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Abstract Acute heart failure is associated with substantial
morbidity and mortality. Goals of treatment are decongestion,
correction of hemodynamic abnormalities, symptom relief,
and reducing long-term morbidity and mortality. Loop diu-
retics are a first-line agent for treatment of volume overload,
with ultrafiltration reserved for those who do not respond to
pharmacologic therapy. In patients with normal or elevated
blood pressure, vasodilators are used to correct hemodynam-
ics and reverse central volume redistribution, although no
currently available agent has been shown to improve out-
comes. Intravenous inotropes and inodilators are associated
with frequent adverse effects and are reserved for patients with
hypotension and evidence of inadequate perfusion. Novel
drugs designed to maximize hemodynamic benefits while
minimizing adverse effects are under investigation, with sev-
eral agents showing promise in clinical studies.

Keywords Acute heart failure - Drug therapy - Clinical trials -
Vasodilators - Inotropes - Ultrafiltration - Diuretics -
Nitroglycerin - Sodium nitroprusside - Nesiritide -
Dobutamine - Milrinone - Levosimendan - Omecamtiv
mecarbil - Serelaxin - Istaroxime - Ularitide - Cenderitide -
Aliskiren - Rolofylline - Tezosentan - Cinaciguat

This article is part of the Topical Collection on Congestive Heart
Failure

V. N. Selby

Division of Cardiology, University of California,
San Francisco, Box 0124, 505 Parnassus Ave,
San Francisco, CA 94143-0124, USA

e-mail: van.selby@ucsf.edu

J. R. Teerlink (D<)

Section of Cardiology, San Francisco Veterans Affairs Medical
Center, 4150 Clement Street, Cardiology 111C, San Francisco,
CA 94121-1545, USA

e-mail: john.teerlink@ucsf.edu

Introduction

Acute heart failure (AHF) is a major public health challenge
that is associated with over 1.1 million hospitalizations an-
nually in the United States [1]. Hospitalization for AHF
accounts for the majority of heart failure-related spending,
and the number of patients presenting with heart failure is
expected to increase as the population ages. While signifi-
cant progress has been made in the management of chronic
heart failure, no currently available therapy has been shown
to improve long-term outcomes in patients with AHF. Not
surprisingly, the prognosis for patients hospitalized for AHF
is poor; in-hospital mortality is approximately 4 % [2], and
25-35 % of patients die within one year of hospitalization [3,
4]. Development of evidence-based therapies to improve
outcomes is needed. In this article, we review the currently
available therapies for AHF, focusing on recent advances.

Goals of Therapy

Short-term goals are to relieve symptoms, treat volume over-
load, and correct hemodynamic abnormalities. More than
80 % of AHF patients present with a primary complaint of
dyspnea [5], and this has been a primary target in AHF
clinical trials. Fluid overload and congestion account for
approximately 90 % of heart failure related hospitalizations
[2], but therapies should be directed to correcting the hemo-
dynamic abnormalities specific to each patient. These hemo-
dynamic goals may include reversing central volume redis-
tribution, reducing cardiac filling pressures, decreasing after-
load, and increasing cardiac output.

Long-term goals of AHF management focus on reducing
mortality and re-hospitalization. Developing therapies that
improve these outcomes has proven exceedingly difficult.
Multiple agents have looked promising in phase II trials, but
ultimately demonstrate little efficacy or unacceptable adverse
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effects when evaluated in larger phase III trials. The reasons
for this are subject to debate [6], and efforts to improve the
identification and evaluation of novel therapies are ongoing.

Management of Volume Overload
Diuretics

Loop diuretics are a cornerstone of therapy for volume
overload in patients with AHF. To maximize bioavailability
and rapidity of onset, loop diuretics are generally given
intravenously. Several factors may increase the diuretic dos-
age needed to attain adequate diuresis in patients with AHF,
including renal insufficiency and shifting of the dose-re-
sponse curve [7]. Loop diuretics are most commonly admin-
istered as an intravenous bolus; however, there are theoreti-
cal benefits of a continuous diuretic infusion including less
rebound sodium retention and improved diuresis.

