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Millions of patients worldwide are admitted for acute heart failure (AHF) each year and physicians caring for these patients are confronted with
the short-term challenges of reducing symptoms while preventing end organ dysfunction without causing additional harm, and the intermedi-
ate-term challenges of improving clinical outcomes such as hospital readmission and survival. There are limited data demonstrating the efficacy
of any currently available therapies for AHF to meet these goals. After diuretics, vasodilators are the most common intravenous therapy for
AHF, but neither nitrates, nitroprusside, nor nesiritide have robust evidence supporting their ability to provide meaningful effects on clinical
outcomes, except perhaps early symptom improvement. Recently, a number of novel agents with vasodilating properties have been developed
for the treatment of AHF. These agents include serelaxin, natriuretic peptides (ularitide, cenderitide), b-arrestin-biased angiotensin II type 1
receptor ligands (TRV120027), nitroxyl donors (CXL-1020, CXL-1427), soluble guanylate cyclase modulators (cinaciguat, vericiguat), short-
acting calcium channel blockers (clevidipine), and potassium channel activators (nicorandil). These development programmes range from the
stage of early dose-finding studies (e.g. TRV120027, CXL-1427) to large, multicentre mortality trials (e.g. serelaxin, ularitide). There is an urgent
need for agents with vasodilating properties that will improve both in-hospital and post-discharge clinical outcomes, and these novel ap-
proaches may provide opportunities to address this need.
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Introduction
Acute heart failure (AHF) may be defined as the new onset or recur-
rence of symptoms and signs of heart failure (HF) requiring urgent
or emergent therapy. Despite the word ‘acute,’ many patients may
have a more sub-acute course, with gradual worsening of symptoms
that ultimately reach a level of severity sufficient to seek unsched-
uled medical care. These events can occur in patients with a known
history of HF (either with reduced or preserved left ventricular sys-
tolic function) or de novo in patients with no prior history of HF. Phy-
sicians caring for patients with AHF are confronted with the
short-term challenges of reducing symptoms, predominantly dys-
pnoea, and preventing end organ dysfunction without causing
harm, and the intermediate-term challenge of improving clinical out-
comes such as hospital readmission and survival. Unfortunately,
there are limited data demonstrating the efficacy of any currently
available therapies to meet these goals, except perhaps early

symptom improvement. Several observational studies show that
.85% of patients with AHF receive intravenous diuretics, regard-
less of the continents on which they receive care.1 The second
most commonly used agents for AHF are intravenous vasodilators.
While the term vasodilator encompasses a class of agents, it
is clear that there may be important distinctions between the
traditional direct-acting vasodilators, such as nitroglycerin and
nitroprusside, and those that work through receptor-based me-
chanisms, such as natriuretic, relaxin, angiotensin or other recep-
tors, or have alternative mechanisms of action, such as nitroxyl.
This review will describe data on current vasodilators and on-
going trials of promising agents with vasodilator properties in
AHF with the exclusion of cardiogenic shock. However, this re-
view will not discuss inodilators, such as phosphodiesterase inhibi-
tors or levosimendan, as they combine inotropic effects with
vasodilator properties, or prostacyclins which have been shown
to be associated with increased mortality.2
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Current vasodilators
Data from registries such as the Acutely Decompensated Heart Fail-
ure National Registry (ADHERE)3 and Acute Heart Failure Global
Survey of Standard Treatment (ALARM-HF)4 have shown that trad-
itional vasodilators, especially nitrates, are the second most fre-
quently given class of medication after diuretics in AHF patients
(Table 1).5– 12 Depending on surveys, nitrates are used in 9–51.3%
of studied population in patients admitted for AHF.4 Of note, the
use of vasodilators exhibits substantial geographic variation and
appears less prominent in AHF management in North America com-
pared with other regions. Despite the importance of such observation-
al studies, one of their main limitations is that most of the published
registries have been performed in Western countries, thus not repre-
senting the global population. Furthermore, the use of these agents is
still based on limited evidence, generally from small, single centre stud-
ies focused on their acute haemodynamic effects. Interestingly, those
observational studies show that the main indication of vasodilators is
AHF associated with high blood pressure at presentation.1

Nitrates (nitroglycerin, isosorbide mononitrate, isosorbide dini-
trate, and sodium nitroprusside) had long been considered first-line
agents for acute hypertensive HF. As a class, these drugs act by pro-
viding an exogenous source of nitric oxide (NO) which binds to sol-
uble guanylate cyclase (sGC), producing cyclic GMP and vascular
smooth muscle relaxation. At low doses, this effect occurs predom-
inantly in the venous circulation, resulting in increased capacitance
and a marked reduction in systemic preload, as well as venous
back pressure on the kidney and other perfused organs. Nitrates
may also modulate effects of vasocontrictive hormones released
during AHF crisis on venous beds. At higher doses (≥150–
250 mg/min), nitrates dilate arteries, including those from the
coronary vasculature.

Randomized controlled trial evidence comparing clinical out-
comes of traditional vasodilators, especially nitrates, in AHF patients
is limited and of relatively low methodological quality. A study in

patients with severe pulmonary oedema suggested that high-dose
intravenous nitrates reduced the need for mechanical ventilation
and may have decreased myocardial infarctions,13 while a pilot study
of non-invasive high-dose nitrate administration in patients with
AHF suggested a more rapid decrease in B-type natriuretic peptide
(BNP) and a trend to fewer ICU admissions, but no difference in
other outcomes.14 However, an extensive review on vasodilator
use in AHF patients by the Cochrane library only identified four ran-
domized controlled trials comparing nitrates (isosorbide dinitrate
and nitroglycerin) with alternative interventions over the last dec-
ades in adult population.15 Two of the four studies only included pa-
tients with AHF following acute myocardial infarction. Authors of
this review conclude that they found no evidence to support a dif-
ference in the rapidity of symptom relief between intravenous ni-
trates and alternative interventions in patients with AHF. This
review also found no evidence to support a difference in AHF pa-
tients receiving intravenous nitrates or alternative interventions
with regard to the following outcome measures: requirement for
mechanical ventilation, progression to MI, or change in systolic or
diastolic blood pressure (SBP), heart rate, pulmonary capillary
wedge pressure (PCWP), and cardiac output. These findings are
consistent with the neutral effect of vasodilators on mortality in a
post hoc analysis of ESCAPE trial.16

A more recent systematic review of treatment with intravenous
nitrovasodilators used in emergency department (ED) and ED-like
settings suggested that they do improve short-term symptoms and
appear safe to administer, but no evidence for longer-term out-
comes.17 The Goal-directed Afterload Reduction in Acute Congest-
ive Cardiac Decompensation Study (GALACTIC; NCT00512759) is
a 770 patient trial testing the hypothesis that early treatment to a
target SBP of 90–110 mmHg by aggressive vasodilatation in patients
with AHF is safe, and improves clinical and healthcare economic
outcomes.

Nesiritide is a recombinant form of human BNP that acts as a ba-
lanced arterial and venous vasodilator when infused intravenously.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Current management of acute heart failure

Publication year Diuretics Nitrates Inotropes NIV

ADHERE 2005 92 9 15 NA

EFICA 2006 87 50 53 24

OPTIMIZE-HF 2008 NA NA 15 NA

EHFS II 2010 84.4 38.7 29.8 8.8

ESC-HF pilot 2010 84.6 18.5 10.5 NA

RO-AHFS 2011 79.9 33.4 17.7 NA

AHEAD 2011 88.9 24.5 10.6 NA

ATTEND 2011 76.3 44.9 18.5 24.4

ALARM-HF 2011 89.7 41.1 39 9.6

HEARTS 2011 89 27.8 30.1 NA

Korean HF registry 2011 68.1 35.8 21.7 NA

Sub-Saharan Africa Survey 2012 92.9 7.9 5 NA

Italian survey on acute heart 2012 95.3 51.3 24.6 NA

Values are expressed as the per cent of patients of the survey who received the treatment during hospital management.
NIV, non-invasive ventilation; NA, not applicable.
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Nesiritide was the first potential challenger to nitrates to be devel-
oped and had been subject to extensive study before and after its
approval in the United States in 2001. VMAC, the first large nesiri-
tide study, showed a greater reduction of filling pressure with nesiri-
tide vs. nitrates and improvements in early dyspnoea relief
compared with placebo, but there were some concerns regarding
safety.18 Research involving nesiritide culminated in 2011 with pub-
lication of results from ASCEND-HF (Acute Study of Clinical Effect-
iveness of Nesiritide in Decompensated Heart Failure), the largest
investigation of AHF treatment that compared nesiritide (n ¼
3496) with placebo (n ¼ 3511) in a prospective, randomized trial.19

Median time to patient randomization was relatively short in both
arms (�15 h). Patients treated with nesiritide experienced a modest
improvement in self-reported dyspnoea at 6 and 24 h; however, this
improvement did not meet the pre-specified statistical significance
and it was not considered clinically meaningful. Moreover, there
was no difference in the co-primary end-point of 30-day mortality
or rehospitalization (9.4 vs. 10.1%; P ¼ 0.31) with equivalent rates
of renal impairment through 30 days (31.4 vs. 29.5%; P ¼ 0.11), sig-
nifying that nesiritide is safe but lacking in clinical efficacy. Of note,
mean BP was not particularly high in either group (123 mmHg for
nesiritide, 124 mmHg for placebo) suggesting that perhaps the
wrong patient population (i.e. one for whom afterload was not a
major component of the acute pathophysiology) was targeted for
the trial.

