the clinical develop-
ment of ularitide is currently at a more advanced stage
than that of cenderitide.

Ularitide
Ularitide is a chemically synthesized form of the human
natriuretic peptide urodilatin.22 Urodilatin, a differentially
processed peptide of ANP, is produced in the distal tubule
cells of the kidney and is secreted into the urine in response
to increased serum levels of sodium.20,22,23 Secreted urodi-
latin binds to natriuretic peptide receptor (NPR)-A in the
renal collecting duct, leading to inhibition of sodium
uptake and induction of natriuresis and diuresis.20,22,23

In the phase IIa dose-finding Safety and efficacy of an IV
placebo-controlled Randomized Infusion of Ularitide in a
prospective double-blind Study (SIRIUS) I trial in patients
requiring hospitalization for ADHF (n¼ 24), ularitide (7.5,
15, and 30ng/kg/min via 24-h IV infusions) significantly
reduced pulmonary capillary wedge pressure (PCWP) and
improved dyspnoea at 6h, vs. baseline, comparedwith pla-
cebo. At 24h, plasma NT-proBNP levels were reduced in
patients receiving ularitide, compared with placebo.24 In
the SIRIUS II study in patients with ADHF (n¼ 221), ularitide
(15 and 30ng/kg/min via 24-h IV infusions) was associated
with significantly lowered cardiac filling pressures
(Figure 3), reduced SVR, and increased cardiac index at
6h, compared with placebo.25 At 6 and 24h, more patients
in the ularitide groups (7.5, 15, and 30ng/kg/min)
reported that their dyspnoea was moderately or markedly
better, compared with patients receiving placebo who
more frequently reported no change in dyspnoea.25 During

Figure 2 Risk for all-cause mortality following treatment with serelaxin
vs. placebo in the Pre-RELAX-AHF and RELAX-AHF studies, and for both
studies combined.13

RELAX-AHF, Relaxin in Acute Heart Failure.

The combined results represent stratified Kaplan�Meier estimates. P val-
ues are for log-rank tests in the individual studies and for the stratified
log-rank test for the combined studies.

Reproduced under the terms of the Elsevier user license (http://www.
elsevier.com/about/open-access/open-access-policies/oa-license-policy/
elsevier-user-license) for article: Metra M, Cotter G, Davison BA, et al.
Effect of serelaxin on cardiac, renal, and hepatic biomarkers in the
relaxin in acute heart failure (RELAX-AHF) development program correla-
tion with outcomes. J Am Coll Cardiol 2013;61:196–206. doi:10.1016/j.
jacc.2012.11.005. http://www.sciencedirect.com/science/article/pii/
S0735109712054794
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a 2-day follow up analysis of SIRIUS II, treatment with ulari-
tide did not affect eGFR, serum creatinine, creatinine
clearance and blood urea nitrogen, compared with pla-
cebo.26 The most frequent treatment-related adverse
events (AEs) associated with ularitide were hypotension, a
dose-dependent reduction in BP, confusional state, rest-
lessness and dyspnoea.24,25 The possible effects of ularitide
on long-term outcomes such as impact on mortality and
rehospitalization have not yet been published.

The Phase III TRial of Ularitide’s Efficacy and safety in
patients with Acute Heart Failure (TRUE-AHF) is currently
being conducted to explore the effectiveness of ularitide
in a larger population of patients with ADHF (n¼ 2157).22,27

This trial enrolled patients with a systolic BP 116–
180mmHg and administered an intermediate dose of ulari-
tide (15ng/kg/min via 48-h IV infusions)27 in an attempt to
minimize the risk of hypotension. The key objectives are to
evaluate the effect of ularitide on clinical status (symptom
improvement, worsening HF, clinical intervention) up to
48h post-randomization, and CV mortality for the duration
of the trial. 27

Cenderitide
Cenderitide is a chimeric natriuretic peptide that is able to
interact with NPR-A and NPR-B and is resistant to degrada-
tion.28–30 In pre-clinical studies in normal canines, infusion
of cenderitide significantly increased GFR and was associ-
ated with reduced hypotensive effect, compared with
equimolar doses of nesirtide.29