Using a randomized, double-blind, 2 x 2 factorial design,
the DOSE trial [8¢¢] randomized 308 patients to treatment
with IV furosemide using either twice-daily bolus dosing or
a continuous infusion and to either a low (equivalent to the
numerical value of the oral outpatient dose) or high dose (2.5
times the oral dose) strategy. There was no significant dif-
ference in either of the co-primary endpoints of global as-
sessment of symptoms or change in creatinine at 72 hours
with administration by bolus vs. infusion or with the low- vs.
high-dose strategy. The high-dose strategy was associated
with greater relief of dyspnea and net fluid loss at 72 hours,
although more patients in the high-dose group had an in-
crease in creatinine >0.3 mg/dL. The significance of this
finding is unclear as the trial was not appropriately powered
for long-term clinical outcomes, although there were no
apparent differences in hospital length of stay or days alive
out of the hospital. Overall, there were no differences in
results between the continuous infusion and intermittent
bolus strategies in the clinical trial setting of DOSE, suggest-
ing that whichever approach is most likely to reliably pro-
duce the desired diuresis in the particular local clinical set-
ting should be used. Interestingly, a secondary analysis of
DOSE has suggested that patients with higher outpatient oral
diuretic doses (>120 mg furosemide equivalent daily) may
have better responses to an intermittent bolus intravenous
diuretic regimen [9].

Ultrafiltration

The development of venovenous ultrafiltration has generated
significant interest in its use as an alternative to loop diu-
retics. The UNLOAD trial randomized 200 patients with
AHF and hypervolemia to ultrafiltration or IV diuretics
within 24 hours of hospitalization [10]. Patients in the
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ultrafiltration arm were treated exclusively with ultrafiltra-
tion for the first 48 hours. Patients in the diuretic arm were
required to receive a dose of diuretic equal to at least twice
their usual daily dose of oral diuretic for the first 48 hours.
The ultrafiltration group showed significant improvement in
one of the primary outcomes, weight loss at 48 hours
(5.0+3.1 kg in the UF group vs. 3.1£3.5 g in the IV diuretic
group, p=0.001). The trial did not meet the second primary
outcome of dyspnea score at 48 hours. Patients randomized
to ultrafiltration experienced less hypokalemia, greater net
fluid loss at 48 hours, fewer HF-related hospitalizations at
90 days, and fewer unscheduled office and emergency de-
partment visits within 90 days. There was no significant
difference in the length of hospitalization or frequency of
hypotension [10].

The CARRESS-HF trial randomized 188 patients with
AHF, ongoing congestion and worsened renal function to ul-
trafiltration or stepped pharmacologic therapy within 10 days of
hospitalization [11¢¢]. The primary endpoint was the bivariate
change from baseline in the serum creatinine and body weight,
assessed 96 hours after randomization. Ultrafiltration was infe-
rior to pharmacologic therapy, due to an increase in the serum
creatinine level among the group randomized to ultrafiltration
(mean change of +0.23+0.7 mg/dL in the ultrafiltration group
vs. -0.04£0.53 mg/dL in the pharmacologic therapy group,
p=0.003). There was no significant difference in weight loss
(5.5+5.1 kg in the pharmacologic therapy group vs. 5.7+3.9 kg
in the ultrafiltration group, p=0.58). There were no significant
differences in mortality or rehospitalization at 60 days. Patients
in the ultrafiltration arm had significantly more serious adverse
events over 60 days of follow-up (72 % vs. 57 %, p=0.03),
including higher rates of renal failure, bleeding complications,
and intravenous catheter-related complications.