Although levels of evidence for most of the medications used in
patients with AHF are poor, many national and international guide-
lines recommend the use of nitrates in certain circumstances
(Table 2). The 2012 European Society of Cardiology (ESC) guide-
lines on HF state that intravenous infusion of a nitrate should be
considered in patients with pulmonary congestion/oedema and a
SBP over 110 mmHg, who do not have severe mitral or aortic sten-
osis, to reduce PCWP and systemic vascular resistance (SVR). Euro-
pean Society of Cardiology guidelines also advise that symptoms and
blood pressure should be monitored frequently during administra-
tion of intravenous nitrates.20 The 2013 ACCF/AHA guidelines on
HF management state that intravenous nitroglycerin, nitroprusside,
or nesiritide may be considered as adjuvant to diuretic therapy for
relief of dyspnoea in hospitalized HF patients, if symptomatic hypo-
tension is absent (class of recommendation, IIb; level of evidence
A).21 In a more recent, exhaustive review of the evidence base for
AHF management by the National Institute for Health and Care Ex-
cellence of the UK,22 the specific recommendations regarding cur-
rent vasodilators are: (i) do not routinely offer nitrates to people
with AHF and (ii) do not offer sodium nitroprusside to people
with AHF. These recommendations reflect the poor evidence
base for existing vasodilators. The recognition of the need to target
therapies to specific pathophysiologic profiles has led to the devel-
opment of new vasodilator agents in recent years.

New agents with vasodilator
properties

Serelaxin
Serelaxin is a recombinant form of human relaxin-2. Relaxin23,24 is a
53 amino acid peptide that shares structural similarities with insulin,

including the removal of a C-peptide to yield a two-chain molecule
with conserved disulfide bonds, and is believed to play a central role
in the cardiovascular and renal adaptations to pregnancy in humans.
Relaxin binding to the G-protein-coupled receptor RXFP1, previ-
ously known as LGR7, in the myocardium, renal, and systemic vas-
culature leads to downstream effects on NO via cAMP, endothelin
type B receptor and subsequent NO production via upregulation of
matrix metalloproteinases, atrial natriuretic peptide, and vascular
endothelial growth factor. Relaxin also has antifibrotic properties
through its regulation of fibroblast collagen synthesis and effect on
matrix metalloproteinase. Finally, relaxin decreases SVR and in-
creases arterial compliance. Due to these properties, relaxin gained
interest as a potential therapeutic in AHF.25

Favourable early clinical studies supported a potential role of
serelaxin in patients with AHF.26 The dose-finding study, Pre-
RELAX-AHF,27 enrolled 234 patients admitted with AHF, dyspnoea
with minimal exertion or at rest, normal-to-elevated SBP (SBP .

125 mmHg), and mild-to-moderate renal dysfunction and rando-
mized within 16 h to a 48 h intravenous infusion of either serelaxin
(10, 30, 100, or 250 mcg/kg/day) or placebo. This Phase II study sug-
gested that patients receiving the 30 mcg/kg/day dose of serelaxin
had improvements in dyspnoea, signs and symptoms of congestion,
worsening HF and perhaps even survival, and consequently, this
dose was selected for further study.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Class of recommendation and levels of
evidence for selected treatments for patients with acute
heart failure without cardiogenic shock

Class of recommendation, level of
evidence

ESC
(2012)20

ACC/AHA
(2013)21

Diuretics for fluid overload I,B I,B

Intravenous nitrates for
dyspnoea relief

IIa,B IIb,A

Inotropes III,C III,B

Non-invasive ventilation IIa,B NA

NA, not applicable, if the topic was not addressed. European Society of Cardiology
definitions of class of recommendation: I ¼ evidence and/or general agreement
that a given treatment or procedure is beneficial, useful, effective; IIa ¼ weight of
evidence/opinion is in favour of usefulness/efficacy; III ¼ evidence or general
agreement that the given treatment or procedure is not useful/effective, and in
some cases may be harmful. European Society of Cardiology definitions of level of
evidence: A ¼ data derived from multiple randomized clinical trials or
meta-analyses; B ¼ data derived from a single randomized clinical trial or large
non-randomized studies; C ¼ consensus of opinion of the experts and/or small
studies, retrospective studies, and registries. American College of Cardiology/
American Heart Association (ACC/AHA) definitions of class of recommendation
and level of evidence: I, B ¼ recommendation that procedure or treatment is
useful/effective and evidence from single randomized trial or non-randomized
studies; IIb,A ¼ recommendation’s usefulness/efficacy less well established and
greater conflicting evidence from multiple randomized trials or meta-analyses;
III,B ¼ recommendations that procedure or treatment is not useful/effective and
may be harmful and evidence from single randomized trial or non-randomized
studies.
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The RELAX-AHF trial was a Phase III, multicentre, double-blind,
placebo-controlled trial that randomized 1161 patients with a mean
age of 72 years with almost a 50:50 mix of patients with left ventricu-
lar ejection fraction (LVEF) ,40% and .40% to serelaxin 30 mg/kg/
day vs. placebo for 48 h continuous infusion. Patients admitted for
AHF were enrolled within 16 h of presentation if they had a
SBP . 125 mmHg, renal dysfunction, and elevated BNP.28 A pri-
mary end-point that solely assessed early dyspnoea relief in the first
24 h by Likert scale was not statistically improved by serelaxin.
However, serelaxin significantly improved the other primary end-
point of dyspnoea relief from baseline to Day 5 on the VAS as com-
pared with placebo (P ¼ 0.007) driven predominantly by a nearly
50% reduction in in-hospital worsening of HF. Hospital length of
stay was decreased by 0.9 days in the treatment group (P ¼ 0.04),
although there was no decrease in hospital readmission rates
through Day 60. The serelaxin treated group had a statistically sig-
nificant decline in cardiovascular death (HR ¼ 0.63, 95% CI 0.41–
0.96; P ¼ 0.028) and all-cause mortality (HR ¼ 0.63, 95% CI
0.42–0.93; P ¼ 0.02) at 180 days compared with placebo. More
patients treated with serelaxin required study-drug dose adjustment
due to protocol-defined blood pressure rules (29 vs. 18%,
P , 0.0001), with most episodes resolving spontaneously.

In a subsequent analysis of biomarkers from the RELAX-AHF
trial, serelaxin reduced markers indicative of cardiac (cardiac tropo-
nin T), renal (creatinine and cystatin-C), and hepatic (aspartate
transaminase and alanine transaminase) damage or dysfunction, as
well as NT-pro-BNP.29 Another analysis noted that there were simi-
lar clinical benefits of serelaxin among multiple subgroups in
RELAX-AHF.30 One specific subgroup analysis of the patients
with HFpEF (LVEF . 50%), present in 26% of patients in RELAX-
AHF, showed similar results as the combined study,31 providing
some of the first evidence-based benefit in HFpEF patients admitted
for AHF. Small randomized studies have demonstrated serelaxin’s
beneficial systemic and pulmonary haemodynamic effects,32 as
well as improvements in renal haemodynamics in patients with
HF.33 The RELAX-AHF trial, its subgroup analyses, and these
haemodynamic studies provide compelling evidence for a new treat-
ment option in patients with preserved blood pressure and AHF.

The potential improvement in survival with serelaxin treatment
seen in Pre-RELAX and RELAX-AHF is being tested in a second
Phase III trial, RELAX-AHF-2 (NCT01870778; Table 3). This trial
is randomizing �6800 patients who were admitted to hospital requir-
ing IV therapy for AHF with normal to elevated SBP (≥125 mmHg)
to a 48-h infusion of either serelaxin or placebo, both in addition to

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Selected on-going trials of novel agents with vasodilating properties

Trial
(clinicaltrials.gov
registration)

Projected
sample size

Treatment
groups

Patient population Primary endpoint(s) Estimated
projected
completion

RELAX-AHF-2
(NCT01870778)

6800 Serelaxin 30 mcg/
kg/day × 48 h

Placebo × 48 h

Aged 18–85 years
Admitted for ADHF
Dyspnoea at rest or

minimal exertion
SBP ≥ 125

and ≤ 180 mmHg
Randomized within 16 h

CV death through 180 days
Worsening HF through 5 days

August 2016

RELAX-AHF-ASIA
(NCT02007720)

1520 Serelaxin 30 mcg/
kg/day × 48 h

Placebo × 48 h

Aged 18–85 years
Admitted for AHF
Dyspnoea at rest or

minimal exertion
SBP ≥ 125

and ≤ 180 mmHg
Renal impairment (eGFR

25–75 mL/min/
1.73 m2).