In healthy volunteers (n¼ 10), cenderitide activated
cyclic guanosine monophosphate (cGMP), suppressed
aldosterone production and promoted natriuresis and

diuresis with minimal effects on BP.31 In a phase II dose-
ranging study in patients with symptomatic ADHF and renal
compromise (a creatinine clearance of 30–80mL/min)
(n¼ 66), cenderitide 1.25 and 2.5ng/kg/min (IV infusion
for at least 48h) improved serum creatinine and cystatin-C
levels, compared with placebo.32,33 Patients receiving the
maximum dosage of cenderitide (5ng/kg/min) were with-
drawn from treatment due to clinically relevant reductions
in BP, however, cenderitide appeared to be well-tolerated
by the remaining treatment groups.33 A further study to
assess the haemodynamic and renal effects of cenderitide
(3ng/kg/min for 8 h further increased to 10ng/kg/min) in
patients with stabilized ADHF (n¼ 11) reported a signifi-
cant decrease in PCWP (the primary outcome) compared
with baseline in patients who received both dosages.34,35

Trends towards increased cardiac output and decreased
right atrial pressure were also reported in patients receiv-
ing cenderitide; however, these trends did not reach statis-
tical significance.20,34 Furthermore, urine output
increased significantly from baseline in patients receiving
cenderitide, and serum creatinine levels were unchanged,
suggesting that cenderitide may preserve renal func-
tion.20,34 The full study results are, as yet, unpublished.

Other emerging therapeutic approaches for
acute heart failure

Cardiac-specific myosin activators
Cardiac-specific myosin activators directly target the
diminished cardiac contractility that is central to HF with
reduced ejection fraction.36,37 Omecamtiv mecarbil is a
novel, small-molecule, selective cardiac myosin activator
that binds to the catalytic domain of myosin, increasing
the probability of the transition from a weakly actin-bound
to a strongly actin-bound, force-producing state. Hence,
omecamtiv mecarbil prolongs systolic ejection time and
increases cardiac contractility.38

In the phase II Acute Treatment with Omecamtiv
Mecarbil to Increase Contractility in Acute Heart Failure
(ATOMIC-AHF) trial, the first study of omecamtiv mecarbil
in patients with ADHF and LVEF�40% (n¼ 606), there was
no significant difference in improvement of dyspnoea at
48h (primary endpoint). However, treatment with the
highest total dose of omecamtiv mecarbil (0.67mg/mL)
provided greater dyspnoea relief at 48h and through 5
days, compared with placebo. In an echocardiographic
sub-study (n¼ 89), omecamtiv mecarbil significantly
increased left ventricular systolic ejection time and
decreased left ventricular end-systolic dimension, com-
pared with placebo.39 Furthermore, a numerical reduction
in incidence of death or worsening HF within 7 days in
patients receiving omecamtiv mecarbil was observed.39

Plasma troponin concentrations were slightly higher in
patients receiving omecamtiv mecarbil vs. placebo; how-
ever, no relationship between omecamtiv mecarbil expo-
sure and the maximal increase in troponin from baseline
was observed.39 Omecamtiv mecarbil was generally well
tolerated. Further clinical trials of this novel therapy are
required to determine its place in the management of
ADHF.39

Figure 3 Changes from baseline in pulmonary capillary wedge pressure
in patients receiving ularitide vs. placebo in the SIRIUS II study.25

h, hour; IV, intravenous; PCWP, pulmonary capillary wedge pressure;
SIRIUS, Safety and efficacy of an IV placebo-controlled Randomized
Infusion of Ularitide in a prospective double-blind Study.

The change from baseline in PCWP over time (0.5, 1, 2, 4, 6, 8, and 24 h
of dosing, and 2 h post-dosing [26 h]) in patients receiving placebo or
ularitide (7.5, 15, or 30 ng/kg/min). P values for the difference in ulari-
tide treatment vs. placebo at individual time points are indicated.