Several important differences between UNLOAD and
CARRESS-HF need to be considered. CARRESS-HF specifi-
cally targeted patients who developed worsening renal failure
during their hospitalization using ultrafiltration as a rescue
therapy, whereas UNLOAD enrolled patients within 24 hours
of admission regardless of serum creatinine. Additionally, treat-
ment algorithms used in both the pharmacologic and ultrafil-
tration arms differed significantly. Subjects in the pharmaco-
logic therapy arm of CARRESS-HF were treated according to a
strict algorithm that called for loop diuretics titrated to maintain
a urine output of 3 to 5 liters per day. Subjects who failed
to meet urine output goals with loop diuretics alone were
then given thiazide diuretics, and finally IV vasodilators and/or
inotropes depending on clinical characteristics. Pharmacologic
therapy in UNLOAD, on the other hand, only required clini-
cians to administer IV loop diuretics at a dose at least twice the
pre-hospitalization oral dose, with further titration at the clini-
cian’s discretion. In the ultrafiltration arm of CARRESS-HF,
the UF rate was fixed at 200 mL/hour, whereas UNLOAD
allowed for titration of rates up to 500 mL/hour.
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The findings from UNLOAD and CARRESS-HF can be
interpreted in several ways. It is reasonable to conclude that
ultrafiltration is not indicated for treatment of worsening
renal function in AHF patients. Alternatively, it is possible
that patients in the medical therapy arm of UNLOAD simply
were not diuresed aggressively enough, or that subjects in the
ultrafiltration arm of CARRESS-HF did not have fluid re-
moved at a high enough rate. A larger trial of early ultrafil-
tration is currently underway (AVOID-HF; NCT01474200).

Guideline Recommendations Regarding Management
of Volume Overload

The 2010 Heart Failure Society of America (HFSA)
Comprehensive Heart Failure Practice Guideline recom-
mends that patients with AHF and volume overload be
treated with loop diuretics (LOE B) at doses sufficient to
achieve optimal volume status without inducing excessively
rapid reduction in extravascular volume or electrolytes
[12e¢]. Ultrafiltration can be considered in lieu of diuretics
(LOE B). When congestion fails to improve with diuretics
further options include re-evaluating the presence of conges-
tion, sodium/fluid restriction, increasing the dose of a loop
diuretic, switching to a continuous infusion of a loop diuret-
ic, adding a second class of diuretic, or considering ultrafil-
tration (LOE C) [12¢¢]. The European Society of Cardiology
(ESC) Guidelines for the Diagnosis and Treatment of Acute
and Chronic Heart Failure 2012 similarly recommend that
loop diuretics be given as first-line therapy, and reserve
ultrafiltration for those unresponsive or resistant to diuretics
[13e¢]. Both the HFSA and ESC guidelines were released
before the publication of CARRESS-HF.

Vasodilators

Intravenous vasodilators reduce preload and afterload and
increase stroke volume. They have been used in the manage-
ment of acute heart failure for decades, though their efficacy
has not been rigorously demonstrated in clinical trials.
Hypotension is the most frequent adverse effect of vasodila-
tors, and close hemodynamic monitoring is generally advised.
Nitroglycerin and sodium nitroprusside (SNP) are the most
commonly used vasodilators in the management of AHF.
The Vasodilation in the Management of Acute CHF
(VMAC) study is the only large, randomized trial to evaluate
the efficacy of IV nitroglycerin in AHF [14]. Within the trial,
285 patients with dyspnea at rest due to heart failure were
randomized to IV nitroglycerin or standard care. Although
there was a trend toward reduced pulmonary capillary wedge
pressure (PCWP) in patients receiving nitroglycerin, there was
no difference in the co-primary endpoint of dyspnea. This
relative lack of efficacy may have been due to the relatively

low doses of nitroglycerin (mean 42461 pg/min). A single
center subgroup analysis of 27 patients demonstrated that
patients who received a higher dose of nitroglycerin (mean
160 pg/min) had a larger and significant reduction in PCWP,
although tachyphylaxis developed within 24 hours [15].