Randomized within 16 h

Trichotomous clinical composite
end-point of treatment success,
treatment failure, or no change
through 5 days

September 2016

TRUE-AHF
(NCT01661634)

2152 Ularitide 15 ng/kg/
min × 48 h

Placebo × 48 h

Aged 18–85 years
Admitted for AHF
Dyspnoea at rest
SBP ≥ 116

and ≤ 180 mmHg
Randomized within 12 h

Hierarchical clinical composite
at 48 h

CV mortality through duration
of trial

October 2015

BLAST-AHF
(NCT01966601)

500 TRV027 1 mg/h
× 48–96 h

TRV027 5 mg/h
× 48–96 h

TRV027 25 mg/h
× 48–96 h

Placebo × 48–96 h

Aged 21–85 years
History of HF
Admitted for AHF
Dyspnoea at rest or

minimal exertion
SBP ≥ 120

and ≤ 200 mmHg
Randomized within 16 h

Composite Z score of:
(1) Death through Day 30
(2) HF re-hospitalization through

Day 30
(3) Worsening HF through Day 5
(4) Change in dyspnoea VAS AUC

score from baseline through Day 5
(5) Length of initial hospital stay

June 2016
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standard therapy. The co-primary endpoints of RELAX-AHF-2 are
cardiovascular mortality at 180 days and worsening of HF within
5 days. A third Phase III trial, RELAX-AHF-ASIA (NCT02007720)
will enrol �1520 patients with similar criteria to RELAX-AHF-2
from at least 8 Asian countries, and randomizing them to a 48-h in-
fusion of either serelaxin or placebo, both in addition to standard
therapy. The primary end-point for RELAX-AHF-ASIA is a trichot-
omous clinical composite end-point of treatment success, treat-
ment failure, or no change, evaluated through 5 days after
randomization. In addition, RELAX-REPEAT (NCT01982292) will
assess the safety of repeat doses of serelaxin in �300 patients
with chronic HF, while markers of efficacy will also be collected
as exploratory measures.

The natriuretic peptide system
The natriuretic peptide hormone family includes atrial (ANP), brain
or b-type (BNP), C-type (CNP), D-type (DNP) natriuretic peptides,

and urodilatin. ANP and BNP are primarily synthesized and se-
creted in the atria and ventricles, respectively, in response to
wall stress, while CNP is produced in vascular endothelial cells.34

D-type natriuretic peptide was first isolated from the venom of the
green mamba snake and has not been found in human DNA. There
are three main natriuretic peptide receptors (NPR), NPR-A,
NPR-B, and NPR-C (Figure 1). NPR-A is primarily located on the
endothelial surface of large vessels, kidneys, and adrenal glands,
while NPR-B is located in vascular smooth muscle cells and the
brain. In contrast, NPR-C serves as a clearance receptor to remove
natriuretic peptides from circulation. The physiological effect of
activation of the NPRs is shown in Figure 1. Plasma concentrations
of BNP are elevated in AHF, and initially may serve to counteract
the adverse effects of vasoconstrictive neurohormones. However,
down-regulation and/or desensitization of the NPRs leads to de-
creased beneficial effect, which make them an attractive target
for pharmacologic therapy.35 Two of the novel natriuretic peptides

Figure 1 Schematic of mechanisms of action of some agents with vasodilating properties (1). All of these agents also have significant vasodilating
effects. soluble guanylate cyclase is a heterodimer of ana- and a heme-containing b-subunit. The heme moiety of soluble guanylate cyclase exists in
three forms: a reduced (Fe2+)-heme bound form, an oxidized (Fe3+)-heme bound form, and an oxidized (Fe3+)-heme-free form. NO can only
induce soluble guanylate cyclase upon binding to its reduced form. In the oxidized state, the affinity for the heme prosthetic group is markedly
reduced, increasing the probability of loss of the heme group. Its loss makes the enzyme insensitive to endogenous or exogenous NO, e.g. nitrates.
Oxidative stress and subsequent generation of reactive oxygen species in cardiovascular disease and heart failure lead to decreased bioavailability
of NO and oxidation of the soluble guanylate cyclase heme moiety. Nicorandil acts as both a nitric oxide donor and a KATP channel activator. For
further details, please see text. Adapted from Tamargo and Lopez-Sendon.87
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currently under development include ularitide and cenderitide
(CD-NP).

Ularitide
Ularitide36 is a synthetic form of urodilatin. Urodilatin is a 32 amino
acid peptide that is formed via alternative splicing of the ANP pro-
hormone in the kidney and secreted in response to increased pres-
sure by the cells of the distal tubule and collecting duct, and
ultimately binding to NPR-A receptors, especially in the renal col-
lecting duct. This locally specific binding leads to sodium and water
excretion and it is this theoretical specificity that is thought to dis-
tinguish ularitide from nesiritide.37 Randomized Phase II trials of
ularitide (SIRIUS I and SIRIUS II) have shown improvement in hemo-
dynamic parameters (reduction in PCWP), reduction of NT-pro-
BNP, and an improvement in dyspnoea in patients treated with
urodilatin compared with placebo without adversely affecting renal
function.38

The SIRIUS II study was a randomized, placebo-controlled, and
double-blind study of ularitide in addition to standard therapy
for acute decompensated HF.39 Based on the inclusion criteria,
patients were enrolled 2 – 3 days after hospitalization with a
mean age of 61 years, SBP . 90 mmHg, 95% of patients had an
LVEF , 40%, CI of 1.9 L/min/m2, and a mean PCWP of
25 mmHg. Two hundred and twenty-one patients were rando-
mized to 24-h infusions of ularitide 7.5, 15, or 30 ng/kg/min or
placebo. The co-primary endpoints were changes in PCWP
and changes in the patient assessed dyspnoea scores at 6 h using
a seven-level Likert scale. At 6 h, all of the ularitide groups
showed dose-dependent statistically significant decreases in
PCWP and dyspnoea scores. In addition, the 15 and 30 ng/kg/
min groups evidenced statistically significant reductions in SVR
and increased cardiac index (CI) at 6 h. At 24 h, in the two high-
er dose groups the reduction in PCWP, improved dyspnoea
scores, reduction in SVR, and increased CI persisted. As with
other natriuretic peptides, there was a dose-dependent reduc-
tion in SBP with 10% of treated patients experiencing an
SBP , 80 mmHg. As in SIRIUS I, there was no significant change
in renal function in SIRIUS II.

A multicentre, randomized, double-blind, and phase III event-
driven trial (TRUE-AHF; NCT01661634; Table 3) that completed
enrolment of 2157 patients to evaluate the efficacy and safety of
ularitide 15 ng/kg/min infused over 48 h vs. placebo for the manage-
ment of acute decompensated HF. This trial enrolled patients with
SBP 116–180 mmHg and uses an intermediate dose in an attempt
to avoid hypotension, an adverse effect that has resulted in termin-
ation of multiple other development programs. There are two
co-primary end-points. The first evaluates improvement in a hier-
archical clinical composite comprised of elements associated with:
patient global assessment using a 7-point scale of symptomatic im-
provement, the lack of improvement, or worsening; persistent or
worsening HF requiring an intervention (initiation or intensification
of IV therapy, circulatory or ventilatory mechanical support, surgical
intervention, ultrafiltration, haemofiltration or dialysis). The second
co-primary end-point is assessed by freedom from cardiovascular
mortality during follow-up after randomization, for the entire dur-
ation of the trial.

Cenderitide
Cenderitide, CD-NP, is an engineered natriuretic peptide that fuses
the C-terminal portion of DNP with CNP. This fusion peptide has
two advantages compared with CNP alone. First, fusion of CNP
with the 15 amino acid C-terminal portion of DNP increases its re-
sistance to degradation, allowing for a longer therapeutic half-life.40

Second, DNP is a potent NPR-A agonist, while CNP is a potent
NPR-B agonist, resulting in dual activation of NPR-A with attendant
aldosterone suppression and NPR-B with anti-proliferative and anti-
fibrotic effects (Figure 1).41 In pre-clinical studies, infusion of equi-
molar quantities of CD-NP vs. nesiritide in normal canines showed
that CD-NP was less hypotensive and increased GFR, whereas BNP
infusion did not change GFR.42 This result supports the potential
mechanistic benefit for dual activation of NPR-A and NPR-B by
CD-NP, including cardiac unloading, renal enhancing properties,
and a favourable neurohumoral profile.

Two phase II studies have been completed for CD-NP in AHF. In
the first (NCT00839007), 66 patients with symptomatic AHF,
NT-pro-BNP level ≥1400 pg/mL, SBP ≥105–180 mmHg, and renal
compromise with Cr clearance of 30–80 mL/min were randomized
to receive an intravenous infusion of CD-NP (1.25, 2.5, 3.75, or 5 ng/
kg/min) or placebo for at least 48 h. CD-NP infusion at 1.25 and
2.5 ng/kg/min appeared to preserve renal function relative to pla-
cebo. Dose-dependent maximum SBP reductions compared with
placebo were observed and the 5 ng/kg/min dose of CD-NP was
aborted due to clinically relevant blood pressure reduction.43

In the second investigation (NCT00699712), 11 of a planned 30
patients with stabilized AHF were infused for 8 h with open-label
CD-NP at 3 ng/kg/min, followed by a 14 h washout period, and
then another 8 h infusion of CD-NP at 10 ng/kg/min (n ¼ 9). There
was a dose-dependent statistically significant reduction in PCWP
with a trend towards decreased RAP and increased cardiac output.
There was a concomitant rise in CD-NP dose-dependent urine out-
put of 48 and 93 mL/h during the 3 and 10 ng/kg/min infusion, re-
spectively (both P ¼ 0.01 compared with pre-dose baseline), but
no effect on serum creatinine levels and increased hypotension
was once again noted.44 At this time, development of cenderitide
has shifted to chronic HF patients.

b-Arrestin-biased angiotensin II type 1
receptor blocker: TRV120027
Angiotensin II plays an important role in the pathogenesis of HF,
with many of its adverse effects mediated by the angiotensin II
type I receptor (AT1R), a member of the G-protein-coupled seven
transmembrane helical receptor family.45 Recent studies show that
the AT1R also signals via an independent b-arrestin pathway
(Figure 2).46,47 In pre-clinical studies on mice b-arrestin-biased-
signalling resulted in enhanced cardiac contractility while decreasing
myocardial oxygen consumption as assessed by ventricular systolic
pressure–volume loops.48 In contrast, the currently available un-
biased AT1R blockers antagonize the G-protein-coupled pathway
leading to vasodilatory effects and block the b-arrestin pathway re-
sulting in decreased cardiac contractility. Sar1,D-Ala8 angiotensin II
(TRV120027 or TRV027) is a novel b-arrestin-biased ligand that re-
duces PCWP, systemic and pulmonary vascular resistance, mean arter-
ial pressure, and atrial natriuretic peptide while increasing cardiac
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output in rats and canines.49,50 Also in canines, when added to furosem-
ide, TRV027 preserves furosemide-mediated natriuresis and diuresis,
while preserving renal function and reducing cardiac preload and after-
load.51 These promising pre-clinical results have led to human studies.

