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ABSTRACT
Vasodilator therapy is common in acute heart failure
(AHF) patients, although evidence for morbidity and
mortality benefits is limited for many of these drugs.
AHF is frequently accompanied by renal dysfunction,
which is a strong, independent predictor for poor
prognosis. Several hemodynamic and neurohormonal
effects of vasodilators—including preload and afterload reduction, activation or inhibition of neurohormonal and inflammatory cascades—have the potential to modulate cardiorenal interaction and impact
renal function. However, the effect of vasodilators on
renal function in acute heart failure is often poorly
described. In this review, we provide an overview of
the known cardiorenal effects of traditional and novel
vasodilators in patients with acute heart failure.
Keywords: Heart Failure; Vasodilators; Cardiorenal
Syndrome; Renal Function

1. INTRODUCTION
Acute heart failure (AHF) is a heterogeneous collection
of syndromes with variable aetiologies and clinical profiles. Despite this, initial management is relatively uniform—albeit with regional variation—and focused on
hemodynamic stabilization and symptom control. Diuretics for decongestion, supportive therapy with oxygen,
and treatment with opiates, vasodilators and inotropics in
selected patients are the foundation of AHF management
—a paradigm that has not changed significantly in decades. The evidence for survival benefits of many vasodilators in acute heart failure is limited. According to the
2012 European Society of Cardiology heart failure guidelines, vasodilators “may” or “should” be considered in
AHF patients presenting with normal or elevated blood
pressure in the absence of valvular disease (class IIa and
IIb recommendations, level of evidence B or C) [1].
OPEN ACCESS

Chronic kidney disease is common in AHF, with reported rates of up to 30% in registry studies [2] and 37%
in randomised trials [3]. Renal function is a strong, independent predictor for outcome in AHF, including increased risk of death and higher rehospitalization rates
[4]. In addition to renal impairment caused by AHF directly, therapies such as diuretics and vasodilators may
affect renal function. The effects of vasodilators on renal
function are important, but unfortunately often remain
unexamined. This review will focus on what is known
about the renal effects of vasodilator treatment in AHF.

2. DEFINING RENAL FUNCTION
Creatinine has a long history as a marker for renal function. Serum creatinine and glomerular filtration rate (GFR)
estimated using creatinine-based formulas—CockroftGault, Modification of Diet in Renal Disease (MDRD)
and more recently, Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formulas—are the measures most commonly used in both research and clinical
settings to monitor renal function, and are strongly correlated with each other and with clinical outcome [5,6].
In recent years, interest in and evidence for the prognostic value of other markers for renal function has grown—
including cystatin C, Blood Urea Nitrogen (BUN) and a
host of novel serum and urinary markers [7-10]. Although
a number of these novel markers outperform creatininebased equations for risk stratification and provide insight
into aspects of renal function other than GFR—particularly tubular function—the majority of the literature is
based on creatinine-derived measures for renal function
[7,11,12].

3. CARDIORENAL INTERACTION AND
VASODILATORS
Cardiorenal interaction in acute heart failure—collectively referred to as type 1 cardiorenal syndrome—is
common, occurring in over 30% of hospitalized patients
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[13,14]. Although poor renal function is consistently associated with poor prognosis, the data on worsening renal function during hospitalization for AHF are mixed [4,
15-17]. There are indications that transient worsening of
renal function may even be beneficial [16]. Such transient changes may reflect good treatment response rather
than lasting injury.
The mechanisms responsible for the high prevalence
of renal dysfunction in heart failure populations are complex [18]. Chronic comorbid conditions endemic in heart
failure populations, such as hypertension, diabetes mellitus and atherosclerosis, result in chronic kidney disease.
The direct hemodynamic consequences of AHF play key
roles in acute injury, and can ultimately lead to lasting
renal damage: forward failure and backward failure. A
reduction in cardiac output (forward failure) triggers renal vasoconstriction and a drop in renal blood flow. Compensatory angiotensin II release and efferent arteriolar
vasoconstriction increase the filtration fraction (GFR to
renal blood flow ratio), preserving GFR for a relatively
long time [19,20]. In patients on renin-angiotensin-aldosterone system (RAAS) blockers—guideline therapy for
heart failure—the kidney’s ability to increase the filtration fraction is blunted, making the kidney critically de-
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pendent on renal blood flow to maintain GFR [21]. The
rise in venous pressures in AHF (backward failure) reduces venous compliance, while congestion and rising
intra-abdominal pressures contribute to a further drop in
renal blood flow [20,22].
Beyond the response to hemodynamic changes, the
complex network of pathophysiological processes present in heart failure—including myocardial injury, inflammation, response to fluid retention, arrhythmias, RAAS
and sympathetic nervous system activation—can exacerbate renal impairment (Figure 1) [13]. Regional vasoconstriction can limit renal blood flow independently of
blood pressure, leading to impaired renal function even if
cardiac output is preserved [21]. Various other neurohormonal processes, including endothelial activation and
adenosine release can cause tubular injury and nephron
loss. Persistent low flow states, neurohormonal activation and inflammation can ultimately lead to nephrosclerosis and fibrosis, with permanent renal injury and dysfunction as a result [23]. Diuretic treatment also leads to
decreased renal blood flow and glomerular filtration via
tubuloglomerular feedback. This mechanism is regulated
by adenosine-mediated vasoconstriction and results in
compensatory tubular sodium retention [24].