An early study of 18 patients hospitalized for heart failure
found that infusion of SNP resulted in a 15 mmHg decrease
in PCWP [16]. A larger, retrospective study of 175 patients
admitted for AHF with reduced cardiac output and elevated
filling pressures found treatment with SNP (titrated to a
target MAP of 65 to 70 mmHg) was associated with reduced
all-cause mortality (OR 0.48, p=0.005) [17]. There were no
significant differences with respect to rehospitalization or
cardiac transplant.

Patients with elevated left ventricular (LV) filling pres-
sures following acute myocardial infarction (AMI) require
special consideration with regard to SNP. One randomized
trial of 328 patients with acute MI (but no requirement for
heart failure) was stopped early due to beneficial effects of
SNP on mortality, based on only 23 death events [18].
Another randomized trial of 812 men with acute MI and
elevated left ventricular end diastolic pressure found no
difference in mortality [19]. However, in a post-hoc analysis,
SNP was associated with increased mortality compared to
placebo when started within 9 hours of the onset of pain, but
decreased mortality when started later. In patients with AMI,
use of SNP should probably be reserved for those with
persistently elevated filling pressures.

Nesiritide

Nesiritide is a recombinant form of human B-type natriuretic
peptide (BNP) with venous, arterial, and coronary vasodila-
tory properties. The VMAC study was the first large-scale
trial to evaluate nesiritide in AHF, randomizing 489 patients
to intravenous nesiritide, nitroglycerin, or placebo [14]. At 3
and 24 hours, patients treated with nesiritide had significant-
ly larger decreases in PCWP compared to patients receiving
nitroglycerin or placebo. At 3 hours, dyspnea was signifi-
cantly improved compared to patients receiving placebo, but
not nitroglycerin. Nesiritide was approved by the FDA in
2001, however shortly after approval, pooled analyses sug-
gested an increased risk of death and worsening renal func-
tion in patients treated with nesiritide [20, 21]. An expert
panel recommended that a large multicenter trial be per-
formed to assess the efficacy and safety of nesiritide.

To address these concerns, the ASCEND-HF trial ran-
domized 7141 patients with AHF to nesiritide or placebo
for 24 to 168 hours [22+¢]. At 30 days, there was no differ-
ence between patients receiving nesiritide and those receiv-
ing placebo with regard to the composite endpoint of death
or rehospitalization for heart failure. Patients randomized to
nesiritide more frequently reported moderately or markedly
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improved dyspnea at 6 hours, however this did not reach the
prespecified level for significance. Use of nesiritide had no
impact on worsening renal function, but was associated with
an increase in the rate of hypotension.

Guideline Recommendations Regarding the Use
of Vasodilators

The 2010 HFSA Guidelines, published before ASCEND-HF
was released, recommend IV vasodilators (nitroglycerin or
nitroprusside) in addition to diuretics for rapid relief of
congestion in patients with pulmonary edema or severe
hypertension (strength of evidence=C) [12¢+]. In the absence
of hypotension, intravenous vasodilators (nitroglycerin,
nitroprusside, or nesiritide) may be considered in addition
to diuretics for rapid treatment of congestion, with close
hemodynamic monitoring and reduction or discontinuation
if hypotension develops (Strength of evidence=B).

The 2012 ESC Heart Failure Guidelines recommend a
nitrate infusion be considered in patients with pulmonary
edema and SBP>110 mmHg to reduce PCWP and systemic
vascular resistance (Class Ila, LOE B) [13e].

Inotropes/Inodilators

Inotropic agents have been used in the management of acute
heart failure for decades despite the fact that none have been
shown to improve outcomes. Many of the currently available
agents have actually been associated with worse outcomes
when given routinely to patients with AHF [23-25]. Common
side effects include tachyarrhythmias and hypotension, and
inotropes are currently best reserved for patients with low
cardiac output with poor end-organ perfusion.

The most frequently used inotropes are milrinone, dobut-
amine, and dopamine. A large randomized trial of 949 patients
comparing milrinone to placebo found higher rates of sustained
hypotension and atrial and ventricular arthythmias in the milri-
none group with no difference in days hospitalized for cardio-
vascular causes [24]. A secondary analysis suggested a signif-
icant interaction between the etiology of the heart failure and
treatment effect, predominantly driven by increased in-hospital
mortality and a trend toward increased 60-day mortality in
ischemic heart failure patients treated with milrinone [26].