A randomized, double-blind, and placebo-controlled titration study
evaluated TRV027 in stable HF patients.52 Thirty-two patients with
HFrEF (LVEF , 35%) with SBP ≥100 mmHg, PCWP ≥20 mmHg
were randomized 1:3 to receive either placebo or one of three main-
tenance doses of TRV027, 1, 3, or 10 mg/kg/min. Other HF medica-
tions were held for 6 h. The drug was administered IV for 14 h with
a 4 h dose escalation phase and a 10 h maintenance phase, followed
by a 4 h washout phase. Mean arterial pressure decreased during all
phases for patients with elevated plasma renin activity (PRA), but
not in patients with normal PRA or placebo. Pulmonary capillary
wedge pressure decreased during drug treatment and returned to
baseline during washout in those with elevated PRA. Cardiac index
did not change. These results were consistent with the prior study
in healthy volunteers53 and provided the basis for the Biased-Ligands
of the Angiotensin receptor STudy in Acute Heart Failure
(BLAST-AHF; NCT01966601; Table 3), a phase IIb dose-finding study
currently recruiting patients to determine safety and efficacy of
TRV120027 when administered in addition to standard of care.54

Nitroxyl (HNO) donors: CXL-1020 and
CXL-1427
CXL-1020 is a novel synthetic compound, which non-enzymatically
decomposes to produce nitroxyl (HNO) and an inactive organic

by-product that is renally cleared. HNO is related to NO, but displays
many unique pharmacological actions in blood vessels and myocytes
(Figure 1).55 In contrast to NO, HNO targets selective cysteine resi-
dues resulting in new covalent bonds or reversible disulfide bonds. In
the myocyte, HNO enhances sarcoplasmic reticular calcium transi-
ents via SERCA2a, phospholamban, and the ryanodine receptor
and also improves myofilament calcium sensitivity. HNO improves
myocardial function by direct positive cAMP-independent lusitropic
and inotropic effects.56 The potent vasodilatory effects of HNO are
partially attributable to sGC activation, but also relate to increased
circulating neuropeptide calcitonin-related peptide levels and activa-
tion of vascular smooth muscle potassium channels. Compared to ni-
trates and vasodilators there is less chance for tolerance development
or tachyphylaxis. Beyond these potential vascular effects, the lustropic
and inotropic effects may be the most intriguing.

Progress was initially limited due to the poor pharmacologic
properties of available HNO donors. CXL-1020 was developed
to address these issues.57 While a 6-hour forced titration study
showed that CXL-1020 treated patients had a statistically significant
decline in PCWP and SVR, and at higher dose an increase in CI and
stroke volume index, a subsequent study with an infusion rate of
20 mg/kg/min for 12–24 h was found to produce inflammatory irri-
tation at the intravenous insertion site. As a result, further develop-
ment of CXL-1020 as a human therapeutic has been abandoned.
However, second generation HNO donor compounds are current-
ly in development, including CXL-1427. In a dose-finding, ascending
dose cohort Phase I trial in 70 healthy volunteers, CXL-1427 im-
proved CI with some decreased blood pressure without increases

Figure 2 Schematic of mechanisms of action of some agents with vasodilating properties (2). Adapted from Du et al.24 and Violin et al.88
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in heart rate at the maximally tolerated dose of 10 mg/kg/min.58 A 48
patient dose-ranging Phase IIa study in patients hospitalized with HF
is enrolling (NCT02157506).

Soluble guanylate cyclase modulators:
cinaciguat and vericiguat
The GC family includes both membrane bound (particulate GC)
and cytosolic soluble isoforms that are expressed in most cell types.
The biological messenger NO activates sGC. In AHF, endothelial
dysfunction leads to impairment in the formation and responsive-
ness to NO, thereby affecting both of the GC pathways.59 Tradition-
al therapy with nitrates and vasodilators have focused on replacing
these depleted NO stores; however, treatment leads to a
dose-related tolerance with decreased effectiveness. Novel sGC
modulators are being developed that can stimulate sGC in the ab-
sence of NO. The difference between the mechanisms of action
of the traditional and novel therapies is explained by the oxidation
state of sGC where oxidized sGC is insensitive to induction by
NO.60 Unlike traditional nitrates, sGC modulators can induce
sGC in its NO insensitive state. There are currently two classes
of sGC modulators61; sGC activators, like cinaciguat, induce sGC
in its NO-insensitive oxidized (Fe3+)-heme-free state, whereas
the sGC stimulators, like BAY 1021189 (vericiguat), enhance the af-
finity of sGC to the low levels of NO.

Cinaciguat (BAY 58–2667) is the best studied of the sGC activa-
tors and illustrates the difficulty in developing a vasodilator thera-
peutic. While Phase I and II studies showed dose-dependent
benefit with improved haemodynamic paramaters (PCWP), there
were clinically significant episodes of hypotension at fixed doses
.200 mg/h and increase in plasma renin and noradrenaline le-
vels.62– 64 For this reason, the COMPOSE program (COMPOSE III
and COMPOSE EARLY; NCT01064037), in patients with ADHF
were initiated to investigate the safety and efficacy of cinaciguat at
fixed doses ,200 mg/h; however, these studies were terminated
due to hypotension and recruitment difficulties. To our knowledge,
there are no further plans to develop cinaciguat as a drug to improve
haemodynamics in ADHF. Vericiguat (BAY 1021189) is an oral sGC
stimulator currently undergoing phase II trials [SOCRATES-
REDUCED (NCT01951625) and SOCRATES-PRESERVED
(NCT01951638)] in patients after clinical stabilization from AHF.65

Short-acting calcium channel blocker:
clevidipine
Intravenous clevidipine is a short-acting dihydropyridine L-type cal-
cium channel blocker that mediates the influx of calcium in smooth
muscle leading to arterial dilation.66 Currently, it is approved for the
acute management of severe hypertension. Unlike other members
of the dihydropyridine family, clevidipine has a rapid onset with
high clearance, is arterial selective, and has no effect on myocardial
contractility or central venous pressure.67 As a result, clevidipine is
being evaluated for the treatment of patients with AHF presenting
with elevated blood pressure.

An analysis of a subset of the 126 patient, open-label, uncon-
trolled Evaluation of the Effect of Ultra-Short-Acting Clevidipine
in the Treatment of Patients With Severe Hypertension (VEL-
OCITY) trial was done to assess the safety and efficacy of clevidipine

for the treatment of severe hypertension in the 19 patients who pre-
sented with AHF.68 Among these 19 patients, 94% achieved the ini-
tial target BP range with no hypotension or increase in heart rate,
suggesting that clevidipine may be safe and well tolerated in these
patients.

A subsequent randomized, open-label, active control study of cle-
vidipine vs. standard of care intravenous antihypertensive therapy
(PRONTO) enrolled 104 patients to determine the efficacy and
safety of clevidipine in hypertensive AHF.69 Patients were enrolled
if their SBP ≥160 mmHg with a dyspnoea visual analogue score
(VAS) ≥50 mm (out of 100 mm). Coprimary end-points were me-
dian time to, and percent attaining, a systolic BP within a pre-
specified target BP range (TBPR) at 30 min. Dyspnoea reduction
was the main secondary end-point. Baseline SBP and VAS were
186.5+ 23 mmHg and 64.8+ 19.6 mm, respectively. A greater
percentage of clevidipine-treated patients achieved TBPR (71 vs.
37%, P ¼ 0.002), achieved TBPR faster, and had statistically signifi-
cant improvement in mean VAS dyspnoea scores compared with
standard of care. However, there is the possibility for bias when
evaluating symptom scores in open-label studies, especially since
the study drug is a white lipid emulsion.70 These studies suggest
that clevidipine is safe during treatment; however, the longer-term
safety profile needs to be evaluated given the brief follow-up (12 h)
and prior reports of reflex tachycardia and atrial fibrillation with
clevedipine.71

Potassium channel activator: nicorandil
Nicorandil is a member of the potassium channel (KATP) activator
family characterized by vasodilator properties. In addition to arterial
vasodilation, nicorandil has venodilating properties attributable to a
nitrate group in its chemical structure. Due to this dual mechanism
of action, the drug acts as a balanced venous and arterial (coronary,
pulmonary, and systemic) vasodilator, reducing both preload and
afterload.72 It is currently used for the treatment of angina pectoris
with multiple clinical trials ongoing to assess its role in the treatment
of myocardial ischemia. Studies in mice and rats show that nicorandil
has a cardioprotective effect on mitochondrial function and SER-
CA2 gene expression.73,74 As a result of its favourable hemodynam-
ic effects and other possible beneficial effects, nicorandil is being
evaluated in the treatment of AHF.

