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Abstract
Heart failure (HF) is a common disease that continues to be associated with high morbidity and
mortality warranting novel therapeutic strategies. Cyclic guanosine monophosphate (cGMP) is the
second messenger of several important signaling pathways based on distinct guanylate cyclases
(GCs) in the cardiovascular system. Both the nitric oxide/soluble GC (NO/sGC) as well as the
natriuretic peptide/GC-A (NP/GC-A) systems are disordered in HF, providing a rationale for their
therapeutic augmentation. Soluble GC activation with conventional nitrovasodilators has been
used for more than a century but is associated with cGMP-independent actions and the
development of tolerance, actions which novel NO-independent sGC activators now in clinical
development lack. Activation of GC-A by administration of naturally occurring or designer
natriuretic peptides is an emerging field, as is the inhibition of enzymes that degrade endogenous
NPs. Finally, inhibition of cGMP-degrading phosphodiesterases, particularly phosphodiesterase 5
provides an additional strategy to augment cGMP-signaling.

1. Heart Failure
Cardiovascular disease in its various forms is the leading cause of death in the USA.
Notwithstanding the different etiologies, a common final stage is the syndrome of heart
failure (HF), in which the heart fails to meet the metabolic demands of the body. Heart
failure has achieved almost epidemic proportions in terms of increasing prevalence (> 5
million in the USA), high incidence (about 550,000 per year), and being the leading cause
for hospitalizations (>1 million in 2004) of the elderly (Rosamond et al. 2008). While the
widely used New York Heart Association classification provides a measure of current
functional status, the new ACC/AHA classification of HF into stages A–D reflects that HF is
in most cases a progressive disorder. Stage A represents the presence of risk factors for the
development of HF (e.g. hypertension, diabetes mellitus) without structural cardiac disease.
In stage B structural cardiac changes (e.g. hypertrophy) are present that are strongly
associated with the development of HF. In stage C patients have current or prior symptoms
of HF with underlying structural heart disease, and in stage D patients have advanced
structural heart disease and refractory HF symptoms at rest (Hunt et al. 2005). With more
people surviving into older age, improved treatments for myocardial infarction, and better
prevention of sudden cardiac death, the incidence and prevalence of HF is likely to increase
further. While pharmacologic (e.g. angiotensin converting enzyme (ACE) inhibitors, beta
adrenergic receptor blockers, aldosterone receptor antagonists, nitrates in combination with
hydralazine) and device-based (e.g. ventricular assist devices, implantable cardioverter-
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defibrillators, cardiac resynchronization therapy) treatment modalities have improved patient
outcomes, morbidity and mortality remain substantial. Thus, there is a need for novel
treatment strategies.

Hallmarks of HF include functional and structural changes in the heart, endothelial and
vascular dysfunction with vasoconstriction, sodium and water retention by the kidney, and
neurohumoral activation. With regard to new HF treatments, several important points should
be noted. Heart failure patients frequently have significant comorbidities and represent an
unstable patient population with substantial short-term mortality. Given the heterogeneity of
HF individualized treatment approaches are required. Especially renal dysfunction has
emerged as an important determinant of outcome and therapeutic challenge, as in the case of
the “cardiorenal syndrome” and diuretic resistance (Liang et al. 2008). Indeed, the
requirement to maintain a sufficient renal perfusion pressure is an important limitation to the
dosing of vasodilating drugs. In addition, drugs with efficacy in some stages of HF may be
detrimental in others, while improvement in symptoms or hemodynamic function in the
short-term may turn out to be harmful in the long term. Also, efficacy of a drug observed
when given as monotherapy may be reduced or absent when given on top of standard
therapy. The ultimate test for medical interventions that appear rational and promising in
preclinical and early clinical studies remains the randomized, controlled clinical trial with
appropriate endpoints.

2. Cyclic Guanosine Monophosphate
3’, 5’-cyclic guanosine monophosphate (cGMP) is the second messenger of a variety of
signaling systems that use one of several distinct guanylate cyclases (GCs; E.C. 4.6.1.2).
GCs are enzymes that convert guanosine 5’-triphosphate (GTP) to cGMP. To date, one
cytosolic (soluble) and seven particulate GCs have been identified. Of special importance in
the cardiovascular system and illustrated in Figure 1 are

• soluble GC (also called nitric oxide (NO)-sensitive GC) with its endogenous ligand
NO,

• GC-A (also called natriuretic peptide A receptor (NPR-A)) with its endogenous
ligands ANP and BNP

• GC-B (also called NPR-B) with its endogenous ligand CNP.