Reproduced with permission from Oxford University Press: Mitrovic V,
et al. Haemodynamic and clinical effects of ularitide in decompensated
heart failure. Eur Heart J 2006;27:2823–2832; doi: 10.1093/eurheartj/
ehl337. VC The European Society of Cardiology 2006. All rights reserved.
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Direct soluble guanylate cyclase modulators

Targeting soluble guanylate cyclase (sGC) activity to
increase cGMP synthesis is a novel mechanistic approach
for the treatment of ADHF.40 In patients with HF, reduced
nitric oxide bioavailability resulting from decreased gener-
ation as a result of endothelial dysfunction and increased
degradation by reactive oxygen species leads to inad-
equate sGC activity and reduced production of cGMP, which
is vital for normal cardiac and vascular function.40

The sGC stimulator vericiguat has been evaluated for the
treatment of worsening chronic HF in the phase II Soluble
Guanylate Cyclase Stimulator in Heart Failure Studies
(SOCRATES) programme, which consists of two
randomized, placebo-controlled, parallel-group, dose-
finding trials.40 In SOCRATES-REDUCED, clinically stable
patients (n¼ 456) with LVEF<45%, within 4 weeks of a wor-
sening chronic HF event (requiring hospitalization or outpa-
tient IV diuretic) were randomized to vericiguat (1.25, 2.5,
5, or 10mg) or placebo for 12 weeks.41 In the primary anal-
ysis, NT-proBNP levels were not significantly different in
patients treated with vericiguat vs. placebo. However,
greater reductions in NT-proBNP were associated with
higher vericiguat doses in an exploratory analysis.41 The
results of the similar SOCRATES-PRESERVED study (stable
patients with LVEF�45%) remain to be published.40,42

Further investigations are needed to explore the potential
role for vericiguat in patients with ADHF.41

The sGC activator, cinaciguat, has recently been inves-
tigated in a phase II dose-ranging study (NCT00559650)
of patients with ADHF (n¼ 139). In this study, treatment
with cinaciguat (50–600 lg/h) was associated with signif-
icant improvements in several haemodynamic parame-
ters (e.g. PCWP, right arterial pressure and cardiac
index) but was terminated early due to an increase in
hypotension at cinaciguat dosages �200 lg/h.43 For this
reason, three further phase II trials, COMPOSE 1,
COMPOSE 2, and COMPOSE EARLY investigated cinaciguat
at dosages<200 lg/h (50, 100, and 150 lg/h) in patients
with ADHF.44 However, as a result of recruitment difficul-
ties, excessive hypotension and a lack of effect on dysp-
noea and cardiac index in patients receiving cinaciguat,
these trials were terminated prematurely44 and cinaci-
guat is no longer being pursued as a potential treatment
option for patients with ADHF.43,44

Dual SERCA2 stimulation and Na-K ATPase
inhibition

Sarcoplasmic reticulum Ca2þadenosine triphosphatase-2a
(SERCA2a) has a vital role in the regulation of Ca2þ in the
cardiomyocyte and its expression and function is dimin-
ished in HF.45 SERCA2a has therefore been identified as a
potential therapeutic target for HF.

Istaroxime is a luso-inotropic, small-molecule, Na-K
ATPase inhibitor that stimulates SERCA2a-ATPase activity
and accelerates calcium cycling in HF by relieving phospho-
lamban inhibition.46 In the phase II Hemodynamic Effects
of Istaroxime in Patients With Worsening HF and Reduced
LV Systolic Function (HORIZON-HF) trial (n¼120), istarox-
ime significantly reduced PCWP and increased systolic BP

vs. placebo in patients with ADHF who had not received IV
inotropes and had serum creatinine levels�3.0mg/dL.47

Furthermore, istaroxime-treated patients showed signifi-
cant improvements in several parameters of left ventricu-
lar diastolic stiffness, compared with placebo.47 An
additional phase II trial evaluating the efficacy and safety
of istaroxime in patients with ADHF is planned.48

An alternative approach to SERCA2a stimulation has
been pioneered by the Hajjar laboratory. Recent investiga-
tions assessing the effects of vector-mediated gene trans-
fer of SERCA2a have led to the successful completion of
phase I and II trials in patients with severe chronic HF.49–51

However, in the Calcium Upregulation by Percutaneous
Administration of Gene Therapy in Patients with Cardiac
Disease (CUPID-2) study, a double-blind, placebo-con-
trolled, phase 2b trial in patients with HFrEF (n¼ 250),
SERCA2a gene therapy did not reduce the time to recurrent
HF events (defined as hospital admission for HF or treat-
ment for worsening HF), compared with placebo.52 Further
studies are required to fully demonstrate the potential of
this possible treatment option in HF.51,53

b-arrestin-biased angiotensin II type 1 receptor
ligands

Inhibition of angiotensin II signalling via blockade of angio-
tensin II type 1 receptor (AT1R) is a common therapeutic
approach in the treatment of HF. Recent mechanistic inves-
tigations on the selective activation of AT1R, mediated
through the actions of b-arrestin, have suggested an alter-
native approach to the modulation of AT1R-signalling in
HF.20,54 In contrast to currently available unbiased AT1R
blockers that decrease cardiac contractility, pre-clinical
studies in mice showed that b-arrestin-biased-signalling
resulted in enhanced cardiac contractility while decreasing
myocardial oxygen consumption.55