Figure 1. Mechanisms of renal dysfunction in heart failure. RAAS: renin-angiotensin-aldosterone system; SNS: sympathetic
nervous system.

Copyright © 2013 SciRes.
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Renal Effects of Vasodilators in AHF
Given the key role vascular tone plays in preserving renal function, vasodilating therapies that improve or protect renal perfusion may be of value in AHF. Vasodilators
are a double-edged sword where renal function is concerned—while counteracting regional vasoconstriction
may improve renal perfusion, the potential drop in blood
pressure may have negative effects. The balance between
these effects will depend on the individual patient’s hemodynamic profile, congestive state and the specific pharmacological properties of individual vasodilators. Careful selection and (hemodynamic) monitoring of patients
is required in order to achieve the positive effects—preload and afterload reduction—without the negative—decreased perfusion due to a drop in blood pressure, shock
and rebound neurohormonal activation.

4. RENAL EFFECTS OF SPECIFIC
VASODILATORS
4.1. Nitrates
Nitrates—nitroprusside and nitroglycerine—have a long
history in the management of AHF. Nitroglycerine is a
potent venodilator with mild arterial vasodilating effects.
Its primary effects are achieved by decreasing venous
preload, alleviating filling pressures, wall stress and thus
myocardial oxygen consumption, as well as reducing
systemic vascular resistance. Cardiac output generally remains stable or rises [25]. Small studies have shown some
effects on symptom relief and short-term outcome, but
solid evidence for survival benefit is lacking [26,27]. Effects on renal function have not been studied.
Nitroprusside is a balanced venous and arterial vasodilator that acts on smooth muscle cells, reducing preload
and afterload. One small, observational study found an
association between nitroprusside therapy and improved
renal and hemodynamic outcomes, despite worse hemodynamic profiles at baseline [28]. Both nitroglycerine and
nitroprusside therapy have been associated with rebound
neurohormonal activation, which may negate some of the
potentially beneficial effects of vasodilation on renal
blood flow.

4.2. Milrinone
Milrinone is a selective phosphodiesterase-3 inhibitor
which improves cardiac contractility by preventing degradation of cyclic AMP in cardiomyocytes. Though often
used for its positive inotropic effects, it also has peripheral vasodilating properties that contribute to afterload
reduction. Although short-term hemodynamic improvement has been described for milrinone, long-term oral
use has been associated with increased mortality [29,30].
Common side-effects include—as with all vasodilators—
Copyright © 2013 SciRes.

hypotension. It should be used with caution in patients
with pre-existing renal dysfunction, as it is cleared primarily via the glomerulus [31].
Results from the Outcomes of a Prospective Trial of
Intravenous Milrinone for Exacerbations of Chronic Heart
Failure (OPTIME-CHF) trial showed slight improvement
in renal function with Milrinone treatment, without any
mortality impact [32]. However, renal function was not a
predefined outcome parameter. Based on its mechanism
of action, Milrinone has to potential to help preserve
renal function as long as adequate renal blood flow is
maintained.