Other GCs are GC-C (ligands: guanylin and uroguanylin, heat-stable enterotoxins) and GC-
D, -E, -F, and -G for which the endogenous ligands still need to be identified.

Cyclic GMP affects the activity of a variety of effector molecules such as cGMP-dependent
protein kinase (PKG), cGMP-regulated PDEs, and cGMP-regulated cation channels.
Conversely, cGMP itself is a substrate of several PDEs, which hydrolyze cGMP to GMP
and thus terminate the cGMP signal (Bender and Beavo 2006, Conti and Beavo 2007). Of
note, by modulating PDEs that catabolize cAMP, cGMP can affect cAMP based signaling
systems, such as catecholamines (Zaccolo and Movsesian 2007).

Despite having a common second messenger, activating different cGMP-dependent
pathways will not necessarily result in similar actions. Receptors can differ both in their
tissue and their intracellular distribution. Within the cell it has been shown that GC-A
stimulation as compared to sGC stimulation leads to increases in distinct cGMP pools that
are compartmentalized by the activity of PDEs (Castro et al. 2006, Piggott et al. 2006,
Fischmeister et al. 2006, Takimoto et al. 2007, Hart et al. 2001). These findings are
consistent with the observation of distinct actions profiles: e.g. ANP, BNP and NO have
vasodilating actions, but only ANP and BNP are natriuretic. Regarding renal function,
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intrarenal administration of the NO synthase inhibitor NG-monomethyl-L-arginine (L-
NMMA) in experimental acute HF reduced renal blood flow without affecting GFR and
sodium excretion, whereas natriuretic peptide receptor blockade with HS-142-1 did not
affect renal blood flow but decreased GFR and sodium excretion (Martin et al. 2007). It
should also be noted that there can be reciprocal regulation of different cGMP pathways;
e.g. in vascular smooth muscle cells activation of GC-A leads to an attenuated response to
sGC and vice versa (Hussain et al. 2001, Madhani et al. 2006).

The remainder of this review will discuss specific strategies to augment cGMP signaling
pathways in HF.

3. The NO-sGC/cGMP Pathway
Soluble GC is a heterodimeric heme enzyme consisting of an α- and β-subunit and a
prosthetic heme group with a ferrous iron. Binding of NO, which is produced by one of
three nitric oxide synthases, to the heme iron changes the conformation of the enzyme and
increases its catalytic activity dramatically. Signaling via the NO/sGC/cGMP pathway has
been shown to be attenuated in a variety of cardiovascular disease states. Part of this is due
to scavenging of NO preventing activation of sGC. Indeed, the HF syndrome is associated
with markedly increased oxidative stress in vascular and renal tissues contributing to
endothelial dysfunction, which is adversely associated with patient outcome. More recent
studies have demonstrated that not only can NO be scavenged but also the heme moiety of
sGC can be oxidized or missing, rendering the enzyme insensitive to NO (Stasch et al. 2006,
Munzel et al. 2007). This endothelial or vascular dysfunction provides a rationale for the
therapeutic enhancement of the NO/sGC/cGMP pathway.

3.1 Conventional Nitrovasodilators
Soluble GC stimulation with nitrovasodilators has been employed for more than a century in
cardiovascular disease (Brunton 1867). However, long-term administration of
nitrovasodilators is associated with the development of tolerance and cGMP-independent
actions, which may have beneficial but also detrimental actions. The latter include oxidative
stress, mitochondrial toxicity, endothelial dysfunction, and protein nitrosation (Munzel et al.
1995, Caramori et al. 1998, Warnholtz et al. 2002, Sydow et al. 2004, Hess et al. 2005, Heck
et al. 2005, Stasch, et al. 2006, Thomas et al. 2007). These side effects can at least in part be
prevented by hydralazine, which has potent antioxidant properties. Indeed, clinical trials in
which patients received a combination of a nitrate (isosorbide dinitrate) and hydralazine
demonstrated improved outcomes compared to placebo before the introduction of ACE
inhibitors (Cohn et al. 1986) and more recently in African Americans even on top of therapy
with ACE inhibitors and beta blockers (Taylor et al. 2004).

3.2 NO-independent stimulator and activators of sGC
Ko et al. (1994) reported hat the molecule YC-1 activates sGC directly, i.e. independently of
NO, which stimulated the search for similar compounds. Stasch et al. (2001, 2002) described
two new classes of direct sGC stimulators, one NO-independent but heme-dependent, the
other NO- and heme-independent. The former class only stimulates sGC if the heme iron is
in the ferrous state (Fe2+), whereas the latter class activates the enzyme preferentially if the
heme iron is oxidized (Fe3+) or the heme is absent.