The DAD-HF trial randomized 60 patients with AHF to
high-dose furosemide or low-dose furosemide combined
with low-dose dopamine (5 pg/kg/min) for 8 hours [27].
Although the dopamine group did have fewer episodes of
worsening renal function, there were no significant differ-
ences in total diuresis, change in dyspnea score, length of
stay, 60-day mortality or rehospitalization rates. A larger
study of dopamine in AHF was recently completed (DAD-
HF 1II; NCT01060293) and the ROSE-AHF study (Renal
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Optimization Strategies Evaluation in Acute Heart Failure;
NCTO01132846) is ongoing.

Levosimendan

Levosimendan is a calcium sensitizer that increases inotropy
by binding cardiac troponin C in a calcium-dependent man-
ner, increasing the affinity of troponin C for calcium.
Levosimendan also facilitates opening of ATP-dependent
potassium channels, resulting in vasodilation and has also
been noted to have phosphodiesterase inhibitor activity. In
early clinical studies levosimendan increased cardiac output,
reduced cardiac filling pressures, and was associated with re-
duced symptoms and hospitalization [28, 29]. The REVIVE-II
trial randomized 600 patients to levosimendan or placebo.
Levosimendan was associated with improvement in symptoms
at 5 days, although there was also an increase in early mortality
[30]. An economic analysis of REVIVE-II found that patients
treated with levosimendan had shorter hospital length of stay and
lower hospital costs [31]. The SURVIVE trial randomized
patients with AHF requiring inotropes to treatment with levosi-
mendan or dobutamine [32]. There were no significant differ-
ences with regard to the primary endpoint of all-cause mortality
at 180 days (HR 0.91, 95 % CI 0.74-1.13, p=0.4) or the
secondary endpoints of all-cause mortality at 31 days, days alive
and out of hospital, patient assessment of dyspnea, and cardio-
vascular mortality at 180 days. Levosimendan acts independently
of beta adrenoreceptors, and may prove superior to beta agonists
in patients treated with beta-blockers at baseline. A substudy of
SURVIVE found that in patients on beta-blocker therapy at
admission levosimendan was associated with significantly lower
mortality compared to dobutamine [33]. Levosimendan is not
currently available in the United States.

Guideline Recommendations Regarding the Use
of Inotropes

The 2010 HFSA Guidelines suggest that intravenous inotropes
(milrinone or dobutamine) may be considered to improve
symptoms and end-organ function in patients with advanced
heart failure characterized by LV dilation, reduced EF, and
inadequate peripheral perfusion. These agents should particu-
larly be considered in patients with marginal blood pressure,
symptomatic hypotension despite adequate filling pressures, or
in patients who are intolerant of or unresponsive to IV vaso-
dilators (Strength of evidence C). Inotropes may also be con-
sidered in volume-overloaded patients who are unresponsive to
IV diuretics or in whom renal function worsens following
administration of IV diuretics (Strength of evidence C). IV
vasodilators should be given preference over inotropes when
possible. Inotropes should only be done in the setting of con-
tinuous cardiac monitoring and frequent or continuous blood
pressure monitoring (Strength of evidence C).
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Vasopressin Receptor Antagonists

Levels of arginine vasopressin are inappropriately elevated
in both acute and chronic heart failure, and contribute to fluid
retention and hyponatremia. Tolvaptan is an oral, selective
vasopressin V2-receptor antagonist that has been shown in
small trials to decrease fluid retention and correct hypona-
tremia in heart failure patients with hyponatremia [34].