A phase II study of nicorandil randomized 99 patients with AHF
with PCWP ≥18 mmHg to three treatment groups with the same
bolus injection followed by increasing continuous infusion doses.69

Nicorandil reduced preload and afterload immediately after initi-
ation of treatment and rapidly improved haemodynamics (PCWP,
TPR, SVI, and CI) in a dose-dependent manner. There was a mean
change in SBP in patients with a baseline SBP . 160 mmHg of
222.7+ 20.3 mmHg (P ¼ 0.003) while there was no significant
change in SBP when the baseline SBP was ,120 mmHg. Of note,
diastolic blood pressure decreased across all blood pressure ranges,
but there was no hypotension or significant change in heart rate dur-
ing administration.

A comparison of nicorandil with carperitide suggested that
they were differentially effective in improving haemodynamics
in AHF. Thirty-eight patients were assigned to receive 48 h continu-
ous infusions of carperitide (n ¼ 19; 0.0125–0.05 mg/kg/min) or
nicorandil (n ¼ 19, 0.05–0.2 mg/kg/h).75 Based on transthoracic
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echocardiogram and blood pressure measurements, the carperitide
group showed a greater decrease in SBP (carperitide, 22.1% from
baseline of 141+ 26 mmHg vs. nicorandil, 5.3% from baseline of
131+ 31 mmHg, P ¼ 0.003) and estimated PCWP (38.2 vs. 26.5%
for nicorandil, P ¼ 0.036) at 48 h after drug administration, while the
nicorandil group showed a greater increase in estimated cardiac out-
put (52.1 vs. 11.4%, P ¼ 0.001). Of note, the urine output in the car-
peritide group was higher over 24 h with lower diuretic doses, but
this did not reach statistical significance.76

New insights on potential
beneficial effects of novel
vasodilators
There is increasing evidence that organ dysfunction associated with
AHF is related in many patients to congestion. Pulmonary conges-
tion is related to increased pulmonary venous pressure upstream
of the left ventricle. Similarly, the cardio-renal syndrome in HF is
predominantly related to venous congestion upstream of the right
ventricle. Indeed, creatinine clearance is related to the level of ven-
ous congestion in chronic HF and worsening renal function in AHF
patients admitted in ICU is also related to venous congestion, pre-
cisely to central venous pressure but not to cardiac output or blood
pressure.77 Recently, liver dysfunction in the setting of AHF has also
been related to poor clinical outcomes.78 Thus, novel agents with
vasodilator properties, especially those acting on venous bed, might
reduce central venous pressure, decrease organ backpressure, and
improve organ perfusion.

Recent evidence suggests that the beneficial effects of some
agents with vasodilator properties exceed their haemodynamic ef-
fects. Serelaxin rapidly prevented organ dysfunction and end organ
damage when administered early after hospital admission for AHF,
and these changes were associated with reductions in early worsen-
ing of HF, as well as possible improvements in 180-day survival.29

Some of those beneficial effects might be related to alteration of in-
flammatory activation and/or oxidative stress that are potential tar-
gets of serelaxin. Many of the new agents with vasodilator
properties also act on the cellular (inflammation, apoptosis, and fi-
brosis) and/or subcellular level (calcium handling, mitochondrial ac-
tivation, and oxidative stress). The promise of these new agents is
that intermediate-term morbidity and mortality can be beneficially
affected by reducing the end organ damage during AHF. Further-
more, acute worsening HF is increasingly being recognized as an en-
tity associated with poor clinical outcomes,29,79 – 83 and both
TRUE-AHF and RELAX-AHF-2 have acute worsening HF as a pri-
mary end-point to assess early benefits of both novel therapies.

In parallel with the development of these novel vasodilators,
there has been an evolution in the design of clinical trials for AHF
therapies. Early studies had very broad entry criteria that were
not optimized for the therapy’s mechanism of action. Many of these
trials did not have objective diagnostic criteria for AHF (e.g. natri-
uretic peptides), potentially allowing the enrolment of patients
with less severe or even without AHF. An anticipated side effect
of vasodilators is hypotension and multiple trials have demonstrated
a relationship between hypotension and subsequent adverse events,
as well as poor clinical outcomes 84 – 86 While some of the novel

vasodilators may actually act selectively in a manner that reduces
the incidence of hypotension, contemporary development pro-
grams have also emphasized careful dose selection and have
protocol-defined down-titration and stopping rules to limit hypo-
tensive episodes. In addition, the two largest ongoing trials in
AHF, namely TRUE-AHF and RELAX-AHF-2, do not include AHF
patients with low blood pressures (,116 or 125 mmHg, respect-
ively) before the administration of studied drug. Thus, advances in
clinical trial design have complemented the development of these
novel vasodilator therapies for AHF. Indeed, those programmes
need to be successful (i) to ascertain the use of agents with vasodila-
tor properties in AHF and (ii) to demonstrate that intravenous
agent(s) administered during the hospital stay may alter mid-term
outcome.

In summary, nitrates have been used in patients with AHF
throughout the world, despite the absence of evidence of beneficial
effects on clinical outcomes. Several large ongoing trials are evaluat-
ing the potential of novel vasodilators to address this significant un-
met need with the hope that as they rapidly relieve congestion, and
more importantly exert some direct beneficial effects at the cellular
level, these new therapies may also improve clinical outcomes, in-
cluding survival.

Authors’ contributions
A.S., S.L., J.R.T., A.M. acquired the data. A.S., S.L., J.R.T., A.M. con-
ceived and designed the research. A.S., S.L., J.R.T., A.M. drafted the
manuscript. A.S., S.L., J.R.T., A.M. made critical revision of the manu-
script for key intellectual content.

Conflict of interest: S.L. received fees as a member of advisory
board from Servier. J.T. has received research grants and consulting
fees from Actelion, Amgen, Bayer, Cytokinetics, Novartis, Sevier
and Trevena. A.M. received speaker’s honoraria from Abbott, No-
vartis, Orion, Roche et Servier. A.M. received fee as member of ad-
visory board and/or Steering Committee from Cardiorentis,
Adrenomed, MyCartis, ZS Pharma and Critical Diagnostics.

References
1. Ambrosy AP, Gheorghiade M, Chioncel O, Mentz RJ, Butler J. Global perspectives

in hospitalized heart failure: regional and ethnic variation in patient characteristics,
management, and outcomes. Curr Heart Fail Rep 2014;11:416–427.

2. Califf RM, Adams KF, McKenna WJ, Gheorghiade M, Uretsky BF, McNulty SE,
Darius H, Schulman K, Zannad F, Handberg-Thurmond E, Harrell FE Jr,
Wheeler W, Soler-Soler J, Swedberg K. A randomized controlled trial of epopros-
tenol therapy for severe congestive heart failure: the Flolan International Rando-
mized Survival Trial (FIRST). Am Heart J 1997;134:44–54.

3. Adams KF Jr, Fonarow GC, Emerman CL, LeJemtel TH, Costanzo MR,
Abraham WT, Berkowitz RL, Galvao M, Horton DP. Characteristics and outcomes
of patients hospitalized for heart failure in the United States: rationale, design, and
preliminary observations from the first 100,000 cases in the Acute Decompen-
sated Heart Failure National Registry (ADHERE). Am Heart J 2005;149:209–216.

4. Follath F, Yilmaz MB, Delgado JF, Parissis JT, Porcher R, Gayat E, Burrows N,
McLean A, Vilas-Boas F, Mebazaa A. Clinical presentation, management and out-
comes in the Acute Heart Failure Global Survey of Standard Treatment
(ALARM-HF). Intensive Care Med 2011;37:619–626.

5. Nieminen MS, Brutsaert D, Dickstein K, Drexler H, Follath F, Harjola VP,
Hochadel M, Komajda M, Lassus J, Lopez-Sendon JL, Ponikowski P, Tavazzi L. Euro-
Heart Failure Survey II (EHFS II): a survey on hospitalized acute heart failure pa-
tients: description of population. Eur Heart J 2006;27:2725–2736.

6. Spinar J, Parenica J, Vitovec J, Widimsky P, Linhart A, Fedorco M, Malek F, Cihalik C,
Spinarova L, Miklik R, Felsoci M, Bambuch M, Dusek L, Jarkovsky J. Baseline

Agents with vasodilator properties in acute heart failure 325
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/38/5/317/2990006 by guest on 10 April 2024



characteristics and hospital mortality in the Acute Heart Failure Database
(AHEAD) Main registry. Crit Care 2011;15:R291.