4.3. Endothelin Antagonists
Endothelin-1 (ET-1) is a powerful vasoconstrictor with a
variety of pro-inflammatory, mitogenic and pro-fibrotic
properties, and is a potential treatment target in AHF.
Elevated levels have been observed in AHF patients, and
are associated with increased morbidity and mortality,
which led to the development and study of various endothelin antagonists, including Tezosentan, Darusentan,
Sitaxsentan and Bosentan [33,34]. Tezosentan has been
studied most extensively in AHF. Treatment results in
lower pulmonary wedge pressure and higher cardiac index. Despite a safe clinical profile in high-risk AHF patients, multiple large-scale studies with Tezosentan failed
to show clinical benefit, with some terminated early due
to lack of effect [3,35-37].
ET-1 plays a key role in the kidney, modulating renal
blood flow, GFR, sodium exchange and acid-base balance. Receptors are present throughout various kidney
compartments. In addition to regulating blood pressure
via vasoconstriction, ET-1 both directly and indirectly
regulates sodium and water retention, with elevated levels triggering natriuresis and diuresis in the healthy kidney [34]. In kidney disease, ET-1 has been associated
with increased inflammatory and fibrotic response, playing a key role in proteinuria-mediated injury and in nephron loss [38]. Blockade of ET-1 receptors in the kidney
may counteract vasoconstriction and inhibit inflammation and remodeling cascades. In heart failure, renal ET-1
levels rise before plasma levels, and correlate with worse
New York Heart Association (NYHA) functional class
and outcome [34]. Although there is evidence from animal models that ET-1 blockade can prevent renal injury
and the theoretical pathophysiological framework for use
of ET-1 antagonists to preserve renal function appears
sound, evidence from human trials in AHF is extremely
limited and inconclusive.

4.4. Guanylate Cyclase System Activators—
Natriuretic Peptides
Recombinant natriuretic peptides have been investigated
OPEN ACCESS
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for the treatment of acute heart failure, with early studies
showing favourable hemodynamic effects [39-42]. These
substances, released in response to myocardial stretch
(B-type), atrial stretch (A-type) and by the vascular endothelium (C-type), activiate the particulate guanylate
cyclase system and initiate a cascade resulting in increased diuresis, vasodilation and lower blood pressure
[43].
Nesiritide is a recombinant form of B-type Natriuretic
Peptide with vasodilator and natriuretic properties, authorized for AHF treatment in the USA but not Europe.
Although there is evidence for effective symptom relief,
some studies reported higher re-admission and mortality
rates as well as more renal damage [39,40,44-46]. The
prospective Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCENDHF)
trial, however, found no survival benefit for nesiritide
treatment in a population of over 7000 patients with severe acute heart failure, nor was a higher incidence of
worsening renal function observed [47]. Although nesiritide treatment appears to be safe, benefits in terms of
outcome and renal function are not apparent.
Other novel investigational natriuretic peptides include
ularitide and CD-NP. Ularitide is a recombinant form of
A-type natriuretic peptide that acts on the renal tubule
and plays a role in sodium and water excretion, with
early hemodynamic studies reporting improved symptoms, hemodynamics and diuresis [41,48]. One small
study in AHF patients found ularitide preserves shortterm renal function, possibly by maintaining cardiac output and preserving the pressure gradient between mean
arterial and renal arterial pressures [49]. Data on longterm renal outcomes are not available.
CD-NP is a fusion product of C-type and D-type natriuretic peptides, with natriuresis promoting, GFR enhancing, renin inhibiting and decongestive effects, with a
lower risk of hypotension and greater preservation of
GFR compared with B-type peptides [42,50,51]. Current
data are limited to animal studies, with human trials still
underway [52].
Natriuretic peptides are released by various tissues in
response to volume overload, and their natriuretic and
vasodilator effects may improve renal perfusion and increase water and salt excretion. The current evidence in
AHF does not suggest any specific benefit, though data
on ularitide and CD-NP appear promising.