The EVEREST trial randomized 4133 patients within
48 hours of admission for heart failure to oral tolvaptan
30 mg daily vs. placebo for a minimum of 60 days. There were
small but significant improvements in edema, body weight, and
patient-assessed dyspnea at day 1. Additionally, patients with
hyponatremia (<134 mEqg/L) who received tolvaptan showed
significant improvement in serum sodium [35]. During a mean
follow-up of 9.9 months there was no significant difference in
death or the composite outcome of cardiovascular mortality or
hospitalization for heart failure [36]. Vasopressin antagonists
(e.g., tolvaptan, conivaptan) may be considered for short-term
treatment of hyponatremia in patients with AHF and volume
overload who have persistent hyponatremia at risk for or having
active cognitive symptoms, refractory to standard of care.

Investigational Therapies for AHF

Many therapies have looked promising in early studies but
failed to demonstrate benefit in larger trials. Rolofylline, for
example, is an adenosine Aj-receptor antagonist which
showed improved dyspnea and decreased rates of renal dys-
function in a small phase II study [37] but had no beneficial
effect on outcomes in the larger, phase III PROTECT trial
[38] and was associated with increased seizures and strokes
[39]. Tezosentan is a short-acting, intravenous endothelin
dual (A/B) receptor antagonist that causes vasodilation, in-
creased cardiac index and reduced PCWP in patients with
AHF. Two large, randomized, double-blind trials of tezosen-
tan showed no effect on dyspnea or mortality [40]. Another
novel vasodilator, cinaciguat, caused impressive changes in
hemodynamics in early studies, however a group of three
larger randomized trials evaluating cinaciguat in patients
with AHF was recently terminated early due to an excess
of hypotension in subjects receiving cinaciguat with no
significant improvement in dyspnea or cardiac index [41].
Novel agents that currently show promise in the management
of AHF are reviewed below and summarized in Table 1.

Omecamtiv Mecarbil

Cardiac myosin activators represent a new mechanistic class
of agents designed to increase myocardial contractility.
These agents increase the transition rate from the weakly
bound to the strongly bound state necessary for initiation of a

force-generating power stroke. Unlike current inotropes,
they increase the systolic ejection time without altering the
rate of LV pressure development, resulting in increased
stroke volume and cardiac output [42].

Omecamtiv mecarbil is the first agent of this class to
undergo testing in man. In healthy volunteers, administration
of omecamtiv mecarbil produced dose-dependent increases
in systolic ejection time, fractional shortening, and ejection
fraction [43¢]. In a subsequent double-blind, placebo-
controlled, crossover, dose-ranging phase II trial, omecamtiv
mecarbil was administered intravenously to 45 patients with
heart failure and LV systolic dysfunction [44¢]. Significant,
concentration-dependent increases in LV systolic ejection
time, stroke volume and ejection fraction were observed,
along with decreases in left ventricular end-systolic and
end-diastolic volumes. The medication was well-tolerated
over a broad range of plasma concentrations, though cardiac
ischemia was observed at very high plasma concentrations in
two patients. A phase IIb study of omecamtiv mecarbil in
patients with acute heart failure is nearing completion
(ATOMIC-AHF; NCT01300013).

Serelaxin

Serelaxin is the recombinant form of human relaxin-2, a
naturally occurring peptide that modulates multiple cardio-
vascular pathways. It binds its G-protein coupled receptor,
RXFP-1, activating the endothelin B receptor and other
signaling pathways, resulting in multiple effects including
increased cGMP production and nitric oxide release. This
increases vasodilation and renal blood flow among other
actions. In the 234-patient dose-finding Pre-RELAX-AHF
study, serelaxin treatment demonstrated trends in improving
patient signs and symptoms of heart failure, as well as
clinical outcomes, including survival [45]. The Phase III
RELAX-AHF trial randomized 1161 patients within 16 hours
of presentation with AHF to standard care plus serelaxin
(30 pg/kg per day for up to 48 hours) or placebo [46e°].
Enrollment criteria were dyspnea at rest or with minimum
exertion, pulmonary congestion on chest radiograph, elevat-
ed natriuretic peptides, mild to moderate renal dysfunction
(estimated glomerular filtration rate 30-75 mL/min per
1.73 m?), systolic blood pressure>125 mmHg, and treatment
with at least 40 mg of IV furosemide or its equivalent prior to
screening. Treatment with serelaxin resulted in a significant
improvement in the change in patient-reported dyspnea,
measured as the area under the curve of a visual analogue
scale (VAS AUC) from baseline to day 5 (448 mm x h, 95 %
CI 120-775; p=0.007), but not when measured by Likert
scale over 24 hours. The serelaxin-treated group also showed
significant improvements in signs and symptoms of heart
failure, fewer patients with worsening heart failure, and
shorter hospital length of stay, but no effect on either of the
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Table 1 Novel agents for the treatment of acute heart failure