3.2.1 NO-independent but Heme-Dependent sGC Stimulators—The first orally
available NO-independent but heme dependent sGC stimulator to be described was BAY
41–2272, a pyrazolopyridine. It binds to a regulatory site on the alpha subunit of sGC and
activates sGC synergistically with NO and can thus be considered a “NO sensitizer”. In
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experimental studies BAY 41–2272 lowered blood pressure, relaxed blood vessels that had
been made tolerant to nitrovasodilators, and inhibited platelet aggregation. A related
compound, BAY 41–8543, prolonged binding of NO to sGC 220 fold (Schmidt et al. 2003).
In a canine model of HF induced by rapid right ventricular pacing, BAY 41–2272 decreased
mean arterial pressure, pulmonary capillary wedge pressure and systemic and renal vascular
resistances and increased cardiac output and renal blood flow (Boerrigter et al. 2003). The
hemodynamic actions were similar to nitroglycerin with the important exception of right
atrial pressure, which decreased with nitroglycerin but was unchanged with BAY 41–2272.
This difference could be due to the fact that BAY 41–2272 acts synergistically with NO,
which may be more abundant in arteries than veins. In contrast, nitroglycerin is bioactivated
preferentially in the veins. An at least theoretical problem with the synergism is the potential
for a “steal phenomenon”, i.e. BAY 41–2272 may be most efficacious in areas with higher
endogenous levels of NO, thus potentially diverting blood away from diseased and ischemic
areas with low endogenous NO. Also, venodilation, indicated by the decrease in right atrial
pressure seen with nitroglycerin, would be desirable in most patients with HF, as it reduces
preload and chamber dimensions, and thus wall stress and myocardial oxygen demand. It
should be noted that actions of BAY 41–2272 other than stimulating sGC have been
reported, e.g. inhibition of PDE5 (Mullershausen et al. 2004, Bischoff and Stasch 2004).
While this would make BAY 41–2272 a less specific drug, it would not necessarily make it
a worse therapeutic as is discussed in more detail later in this review.

The NO-independent but heme-dependent sGC stimulator in the most advanced stage of
clinical development is BAY 63–2521 (riociguat), which is currently in clinical trials for the
treatment of pulmonary arterial hypertension (Ghofrani et al. 2007). Other NO-independent
but heme-dependent sGC stimulators are CFM-1571 and A-350619 (Selwood et al. 2001,
Miller et al. 2003, Evgenov et al. 2006).

3.2.2 NO-and Heme-Independent sGC Activators—The first reported NO- and
heme-independent sGC activator was BAY 58–2667, an amino dicarboxylic acid that binds
to regulatory sites on the α- and β-subunit of sGC (Stasch et al. 2002). BAY 58–2667
potently activates sGC because it can compete with and replace the heme moiety, which in
the non-nitrosylated state inhibits enzyme activity (Schmidt et al. 2004). Indeed, BAY 58–
2667 activates preferentially the oxidized and heme-free enzyme, which makes BAY 58–
2667 an interesting pharmacologic tool. Stasch et al. (2006) reported that in various
experimental cardiovascular disease conditions the potency of nitrovasodilators was
reduced, whereas it was increased for BAY 58–2667, strongly suggesting an increased
prevalence of oxidized or heme-free sGC. These findings provide evidence for a potential
additional pathophysiologic mechanism contributing to endothelial and vascular smooth
muscle cell dysfunction in cardiovascular disease states. They also suggest that BAY 58–
2667 may induce the opposite of a “steal phenomenon” by being most efficacious in
diseased vessels.

In vivo, BAY 58–2667 has an additive effect with NO and lowered blood pressure in rats
and healthy canines (Stasch, et al. 2002). In experimental pacing-induced HF, BAY 58–
2667 had hemodynamic actions similar to nitroglycerin with reductions in mean arterial and
pulmonary capillary wedge pressure, systemic and renal vascular resistance, and increases in
cardiac output and renal blood flow (Boerrigter et al. 2007) (Figure 2). Importantly, unlike
BAY 41–2272, BAY 58–2667 also decreased right atrial pressure. GFR and urinary sodium
excretion were preserved despite the hypotensive actions. There was also no activation of
RAAS, whereas ANP and BNP decreased, consistent with cardiac unloading.