4.5. Guanylate Cyclase System Activators—BAY
58-2667/Cinaciguat
Natriuretic peptides exert their effect by activating particulate guanylate cyclase in various tissues. An analogous enzyme, soluble guanylate cyclase (sGC), is present
in the vascular endothelium and activated by nitric oxide
Copyright © 2013 SciRes.
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(NO). The endothelial dysfunction common in heart failure can result in impaired NO formation and responsiveness [53], which led to the development of novel methods for sGC system activation.
BAY 58-2667, or Cinaciguat, is a potent, NO-independent sGC activator [54]. Administration to HF patients in a dose-finding study and a phase IIb study
showed significant reduction of filling pressures, blood
pressure and both systemic and pulmonary vascular resistance, accompanied by elevated heart rate, cardiac output and improvement in dyspnea [55,56]. Infusion increases norepinephrin and plasma renin activity, and
symptomatic hypotension is common [56]. Results from
a series of phase IIb studies in AHF patients showed similar results, but the studies were terminated early due to
excess hypotension in the cinaciguat arms [57]. The early
termination of these studies makes it unlikely this drug
has a future in the treatment of AHF, and though its renal
effects are unknown, the potential for harm due to hypoperfusion and RAAS activation would seem to outweigh the theoretical unloading benefits for the kidney.

4.6. Vasopressin Antagonists
Arginine vasopressin is a hormone released by the pituitary gland with antidiuretic and vasoconstrictor effects.
Low blood pressure present in HF triggers its release,
and stimulation of V1 and V2 receptors causes, among
other effects, vasoconstriction and changes in the renal
collecting tubules, leading to reduced diuresis and hyponatermia. Antagonism of vasopressin receptors in AHF
aims to increase water clearance while retaining sodium
and preventing RAAS activation [58].
Tolvaptan is a selective oral V2 receptor antagonist
that showed promise in phase II trials in HF patients,
improving hyponatremia, increasing weight loss and reducing oedema without significant adverse effects [5961]. The Efficacy of Vasopressin Antagonism in Heart
Failure Outcome Study with Tolvaptan (EVEREST) trial
confirmed some of these positive results, showing improved dyspnea relief without negative effects on longterm mortality or HF morbidity [62,63]. Available data
does not show any negative effects on renal function.
Conivaptan is an intravenous non-selective vasopressin antagonist. Despite non-selective vasodilating properties, early results suggest its safety and efficacy are similar to that of tolvaptan [64,65]. There are indications
that conivaptan may have a more beneficial cardiorenal
profile, with data from animal studies showing a reduction in afterload, compared with an increase for tolvaptan
[66]. One small-scale study in chronic heart failure patients found a significant improvement in diuresis and
natriuresis following conivaptan administration, without
negative effects on glomerular filtration rate, renal blood
OPEN ACCESS
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flow or neurohormonal activation [67]. Overall, there is
no suggestion that vasopressin antagonists negatively affect renal function, and there are indications of positive
effects.

4.7. Adenosine A-1 Receptor Antagonists
Elevated adenosine levels, commonly present in patients
with AHF, can cause afferent arterial vasoconstriction resulting in decreased renal blood flow and, ultimately,
renal damage. Adenosine A-1 receptor antagonists prevent reduction of renal blood flow and GFR caused by
adenosine release triggered by tubuloglomerular response
to sodium overload in the distal tubule [24].
Rolofylline, an intravenous selective A-1 receptor antagonist, has been studied in heart failure patients. Early
results showed that administration of rolofylline significantly increases renal blood flow and glomerular filtration [68,69]. However, the prospective PROTECT (Placebo-Controlled Randomized Study of the Selective A-1
Adenosine Receptor Antagonist Rolofylline for Patients
Hospitalized with Acute Decompensated Heart Failure
and Volume Overload to Assess Treatment Effect on Congestion and Renal Function) study found no significant
impact of rolofylline administration on outcome, renal
function or dyspnea relief [16,70]. Tonapofylline, an oral
and intravenous A-1 receptor antagonist, showed similar
promise in early trials, with positive effects on diuresis
while preserving GFR [71,72]. However, the results of
the unpublished and prematurely terminated Treatment
with intravenous BG9928 for Patients with Acutely Decompensated Heart Failure and Renal Insufficiency (TRIDENT-1) trial showed results consistent with those of
PROTECT—no impact on outcome, weight loss or renal
function.