TRV027 (also known as TRV120027) is a novel b-
arrestin-biased ligand that has been shown to improve
cardiac performance and preserve renal function in sev-
eral pre-clinical studies.56–58 Results from a randomized,
double-blind, placebo-controlled, titration study in
patients with stable chronic HF (n¼ 32) indicate that
TRV027 (3–10 lg/kg/min) decreased mean arterial pres-
sure and PCWP in patients with high vs. low plasma renin
activity receiving TRV027, or vs. patients receiving pla-
cebo.59 TRV027 was investigated further in the Biased-
Ligands of the Angiotensin receptor Study in Acute Heart
Failure (BLAST-AHF), a phase IIb dose finding study; how-
ever, the development of TRV027 has since been discon-
tinued due to failure to achieve the primary or
secondary endpoints.60,61

Nitroxyl donors

Nitroxyl (HNO) is a reactive nitrogen species that improves
myocardial function, via direct cyclic adenosine
monophosphate-independent, lusitropic and inotropic
effects, and by venous and arterial dilation partially attrib-
utable to sGC activation.62 CXL-1020, a novel synthetic
compound which decomposes to produce HNO, was
assessed in patients hospitalized for haemodynamic
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assessment of HF prior to heart transplantation, or for
ADHF (n¼ 31).62 Positive haemodynamic effects were
recorded with CXL-1020 (10 and 20lg/kg/min via IV infu-
sion) vs. placebo; PCWP and right arterial pressure
decreased, and cardiac and stroke indexes increased. In
general, CXL-1020 was well tolerated with few AEs; how-
ever, longer infusions of high dosages (20lg/kg/min) were
associated with inflammatory irritation at the infusion site,
thus development was terminated.62 Further studies inves-
tigating CXL-1427, a second generation HNO donor, are
underway.63,64

Short-acting calcium blockers

Clevidipine is a short-acting L-type calcium channel
blocker with vasodilatory properties that is approved for
the treatment of severe hypertension.20,65 Results from a
sub-study of patients with ADHF (n¼ 19) enrolled in the
Evaluation of the Effect of Ultra-Short-Acting Clevidipine
in the Treatment of Patients with Severe Hypertension
(VELOCITY) trial suggested that clevidipine was safe and
well tolerated in this patient population.66 In a subsequent
open-label trial assessing the efficacy and safety of clevidi-
pine vs. current standard of care in patients with hyperten-
sive ADHF (n¼ 104), patients treated with clevidipine had
significant improvements in dyspnoea and were more likely
to obtain a pre-specified systolic BP target, compared with
patients receiving standard of care.67 Further studies are
required to demonstrate the long-term safety and efficacy
of clevidipine in patients with ADHF.20

Potassium channel activators

Nicorandil is a potassium channel activator with vasodila-
tory properties currently used for the treatment of angina
pectoris.20 In a phase II titration study assessing the haemo-
dynamic properties of nicorandil in patients with ADHF
(n¼ 99), IV bolus administration followed by continuous
infusion of nicorandil over 6 h resulted in improvements to
PCWP, cardiac index and right arterial pressure, compared
with baseline.68 Of note, there was a significant reduction
in systolic BP in patients receiving nicorandil who had a
baseline systolic BP>160mmHg, while there was no signifi-
cant change in systolic BP when the baseline systolic BP
was<120mmHg.68 The impact of nicorandil (an initial
bolus injection followed by continuous IV injection for 3
days) on longer term outcomes was assessed in patients
(n¼ 408) hospitalized for ADHF.69 Over a follow-up period
of 180 days, death or hospitalization for HF (co-primary
endpoint) was significantly less likely to occur in patients
who received nicorandil compared with patients who did
not.69 A meta-analysis of 20 nicorandil studies in patients
with chronic HF or ADHF (n¼ 1222) further underlined the
potential therapeutic effects of nicorandil in these patient
populations.70