7. Minami Y, Kajimoto K, Sato N, Yumino D, Mizuno M, Aokage T, Murai K,
Munakata R, Asai K, Sakata Y, Keida T, Hagiwara N, Mizuno K, Kasanuki H,
Takano T. Admission time, variability in clinical characteristics, and in-hospital out-
comes in acute heart failure syndromes: findings from the ATTEND registry. Int J
Cardiol 2011;153:102–105.

8. Oliva F, Mortara A, Cacciatore G, Chinaglia A, Di Lenarda A, Gorini M, Metra M,
Senni M, Maggioni AP, Tavazzi L, IN-HF Outcome Investigators. Acute heart failure
patient profiles, management and in-hospital outcome: results of the Italian Registry
on Heart Failure Outcome. Eur J Heart Fail 2012;14:1208–1217.

9. Zannad F, Mebazaa A, Juilliere Y, Cohen-Solal A, Guize L, Alla F, Rouge P, Blin P,
Barlet MH, Paolozzi L, Vincent C, Desnos M, Samii K. Clinical profile, contempor-
ary management and one-year mortality in patients with severe acute heart failure
syndromes: the EFICA study. Eur J Heart Fail 2006;8:697–705.

10. Chioncel O, Vinereanu D, Datcu M, Ionescu DD, Capalneanu R, Brukner I,
Dorobantu M, Ambrosy A, Macarie C, Gheorghiade M. The Romanian Acute Heart
Failure Syndromes (RO-AHFS) registry. Am Heart J 2011;162:142–153 e1.

11. Damasceno A, Mayosi BM, Sani M, Ogah OS, Mondo C, Ojji D, Dzudie A, Kouam CK,
Suliman A, Schrueder N, Yonga G, Ba SA, Maru F, Alemayehu B, Edwards C,
Davison BA, Cotter G, Sliwa K. The causes, treatment, and outcome of acute heart
failure in 1006 Africans from 9 countries. Arch Intern Med 2012;172:1386–1394.

12. Sliwa K, Davison BA, Mayosi BM, Damasceno A, Sani M, Ogah OS, Mondo C, Ojji D,
Dzudie A, Kouam Kouam C, Suliman A, Schrueder N, Yonga G, Ba SA, Maru F,
Alemayehu B, Edwards C, Cotter G. Readmission and death after an acute heart
failure event: predictors and outcomes in sub-Saharan Africa: results from the
THESUS-HF registry. Eur Heart J 2013;34:3151–3159.

13. Cotter G, Metzkor E, Kaluski E, Faigenberg Z, Miller R, Simovitz A, Shaham O,
Marghitay D, Koren M, Blatt A, Moshkovitz Y, Zaidenstein R, Golik A. Randomised
trial of high-dose isosorbide dinitrate plus low-dose furosemide versus high-dose
furosemide plus low-dose isosorbide dinitrate in severe pulmonary oedema. Lancet
1998;351:389–393.

14. Breidthardt T, Noveanu M, Potocki M, Reichlin T, Egli P, Hartwiger S, Socrates T,
Gayat E, Christ M, Mebazaa A, Mueller C. Impact of a high-dose nitrate strategy on
cardiac stress in acute heart failure: a pilot study. J Intern Med 2010;267:322–330.

15. Wakai A, McCabe A, Kidney R, Brooks SC, Seupaul RA, Diercks DB, Salter N,
Fermann GJ, Pospisil C. Nitrates for acute heart failure syndromes. Cochrane Data-
base Syst Rev 2013;8:CD005151.

16. Elkayam U, Tasissa G, Binanay C, Stevenson LW, Gheorghiade M, Warnica JW,
Young JB, Rayburn BK, Rogers JG, DeMarco T, Leier CV. Use and impact of ino-
tropes and vasodilator therapy in hospitalized patients with severe heart failure.
Am Heart J 2007;153:98–104.

17. Alexander P, Alkhawam L, Curry J, Levy P, Pang PS, Storrow AB, Collins SP. Lack of
evidence for intravenous vasodilators in ED patients with acute heart failure: a sys-
tematic review. Am J Emerg Med 2015;33:133–141.

18. VMAC Investigators. Intravenous nesiritide vs nitroglycerin for treatment of de-
compensated congestive heart failure: a randomized controlled trial. JAMA 2002;
287:1531–1540.

19. O’Connor CM, Starling RC, Hernandez AF, Armstrong PW, Dickstein K,
Hasselblad V, Heizer GM, Komajda M, Massie BM, McMurray JJ, Nieminen MS,
Reist CJ, Rouleau JL, Swedberg K, Adams KF Jr, Anker SD, Atar D, Battler A,
Botero R, Bohidar NR, Butler J, Clausell N, Corbalan R, Costanzo MR,
Dahlstrom U, Deckelbaum LI, Diaz R, Dunlap ME, Ezekowitz JA, Feldman D,
Felker GM, Fonarow GC, Gennevois D, Gottlieb SS, Hill JA, Hollander JE,
Howlett JG, Hudson MP, Kociol RD, Krum H, Laucevicius A, Levy WC,
Mendez GF, Metra M, Mittal S, Oh BH, Pereira NL, Ponikowski P, Tang WH,
Tanomsup S, Teerlink JR, Triposkiadis F, Troughton RW, Voors AA, Whellan DJ,
Zannad F, Califf RM. Effect of nesiritide in patients with acute decompensated heart
failure. N Engl J Med 2011;365:32–43.

20. McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein K, Falk V,
Filippatos G, Fonseca C, Gomez-Sanchez MA, Jaarsma T, Kober L, Lip GY,
Maggioni AP, Parkhomenko A, Pieske BM, Popescu BA, Ronnevik PK, Rutten FH,
Schwitter J, Seferovic P, Stepinska J, Trindade PT, Voors AA, Zannad F, Zeiher A.
ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure
2012: The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart
Failure 2012 of the European Society of Cardiology. Developed in collaboration
with the Heart Failure Association (HFA) of the ESC. Eur Heart J 2012;33:
1787–1847.

21. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner MH, Fonarow GC,
Geraci SA, Horwich T, Januzzi JL, Johnson MR, Kasper EK, Levy WC, Masoudi FA,
McBride PE, McMurray JJ, Mitchell JE, Peterson PN, Riegel B, Sam F, Stevenson LW,
Tang WH, Tsai EJ, Wilkoff BL, American College of Cardiology Foundation; Ameri-
can Heart Association Task Force on Practice Guidelines. 2013 ACCF/AHA guide-
line for the management of heart failure: a report of the American College of

Cardiology Foundation/American Heart Association Task Force on Practice
Guidelines. J Am Coll Cardiol 2013;62:e147–e239.

22. National Clinical Guideline Centre. Acute heart failure: diagnosing and managing acute
heart failure in adults. NICE clinical guideline 187 methods, evidence and recommenda-
tions. London: National Institute for Health and Care Excellence 2014;1–329.

23. Bathgate RA, Halls ML, van der Westhuizen ET, Callander GE, Kocan M,
Summers RJ. Relaxin family peptides and their receptors. Physiol Rev 2013;93:
405–480.

24. Du XJ, Bathgate RA, Samuel CS, Dart AM, Summers RJ. Cardiovascular effects of
relaxin: from basic science to clinical therapy. Nat Rev Cardiol 2010;7:48–58.

25. Teichman SL, Unemori E, Teerlink JR, Cotter G, Metra M. Relaxin: review of biology
and potential role in treating heart failure. Curr Heart Fail Rep 2010;7:75–82.

26. Dschietzig T, Teichman S, Unemori E, Wood S, Boehmer J, Richter C, Baumann G,
Stangl K. First clinical experience with intravenous recombinant human relaxin in
compensated heart failure. Ann N Y Acad Sci 2009;1160:387–392.

27. Teerlink JR, Metra M, Felker GM, Ponikowski P, Voors AA, Weatherley BD,
Marmor A, Katz A, Grzybowski J, Unemori E, Teichman SL, Cotter G. Relaxin
for the treatment of patients with acute heart failure (Pre-RELAX-AHF): a multi-
centre, randomised, placebo-controlled, parallel-group, dose-finding phase IIb
study. Lancet 2009;373:1429–1439.

28. Teerlink JR, Cotter G, Davison BA, Felker GM, Filippatos G, Greenberg BH,
Ponikowski P, Unemori E, Voors AA, Adams KF Jr, Dorobantu MI, Grinfeld LR,
Jondeau G, Marmor A, Masip J, Pang PS, Werdan K, Teichman SL, Trapani A,
Bush CA, Saini R, Schumacher C, Severin TM, Metra M. Serelaxin, recombinant hu-
man relaxin-2, for treatment of acute heart failure (RELAX-AHF): a randomised,
placebo-controlled trial. Lancet 2013;381:29–39.

29. Metra M, Cotter G, Davison BA, Felker GM, Filippatos G, Greenberg BH,
Ponikowski P, Unemori E, Voors AA, Adams KF Jr, Dorobantu MI, Grinfeld L,
Jondeau G, Marmor A, Masip J, Pang PS, Werdan K, Prescott MF, Edwards C,
Teichman SL, Trapani A, Bush CA, Saini R, Schumacher C, Severin T, Teerlink JR.
Effect of serelaxin on cardiac, renal, and hepatic biomarkers in the Relaxin in Acute
Heart Failure (RELAX-AHF) development program: correlation with outcomes.
J Am Coll Cardiol 2013;61:196–206.