A number of studies have reported positive effects of
Levosimendan treatment on renal function [81-84]. The
explanation likely lies with levosimendan’s vasodilator
activity, with stronger venous compared to arterial vasodilation, along with its positive inotropic effects [85]. As
elevated central venous pressures and congestion are associated strongly with reduced GFR [21], Levosimendan
treatment will benefit highly congested patients with
AHF, as long as cardiac output and blood pressure provide adequate renal perfusion. The balance for patients
with low blood pressure may remain neutral or even turn
negative.

4.9. Serelaxin
Relaxin is an endogenous hormone that regulates maternal adaptations to pregnancy, with numerous potentially
interesting effects for the treatment of heart failure [86].
Serelaxin is a recombinant form of this hormone. Activation of relaxin receptors in the heart, kidney and cardiovascular system leads to increased endothelial activity
and increased nitric oxide synthase activity, resulting in
greater arterial compliance, increased cardiac output, and
higher renal blood flow [87,88]. In AHF, the Pre-RELAX-AHF and RELAX-AHF trials showed improvement in dyspnea relief and reduced 180-day mortality,
but no effects on readmission rates. Hypotension was
equally common in both treatment groups [89]. In terms
of renal effects, patients receiving serelaxin showed a
lower incidence of events related to renal impairment.
Subsequent biomarker analysis showed indications that
short-term serelaxin administration in AHF patients may
improve organ protection—including renal protection—
resulting in better 6 month mortality outcomes [90].

5. DISCUSSION
4.8. Levosimendan
Levosimendan is a phosphodiesterase inhibitor that improves cardiomyocyte contractility by increasing calcium
sensitivity, improving both systolic and diastolic function
[73-75]. It also has vasodilator effects achieved by binding to adenosine triphosphate-sensitive potassium channels in vascular smooth muscle [76,77]. These mechanisms result in improved cardiac output with both preload and afterload reduction.
The REVIVE trials showed symptom relief with levosimendan, but incidence of arrhythmias, hypotension and
early mortality was also higher [78]. The SURVIVE
study failed to reach the primary endpoint of all-cause
mortality reduction or any of the secondary endpoints
other than reduction of BNP levels [79]. The RUSLAN
and LIDO trials, though underpowered for mortality, did
show survival benefit for levosimendan treatment [80,
81].
Copyright © 2013 SciRes.

Data on the effects of vasodilators on renal function in
AHF are limited. While trials investigating novel drugs
increasingly include renal outcomes as primary endpoints, the effects of the most commonly used vasodilators—nitrates—on the kidney are largely unknown. Theoretically, the variable local and systemic effects of vasodilators will determine their impact on renal function—
both preload and afterload reduction may be beneficial,
provided compensatory neurohormonal activation and
blood pressure drops are kept in check. Maintaining hemodynamic stability while improving local blood flow is
key, so careful patient selection, monitoring and treatment titration remains essential.
While numerous vasodilators have been studied in
AHF, most have failed to deliver on the promise suggested by preclinical and pilot studies. Nitrates are still in
common use, and while effective for symptom relief and
acute reduction of filling pressures, data on their renal
OPEN ACCESS
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effects is practically non-existent. This evidence gap is
most glaring for vasodilators introduced over 10 years
ago; identification of renal function as a key prognostic
indicator in HF is relatively recent, and understanding of
its importance has grown steadily over time. This understanding is exemplified by rolofylline—and the PROTECT hypothesis that improving renal blood flow and
function could improve outcome in AHF—despite the
neutral results of the PROTECT study [16]. Levosimendan has demonstrated renoprotective effects, albeit with
inconclusive survival effects, further supporting the hypothesis that vasodilators can benefit renal function in
AHF [84,91].
Serelaxin is, without a doubt, the most interesting
novel vasodilator in terms of renal function. In addition
to reducing renal events, serelaxin also improved mortality outcomes. This unexpected finding makes it the first
therapy for acute heart failure to show survival benefit.
Furthermore, it underlines the importance of renal function in AHF. Studies investigating existing or novel treatments for AHF should continue to focus on renal outcomes in addition to the more traditional mortality and
hospitalization endpoints. There is also a strong case to
be made for considering renal function measures that go
beyond traditional creatinine-based assessments, and encompass tubular function as well as glomerular filtration.
Novel urine and serum biomarkers may have an important role to play.
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