Drug Mechanism of action

Key clinical trial results

Omecamtiv Mecarbil [42, 43+, 44¢] Cardiac myosin activator. Increases the transition rate
from the weakly- to the strongly-bound state of the

Increases LV systolic ejection time,
stroke volume, ejection fraction.

actin-myosin complex (“more hands pulling on the rope”)

Serelaxin [45, 46¢°¢]

Istaroxime [48]

Increases cGMP production and nitric oxide release,
causing vasodilation and increased renal blood flow.

Inhibits Na-K ATPase and stimulates SERCA2a,
promoting intracellular calcium accumulation and

Improved dyspnea at 5 days.” Decreased
signs of heart failure, duration of
hospitalization, and mortality at 180 days.”
Reduced PCWP? and HR. Increased SBP
and improved LV diastolic function.”

sequestration, increasing inotropy and lusitropy.

Ularitide [51]

natriuresis and diuresis.

Cenderitide (CD-NP) [53]
with natriuretic properties.

Modified version of pro-ANP. Binds to NPR1
receptors, increasing cGMP. Also induces

Chimeric natriuretic peptide. Selective venodilator

Decreased PCWP and SVR, increased
CI and improved dyspnea. Symptomatic
hypotension in 6 %.

Effective diuretic, significantly improved
renal function.

LV=left ventricle, SERCA2a=sarcoplasmic reticulum Ca2+ ATPase, PCWP=pulmonary capillary wedge pressure, SBP=systolic blood pressure,

SVR=systemic vascular resistance, CI-cardiac index
# Primary Endpoint
®Secondary Endpoint

two secondary efficacy endpoints (days alive and out of the
hospital at 60 days; and cardiovascular death or readmission
for heart failure or renal failure within 60 days), due to lack of
an effect on readmissions. Treatment with serelaxin reduced
both cardiovascular death (HR 0.63, 95 % CI 0.41-0.96;
p=0.028) and all-cause mortality (HR 0.63, 95 % CI 0.43—
0.93 p=0.019) at 180 days. A secondary analysis found that
patients treated with serelaxin had significant improve-
ments in markers of cardiac, renal, and hepatic injury,
and improvements in these markers were associated
with decreased mortality at 180 days [47]. Taken togeth-
er, these findings suggest that serelaxin not only improved
dyspnea and decreased worsening heart failure, but may also
have reduced mortality by preventing end-organ damage dur-
ing hospitalization for AHF. While these findings have the
potential to be paradigm-shifting, it is important to remember
RELAX-AHF was not designed or powered to be a mortality
trial. RELAX-AHF also selected a specific subgroup of
patients with AHF, most notably those with a systolic blood
pressure >125 mmHg and other trial entry criteria, and the
findings may not be generalizable to the entire AHF
population.

Istaroxime

Istaroxime is a novel intravenous agent with both inotropic
and lusitropic effects. It inhibits sodium-potassium ATPase
activity while stimulating sarcoplasmic reticulum calcium
adenosine triphosphatase isoform 2a (SERCAZ2a). This
causes cytosolic calcium accumulation during systole (ino-
tropic response) and rapid sequestration of calcium during
diastole (lusitropic response).