If-channel inhibitors

Ivabradine, the first sinus node inhibitor to be marketed,
inhibits the If-channel to reduce heart rate, and was ini-
tially investigated and approved for the treatment of

chronic stable angina.71 In the Systolic Heart failure
treatment with the If inhibitor ivabradine Trial (SHIFT) in
patients with symptomatic HFrEF (LVEF�35%), in sinus
rhythm, with a heart rate�70 beats per minute
(b.p.m.), who were hospitalized for HF within 12 months
and receiving evidence-based therapies, ivabradine
treatment was associated with a reduction in the com-
bined endpoint of CV mortality and hospitalization for
worsening HF.72 Subsequently, ivabradine was approved
by the European Medicines Agency for the treatment of
patients with HFrEF (LVEF� 35%), in sinus rhythm, with a
resting heart rate�75 b.p.m.1,73 The United States Food
and Drug Administration approved ivabradine for the
treatment of patients with stable HF, with a resting heart
rate�70 b.p.m. who are receiving maximum tolerated
doses of beta-blockers.74

The role of ivabradine in the treatment of patients with
ADHF is unclear; however, in a recently published retro-
spective analysis of patients hospitalized with ADHF
(n¼ 29), ivabradine treatment resulted in a reduction in
heart rate, without incidence of bradycardia or hypoten-
sion.75 Ivabradine may therefore represent a useful treat-
ment to reduce heart rate, while maintaining BP, in
patients with ADHF, although randomized trials are needed
to characterize the efficacy and safety of ivabradine treat-
ment in larger numbers of patients.75

Central role of biomarkers in acute heart
failure management

The identification of physiological or biochemical surrogate
markers that can be used for guiding management, as well
as determining the effects of treatment on them, is a key
area of research.76,77 Biomarkers should meet a number of
criteria, including high sensitivity (e.g. diagnosis) and spe-
cificity (e.g. when assessing treatment response). In addi-
tion, biomarkers should ideally be indicative of abnormal
physiology or biochemistry, correlate with prognosis, and
be used to guide treatment.77 As such, effective biomarkers
may potentially allow personalization of ADHF treatment
based on the probability of response to specific therapies.77

The usefulness of natriuretic peptides, such as BNP and
NT-proBNP, in establishing the diagnosis and prognosis of
HF has been widely studied,76,78–81 leading to their inclu-
sion in current HF guidelines.1 A post-hoc analysis of data
from RELAX-AHF clearly showed that substantial increases
in biomarkers of liver and kidney dysfunction from baseline
to Day 2 were associated with increased risk of all-cause
mortality at Day 180.13 Recent evidence supports a role for
the use of additional biomarkers, including troponins, solu-
ble neprilysin, soluble ST2, galectin, cystatin-C and procal-
citonin in the management of ADHF and assessment of
organ function (Table 1).76,79,82–86 Furthermore, prelimi-
nary studies indicate that mid-regional pro-atrial natriu-
retic peptide and D-dimer may be of diagnostic and
prognostic value in patients with ADHF.87,88 Like NT-
proBNP, the inclusion of additional biomarkers in future HF
guidelines will depend on the quality of clinical evidence
generated from multiple studies; however, in the future, it
is likely that physicians will use a variety of biomarkers to
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aid diagnosis, assess organ damage and dysfunction, and
guide treatment in patients with ADHF.

Overall conclusions and summary

Current therapies for ADHF effectively relieve the present-
ing signs and symptoms of systemic and pulmonary conges-
tion, thus stabilizing the patient; however, they have
minimal impact on the underlying organ damage and long-
term clinical outcomes associated with ADHF. New thera-
peutic strategies that address the acute symptoms of HF,
prevent damage to multiple organs and thus, target both
short- and long-term treatment goals are urgently needed.
Furthermore, the successful implementation of improved
biomarkers alongside new therapies in daily clinical prac-
tice has the potential to transform the way physicians diag-
nose and manage patients admitted to hospital with ADHF.
Data from recent clinical trials highlights the promise of
several novel therapeutic approaches for the treatment of
ADHF; however, further adequately designed studies are
required to fully demonstrate the safety and efficacy of
these treatments in larger patient populations. Continued
and significant investment into the research and develop-
ment of new therapies is necessary to realize the full
potential of these novel treatments and to tackle the rap-
idly growing global ADHF pandemic.
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