As BAY 58–2667 possesses impressive hemodynamic properties in experimental HF and
preserves renal function, an unblinded, uncontrolled proof-of-concept study was recently
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undertaken and completed. Specifically, Lapp et al. (2007) assessed the effect of BAY 58–
2667 on hemodynamic and symptomatic status in patients admitted to the hospital with
acute decompensated HF, NYHA class III/IV symptoms, PCWP≥18 mmHg, parenteral
pharmacotherapy, and invasive hemodynamic monitoring. Based upon an initial dose-
finding part of the study (n=17), a starting dose of 100 µg/h was chosen for the proof-of-
concept second part of the study (n=33), in which BAY 58–2667 was infused for a total of
six hours. Hemodynamic function was assessed at baseline, after 2, 4, and 6 hours of drug
infusion, and 2 hours after the end of infusion. Dose adjustments could be made at 2 and 4
hours; the maximal dose of 400 µg/h was administered to sixteen of 30 patients who
completed the study. BAY 58–2667 significantly reduced PCWP, right atrial pressure,
systemic and pulmonary vascular resistance, while cardiac output increased. A PCWP
reduction of ≥4 mmHg was achieved in 53%, 83%, and 90% after 2, 4, and 6 hours,
respectively, which was associated with an improvement in symptomatic status as assessed
by a dyspnea score. This study shows that also in human HF there exists a pool of sGC that
can be activated by BAY 58–2667 with subsequent favorable cardiac pre- and afterload
reduction, warranting further studies. Other NO- and heme-independent sGC activators are
HMR1766 (ataciguat) and S3448 (Schindler et al. 2006).

When these preclinical and clinical studies are taken together, the results are encouraging
and provide evidence for therapeutic potential. As recently stated by Munzel et al. (2007),
“these agents could revolutionize the treatment of not only HF but also other conditions,
such as coronary artery disease, systemic hypertension, and pulmonary hypertension.”

4. The Natriuretic Peptide Pathways
The natriuretic peptides ANP and BNP are secreted by the heart in conditions of cardiac
overload and via GC-A stimulate the production of cGMP. They have natriuretic, diuretic,
vasodilating, renin- and aldosterone suppressing actions that help to unload the heart. In
addition, they have antihypertrophic and antifibrotic properties (Tsuruda et al. 2002,
Holtwick et al. 2003) as well as lusitropic (Lainchbury et al. 2000). CNP of endothelial
origin functions via activation of GC-B and serves as a more local autocrine/paracrine
peptide in endothelial cell/vascular smooth muscle cell control (Stingo et al. 1992). As
discussed above, the intracellular cGMP signal of the NPs is terminated by PDEs.

NPs are inactivated in several ways: enzymatic degradation, endocytosis after binding to the
natriuretic peptide clearance receptor (NPR-C), or renal excretion. Of note, ANP, BNP, and
CNP bind to NPR-C, the main function of which was initially believed to be clearance of
NPs; however, other functions have emerged (Villar et al. 2007, Huntley et al. 2006).
Importantly, in more advanced HF stages the response to endogenous and exogenous NPs is
blunted, which can at least partially be overcome by administration of exogenous NPs,
providing a rationale for pharmacologically augmenting the NP system. This is possible in
various ways, e.g. administration of exogenous NPs or prolonging the bioactivity of
endogenous NPs by inhibiting their degradation.

4.1 Guanylate Cyclase A Activators
4.1.1 B-Type Natriuretic Peptide—BNP has been reported to have vasodilating,
natriuretic, diuretic, lusitropic, anti-hypertrophic, and antifibrotic properties, all of which
could be beneficial in HF (Yoshimura et al. 1991, Lainchbury, et al. 2000, Tsuruda, et al.
2002, Tamura et al. 2000). The response to exogenous BNP is blunted, suggesting resistance
to BNP and providing a rationale for exogenous supplementation despite high endogenous
levels. In canine tachypacing-induced HF BNP augmented the diuretic and natriuretic
response to furosemide, increased GFR, and prevented an increase in aldosterone induced by
furosemide alone (Cataliotti et al. 2004).
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Nesiritide, a recombinant form of human BNP, was approved for the treatment of acute
decompensated HF in the US in 2001. In the VMAC trial, nesiritide was administered as a
bolus (2 µg/kg) followed by a continuous infusion (0.01 to 0.03 µg/kg/min) in patients with
acute decompensated HF; in a subset of patients the dose could further be increased in steps
of 0.005 µg/kg/min preceded by a 1 µg/kg bolus up to a maximum of 0.03 µg/kg/min
(VMAC-Investigators 2002). Nesiritide led to a larger decrease in pulmonary capillary
wedge pressure at 3 and 24 hours as compared to placebo and nitroglycerin, although
symptomatic status was not improved compared to nitroglycerin. Subsequent meta-analyses
of publicly available studies suggested that nesiritide was associated with an increase in
serum creatinine and mortality (Sackner-Bernstein et al. 2005, Sackner-Bernstein et al.
2005). The mechanism for these findings is unclear but possibly the nesiritide dose
administered, particularly the bolus, may have contributed to hypotension, which due to
BNP’s half-life would be more prolonged as compared to e.g. nitroglycerin. Subsequent
small studies reported no indication for detrimental or beneficial renal effects of nesiritide in
acute decompensated HF (Wang et al. 2004, Witteles et al. 2007, Owan et al. 2008, Burnett
and Korinek 2008). Of note, despite the fact that administration of a bolus was left at the
discretion of the physician in the latter study, patients with nesiritide had significantly lower
blood pressures, which may have offset some potentially beneficial actions by reducing
renal perfusion pressure. The manufacturer-sponsored ongoing “Acute Study of Clinical
Effectiveness of Nesiritide in Decompensated Heart Failure” (ASCEND-HF) with
rehospitalization due to HF and all-cause mortality as a primary outcome measure may be
able to provide definitive clarification. Using an innovative but more invasive approach,
intrarenal administration of nesiritide with a bifurcated renal catheter in experimental canine
HF resulted in a larger natriuresis and increase in glomerular filtration rate as compared to
systemic nesiritide (Chen et al. 2006). Importantly, intrarenal unlike systemic administration
did not lower systemic arterial blood pressure.