@ Springer

The HORIZON-HF study randomized 120 patients with
AHF and reduced systolic function to istaroxime or placebo
[48]. Subjects receiving istaroxime showed significant, rapid
improvement in the primary endpoint of PCWP at all doses
studied for up to 6 hours. Istaroxime also significantly de-
creased heart rate, increased systolic blood pressure, and
moderately improved echocardiographic measures of LV
diastolic function.

Natriuretic Peptides

Multiple different natriuretic peptides continue to be devel-
oped and investigated for the treatment of AHF, including
naturally-occurring and alternatively-spliced [49] peptides
and chimeric designer peptides. Urodilatin, a modified ver-
sion of pro-ANP, is a 32-amino-acid hormone, synthesized
and secreted from the distal tubules of the kidney, that
regulates renal sodium absorption and water homeostasis
via binding to NPR1 receptors and increasing intracellular
cGMP levels. In contrast to ANP and BNP, urodilatin is
effective in distal renal tubules and was considered to have
greater renal effects with less pronounced peripheral vasodi-
lation. The effects of ularitide, synthetically produced urodi-
latin, have been evaluated in two studies. An ascending dose
study (SIRIUS-I) tested 24-hour ularitide infusions (7.5, 15,
and 30 ng/kg/min) compared to placebo in 24 patients with
AHF [50]. After 6 hours, ularitide significantly decreased
PCWP and tended to improve dyspnea. The subsequent
SIRIUS-II study assessed the effects of the same doses of
ularitide in 221 patients with symptomatic AHF [51].
Ularitide demonstrated a significant reduction of PCWP in
all three dose groups, with decreased SVR and increased
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cardiac index at higher doses. These hemodynamic benefits
were associated with improvements in dyspnea. As with
many vasodilator programs, decreased blood pressure was
the main adverse event with 8-16 % of ularitide-treated
patients experiencing a significant blood pressure decrease
and approximately 6 % experiencing symptomatic hypoten-
sion. The TRUE-AHF trial (NCT01661634) is currently
enrolling patients with symptomatic AHF with a target sam-
ple size of 2116 randomized to a 48-hour infusion of either
ularitide (15 ng/kg/min) or placebo.

Cenderitide (CD-NP) is a chimeric natriuretic peptide that
combines C-type natriuretic peptide (CNP) and Dendroaspis
NP (DNP) [52]. CNP is a selective venodilator, and thereby
reduces the risk of hypotension observed with endogenous
BNP. DNP is a potent natriuretic with additional diuretic and
aldosterone-inhibiting properties. This designer peptide aims to
provide the beneficial effects of predominantly venous vasodi-
lation and natriuresis without the risk of hypotension. A small,
open-label, study of CD-NP in patients with NYHA class II/IIl
heart failure with reduced EF showed similar diuretic effects
compared to furosemide, but with the additional effect of
significantly improved renal function [53]. Larger trials are
investigating potential therapeutic applications in outpatients
with subacute or chronic heart failure.

Other Neurohormonal Agents

The success of the neurohormonal antagonists in chronic heart
failure has encouraged application of this concept to AHF,
although tempered by the experience of CONSENSUS I,
where early administration of intravenous enalaprilat in
patients with acute myocardial infarction caused significant
hypotension and a trend toward worse outcomes [54].
Aliskiren is a direct renin inhibitor, acting at the root of the
renin-angiotensin-aldosterone system (RAAS). In a study of
16 patients with AHF, 7 days of aliskiren treatment resulted in
significant decreases in SVR and a trend toward increased
cardiac index, but no difference in PCWP [55]. The
ASTRONAUT trial is evaluating the 6-month efficacy and
safety of chronic oral aliskiren therapy in addition to standard
therapy, on post-discharge mortality and re-hospitalization
rates when initiated early after AHF hospital admission and
before discharge [56]. While this study is not per se an
investigation of an AHF therapy, it is addressing the crucial
“vulnerable” post-discharge period.

Conclusion

Improving care for patients with AHF poses a significant
challenge. Novel agents with more favorable efficacy and
tolerability profiles are currently under investigation.
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