30. Metra M, Ponikowski P, Cotter G, Davison BA, Felker GM, Filippatos G,
Greenberg BH, Hua TA, Severin T, Unemori E, Voors AA, Teerlink JR. Effects of
serelaxin in subgroups of patients with acute heart failure: results from RELAX-
AHF. Eur Heart J 2013;34:3128–3136.

31. Filippatos G, Teerlink JR, Farmakis D, Cotter G, Davison BA, Felker GM,
Greenberg BH, Hua T, Ponikowski P, Severin T, Unemori E, Voors AA, Metra M.
Serelaxin in acute heart failure patients with preserved left ventricular ejection frac-
tion: results from the RELAX-AHF trial. Eur Heart J 2014;35:1041–1050.

32. Ponikowski P, Mitrovic V, Ruda M, Fernandez A, Voors AA, Vishnevsky A, Cotter G,
Milo O, Laessing U, Zhang Y, Dahlke M, Zymlinski R, Metra M. A randomized,
double-blind, placebo-controlled, multicentre study to assess haemodynamic ef-
fects of serelaxin in patients with acute heart failure. Eur Heart J 2014;35:431–441.

33. Voors AA, Dahlke M, Meyer S, Stepinska J, Gottlieb SS, Jones A, Zhang Y,
Laurent D, Slart RH, Navis GJ. Renal hemodynamic effects of serelaxin in patients
with chronic heart failure: a randomized, placebo-controlled study. Circ Heart Fail
2014;7:994–1002.

34. Gassanov N, Biesenbach E, Caglayan E, Nia A, Fuhr U, Er F. Natriuretic peptides in
therapy for decompensated heart failure. Eur J Clin Pharmacol 2012;68:223–230.

35. Potter LR, Abbey-Hosch S, Dickey DM. Natriuretic peptides, their receptors, and
cyclic guanosine monophosphate-dependent signaling functions. Endocr Rev 2006;
27:47–72.

36. Anker SD, Ponikowski P, Mitrovic V, Peacock WF, Filippatos G. Ularitide for the
treatment of acute decompensated heart failure: from preclinical to clinical studies.
Eur Heart J 2015;36:715–723.

37. Forssmann W, Meyer M, Forssmann K. The renal urodilatin system: clinical implica-
tions. Cardiovasc Res 2001;51:450–462.

38. Mitrovic V, Luss H, Nitsche K, Forssmann K, Maronde E, Fricke K, Forssmann WG,
Meyer M. Effects of the renal natriuretic peptide urodilatin (ularitide) in patients
with decompensated chronic heart failure: a double-blind, placebo-controlled,
ascending-dose trial. Am Heart J 2005;150:1239.

39. Mitrovic V, Seferovic PM, Simeunovic D, Ristic AD, Miric M, Moiseyev VS,
Kobalava Z, Nitsche K, Forssmann WG, Luss H, Meyer M. Haemodynamic and clin-
ical effects of ularitide in decompensated heart failure. Eur Heart J 2006;27:
2823–2832.

40. Dickey DM, Potter LR. Dendroaspis natriuretic peptide and the designer natriuret-
ic peptide, CD-NP, are resistant to proteolytic inactivation. J Mol Cell Cardiol 2011;
51:67–71.

41. Martin FL, Sangaralingham SJ, Huntley BK, McKie PM, Ichiki T, Chen HH, Korinek J,
Harders GE, Burnett JC Jr. CD-NP: a novel engineered dual guanylyl cyclase acti-
vator with anti-fibrotic actions in the heart. PLoS ONE 2012;7:e52422.

A. Singh et al.325a
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/38/5/317/2990006 by guest on 10 April 2024



42. Lisy O, Huntley BK, McCormick DJ, Kurlansky PA, Burnett JC Jr. Design, synthesis,
and actions of a novel chimeric natriuretic peptide: CD-NP. J Am Coll Cardiol 2008;
52:60–68.

43. Lieu HD, Young J, Elkayam U, Katz A, Darius H, Goldstein S, Massie B,
Costello-Boerrigter L, Burnett JC Jr. A Phase II, Dose-Ranging study with
CD-NP, a chimeric natriuretic peptide, in acute decompensated heart failure pa-
tients with renal compromise. J Am Coll Cardiol 2011;57:E2029.

44. Niles Therapeutics. Nile Therapeutics Announces Positive Interim Data from
Phase 2a Study of CD-NP in Patients with Heart Failure. reported October 14,
2008; http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/
dex991.htm (6 January 2016).

45. Rajagopal S, Rajagopal K, Lefkowitz RJ. Teaching old receptors new tricks: biasing
seven-transmembrane receptors. Nat Rev Drug Discov 2010;9:373–386.

46. Lohse MJ, Benovic JL, Codina J, Caron MG, Lefkowitz RJ. Beta-arrestin: a protein
that regulates beta-adrenergic receptor function. Science 1990;248:1547–1550.

47. Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field ME, Pierce KL, Lefkowitz RJ.
Activation and targeting of extracellular signal-regulated kinases by beta-arrestin
scaffolds. Proc Natl Acad Sci USA 2001;98:2449–2454.

48. Zhai P, Yamamoto M, Galeotti J, Liu J, Masurekar M, Thaisz J, Irie K, Holle E, Yu X,
Kupershmidt S, Roden DM, Wagner T, Yatani A, Vatner DE, Vatner SF, Sadoshima J.
Cardiac-specific overexpression of AT1 receptor mutant lacking G alpha q/G alpha
I coupling causes hypertrophy and bradycardia in transgenic mice. J Clin Invest 2005;
115:3045–3056.

49. Violin JD, DeWire SM, Yamashita D, Rominger DH, Nguyen L, Schiller K,
Whalen EJ, Gowen M, Lark MW. Selectively engaging beta-arrestins at the angio-
tensin II type 1 receptor reduces blood pressure and increases cardiac perform-
ance. J Pharmacol Exp Ther 2010;335:572–579.

50. Boerrigter G, Lark MW, Whalen EJ, Soergel DG, Violin JD, Burnett JC Jr. Cardior-
enal actions of TRV120027, a novel ss-arrestin-biased ligand at the angiotensin II
type I receptor, in healthy and heart failure canines: a novel therapeutic strategy
for acute heart failure. Circ Heart Fail 2011;4:770–778.

51. Boerrigter G, Soergel DG, Violin JD, Lark MW, Burnett JC Jr. TRV120027, a novel
beta-arrestin biased ligand at the angiotensin II type I receptor, unloads the heart
and maintains renal function when added to furosemide in experimental heart fail-
ure. Circ Heart Failure 2012;5:627–634.

52. Soergel DG, Subach RA, James IE, Cowan CL, Gowen M, Lark MW. TRV027, a
b-arrestin biased ligand at the angiotensin 2 type 1 receptor, produces rapid, re-
versible changes in hemodynamics in patients with stable systolic heart failure.
J Am Coll Cardiol 2013;61(10 Suppl. A):1221–1284.

53. Soergel DG, Subach RA, Cowan CL, Violin JD, Lark MW. First clinical experience
with TRV027: pharmacokinetics and pharmacodynamics in healthy volunteers.
J Clin Pharmacol 2013;53:892–899.

54. Felker GM, Butler J, Collins SP, Cotter G, Davison BA, Ezekowitz JA, Filippatos G,
Levy PD, Metra M, Ponikowski P, Soergel DG, Teerlink JR, Violin JD, Voors AA,
Pang PS. Heart failure therapeutics on the basis of a biased ligand of the
angiotensin-2 type 1 receptor: rationale and design of the BLAST-AHF study
(Biased Ligand of the Angiotensin Receptor Study in Acute Heart Failure). JACC
Heart Fail 2015;3:193–201.

55. Irvine JC, Ritchie RH, Favaloro JL, Andrews KL, Widdop RE, Kemp-Harper BK. Ni-
troxyl (HNO): the Cinderella of the nitric oxide story. Trends Pharmacol Sci 2008;
29:601–608.

56. Tocchetti CG, Stanley BA, Murray CI, Sivakumaran V, Donzelli S, Mancardi D,
Pagliaro P, Gao WD, van Eyk J, Kass DA, Wink DA, Paolocci N. Playing with cardiac
“redox switches”: the “HNO way” to modulate cardiac function. Antioxid Redox Sig-
nal 2011;14:1687–1698.

57. Sabbah HN, Tocchetti CG, Wang M, Daya S, Gupta RC, Tunin RS, Mazhari R,
Takimoto E, Paolocci N, Cowart D, Colucci WS, Kass DA. Nitroxyl (HNO): a no-
vel approach for the acute treatment of heart failure. Circ Heart Fail 2013;6:
1250–1258.

58. Cowart D, Venuti R, Guptill J, Noveck R, Foo S. A phase 1 study of the safety and
pharmacokinetics of the intravenous nitroxyl prodrug, CXL-1427. J Am Coll Cardiol
2015;65(10_S):doi 10.1016/S0735-1097(15)60876-2.

59. Mitrovic V, Hernandez AF, Meyer M, Gheorghiade M. Role of guanylate cyclase
modulators in decompensated heart failure. Heart Fail Rev 2009;14:309–319.

60. Mitrovic V, Jovanovic A, Lehinant S. Soluble guanylate cyclase modulators in heart
failure. Curr Heart Fail Rep 2011;8:38–44.

61. Evgenov OV, Pacher P, Schmidt PM, Hasko G, Schmidt HH, Stasch JP.
NO-independent stimulators and activators of soluble guanylate cyclase: discovery
and therapeutic potential. Nat Rev Drug Discov 2006;5:755–768.

62. Frey R, Muck W, Unger S, Artmeier-Brandt U, Weimann G, Wensing G. Pharma-
cokinetics, pharmacodynamics, tolerability, and safety of the soluble guanylate cy-
clase activator cinaciguat (BAY 58-2667) in healthy male volunteers. J Clin Pharmacol
2008;48:1400–1410.

63. Lapp H, Mitrovic V, Franz N, Heuer H, Buerke M, Wolfertz J, Mueck W, Unger S,
Wensing G, Frey R. Cinaciguat (BAY 58-2667) improves cardiopulmonary

hemodynamics in patients with acute decompensated heart failure. Circulation
2009;119:2781–2788.

64. Erdmann E, Semigran MJ, Nieminen MS, Gheorghiade M, Agrawal R, Mitrovic V,
Mebazaa A. Cinaciguat, a soluble guanylate cyclase activator, unloads the heart
but also causes hypotension in acute decompensated heart failure. Eur Heart J
2013;34:57–67.

65. Pieske B, Butler J, Filippatos G, Lam C, Maggioni AP, Ponikowski P, Shah S,
Solomon S, Kraigher-Krainer E, Samano ET, Scalise AV, Muller K, Roessig L,
Gheorghiade M, SOCRATES Investigators and Coordinators. Rationale and design
of the SOluble guanylate Cyclase stimulatoR in heArT failurE Studies (SOCRA-
TES). Eur J Heart Fail 2014;16:1026–1038.

66. Gradman AH, Vivas Y. New therapeutic perspectives with clevidipine: an
ultra-short-acting intravenous Ca2+channel blocker. Expert Opin Investig Drugs
2007;16:1449–1457.

67. Kieler-Jensen N, Jolin-Mellgard A, Nordlander M, Ricksten SE. Coronary and sys-
temic hemodynamic effects of clevidipine, an ultra-short-acting calcium antagonist,
for treatment of hypertension after coronary artery surgery. Acta Anaesthesiol Scand
2000;44:186–193.

68. Peacock Ft, Varon J, Ebrahimi R, Dunbar L, Pollack CV Jr. Clevidipine for severe
hypertension in acute heart failure: a VELOCITY trial analysis. Congest Heart Fail
2010;16:55–59.

69. Tanaka K, Kato K, Takano T, Katagiri T, Asanoi H, Nejima J, Nakashima M, Kamijo T,
Sakanashi M. Acute effects of intravenous nicorandil on hemodynamics in patients
hospitalized with acute decompensated heart failure. J Cardiol 2010;56:291–299.

70. Teerlink JR. Dyspnea as an end point in clinical trials of therapies for acute decom-
pensated heart failure. Am Heart J 2003;145(2 Suppl.):S26–S33.

71. Erickson AL, DeGrado JR, Fanikos JR. Clevidipine: a short-acting intravenous dihy-
dropyridine calcium channel blocker for the management of hypertension. Pharma-
cotherapy 2010;30:515–528.

72. Markham A, Plosker GL, Goa KL. Nicorandil. An updated review of its use in is-
chaemic heart disease with emphasis on its cardioprotective effects. Drugs 2000;
60:955–974.

73. Niwano S, Hirasawa S, Niwano H, Sasaki S, Masuda R, Sato K, Masuda T, Izumi T.
Cardioprotective effects of sarcolemmal and mitochondrial K-ATP channel open-
ers in an experimental model of autoimmune myocarditis. Role of the reduction in
calcium overload during acute heart failure. Int Heart J 2012;53:139–145.

74. Hirose M, Takeishi Y, Nakada T, Shimojo H, Kashihara T, Nishio A, Suzuki S,
Mende U, Matsumoto K, Matsushita N, Taira E, Sato F, Yamada M. Nicorandil pre-
vents Galphaq-induced progressive heart failure and ventricular arrhythmias in
transgenic mice. PLoS ONE 2012;7:e52667.

75. Hattori H, Minami Y, Mizuno M, Yumino D, Hoshi H, Arashi H, Nuki T, Sashida Y,
Higashitani M, Serizawa N, Yamada N, Yamaguchi J, Mori F, Shiga T, Hagiwara N.
Differences in hemodynamic responses between intravenous carperitide and ni-
corandil in patients with acute heart failure syndromes. Heart Vessels 2013;28:
345–351.

76. Ishihara S, Koga T, Kaseda S, Nyuta E, Haga Y, Fujishima S, Ishitsuka T, Sadoshima S.
Effects of intravenous nicorandil on the mid-term prognosis of patients with acute
heart failure syndrome. Circ J 2012;76:1169–1176.

77. Mullens W, Abrahams Z, Francis GS, Sokos G, Taylor DO, Starling RC, Young JB,
Tang WH. Importance of venous congestion for worsening of renal function in ad-
vanced decompensated heart failure. J Am Coll Cardiol 2009;53:589–596.

78. van Deursen VM, Edwards C, Cotter G, Davison BA, Damman K, Teerlink JR,
Metra M, Felker GM, Ponikowski P, Unemori E, Severin T, Voors AA. Liver function,
in-hospital, and post-discharge clinical outcome in patients with acute heart
failure-results from the relaxin for the treatment of patients with acute heart failure
study. J Card Fail 2014;20:407–413.

79. Metra M, Teerlink JR, Felker GM, Greenberg BH, Filippatos G, Ponikowski P,
Teichman SL, Unemori E, Voors AA, Weatherley BD, Cotter G. Dyspnoea and
worsening heart failure in patients with acute heart failure: results from the
Pre-RELAX-AHF study. Eur J Heart Fail 2010;12:1130–1139.

80. Butler J, Gheorghiade M, Kelkar A, Fonarow GC, Anker S, Greene SJ, Papadimitriou
L, Collins S, Ruschitzka F, Yancy CW, Teerlink JR, Adams K, Cotter G, Ponikowski P,
Felker GM, Metra M, Filippatos G. In-hospital worsening heart failure. Eur J Heart
Fail 2015; doi: 10.1002/ejhf.333.

81. Cotter G, Metra M, Weatherley BD, Dittrich HC, Massie BM, Ponikowski P,
Bloomfield DM, O’Connor CM. Physician-determined worsening heart failure: a
novel definition for early worsening heart failure in patients hospitalized for acute
heart failure – association with signs and symptoms, hospitalization duration, and
60-day outcomes. Cardiology 2010;115:29–36.

82. DeVore AD, Hammill BG, Sharma PP, Qualls LG, Mentz RJ, Waltman Johnson K,
Fonarow GC, Curtis LH, Hernandez AF. In-hospital worsening heart failure and as-
sociations with mortality, readmission, and healthcare utilization. J Am Heart Assoc
2014;3:e001088.

83. Kelly JP, Mentz RJ, Hasselblad V, Ezekowitz JA, Armstrong PW, Zannad F,
Felker GM, Califf RM, O’Connor CM, Hernandez AF. Worsening heart failure

Agents with vasodilator properties in acute heart failure 325b
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/38/5/317/2990006 by guest on 10 April 2024

http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/dex991.htm
http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/dex991.htm
http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/dex991.htm
http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/dex991.htm
http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/dex991.htm
http://www.sec.gov/Archives/edgar/data/1133869/000119312508210984/dex991.htm


during hospitalization for acute heart failure: insights from the Acute Study of Clin-
ical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF).
Am Heart J 2015;170:298–305.

84. Packer M, Colucci WS, Fisher L, Massie BM, Teerlink JR, Young JB, Padley RJ,
Thakkar R, Delgado-Herrera L, Salon J, Garratt C, Huang B, Sarapohja T, for the
REVIVE Heart Failure Study Group. Effect of levosimendan on the short-term clin-
ical course of patients with acutely decompensated heart failure. JACC Heart Fail
2013;1:103–111.

85. Voors AA, Davison BA, Felker GM, Ponikowski P, Unemori E, Cotter G,
Teerlink JR, Greenberg BH, Filippatos G, Teichman SL, Metra M, Pre-Relax-AHF
Study Group. Early drop in systolic blood pressure and worsening renal function

in acute heart failure: renal results of Pre-RELAX-AHF. Eur J Heart Fail 2011;13:
961–967.

86. Mebazaa A, Longrois D, Metra M, Mueller C, Richards AM, Roessig L, Seronde MF,
Sato N, Stockbridge NL, Gattis Stough W, Alonso A, Cody RJ, Cook Bruns N,
Gheorghiade M, Holzmeister J, Laribi S, Zannad F. Agents with vasodilator proper-
ties in acute heart failure: how to design successful trials. Eur J Heart Fail 2015;17:
652–664.

87. Tamargo J, Lopez-Sendon J. Novel therapeutic targets for the treatment of heart
failure. Nat Rev Drug Discov 2011;10:536–555.

88. Violin JD, Soergel DG, Boerrigter G, Burnett JC Jr, Lark MW. GPCR biased ligands
as novel heart failure therapeutics. Trends Cardiovasc Med 2013;23:242–249.

A. Singh et al.325c
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/38/5/317/2990006 by guest on 10 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