Nesiritide has also been evaluated in settings other than acute decompensated HF. The
FUSION-II trial evaluated once or twice weekly outpatient infusions of nesiritide for 12
weeks in patients with chronic HF on standard therapy. No increased renal dysfunction or
mortality, but also no benefit was observed (Cleland et al. 2007). One reason for the lack of
efficacy could be that only intermittent administration of nesiritide was used. Feasibility of
chronic subcutaneous administration has been demonstrated in animals and in humans (Chen
et al. 2000, Chen et al. 2004) and studies to further explore the efficacy of chronic nesiritide
are ongoing. In addition, peptide modification to increase the half-life of BNP or to allow
oral delivery have been reported (Cataliotti et al. 2005).

In the NAPA trial, nesiritide (0.01 µg/kg/min; no bolus; n=141) or placebo (n=138) was
given to patients with a left ventricular ejection fraction ≤40% undergoing bypass surgery
with anticipated cardiopulmonary bypass (Mentzer et al. 2007) (Figure 3). Patients
randomized to nesiritide had a smaller rise in serum creatinine, larger urine output, shorter
hospital stay, and a lower 180-day mortality. Similarly, in a study of patients with reduced
renal function undergoing cardiac bypass surgery randomization to nesiritide as compared to
control improved post-operative renal function (Chen et al. 2007). Another possible
indication where studies are pursued is nesiritide as a treatment to ameliorate remodeling
post myocardial infarction.

4.1.2 Atrial Natriuretic Peptide—ANP (carperitide) has been approved for the treatment
of HF in Japan since 1995 (Suwa et al. 2005). However, no double-blind placebo controlled
studies are available evaluating its efficacy in HF. Most recently, in patients with acute
myocardial infarction, carperitide as an adjunct to reperfusion therapy reduced infarct size as
estimated by creatine kinase and increased left ventricular ejection fraction (Kitakaze et al.
2007). Similarly, in a study in patients with first anterior myocardial infarction, carperitide
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decreased LV end diastolic volume and increased LV ejection fraction fraction compared to
infusion of isosorbide dinitrate (Kasama et al. 2007).

Urodilatin (ularitide) is a splice-variant of the ANP precursor with four additional N-
terminal amino acids. It is secreted into the urine and does not appear in the circulation. In a
phase II trial, 24-hour infusion of ularitide in patients with decompensated HF (n=221) dose-
dependently decreased cardiac filling pressures and systemic arterial pressure and improved
symptomatic status with no adverse effects on renal function observed during the first three
days after study drug administration (Mitrovic et al. 2006). The most common adverse effect
was hypotension, which required at least temporary interruption of drug administration in
5.0, 9.4, and 12.7% in the groups randomized to 7.5, 15, and 30 ng/kg/min of ularitide,
respectively.

4.1.3 Dendroaspis Natriuretic Peptide—There are also other sources of naturally
occurring NPs. Snake venom has been the source of several peptides that have been useful
in the development of cardiovascular drugs, e.g. the ACE inhibitor captopril and the
glycoprotein IIb/IIIa antagonist eptifibatide. In 1992, Schweitz et al. reported the in vitro
biological actions of a newly discovered peptide Dendroaspis natriuretic peptide (DNP),
which was isolated from the venom of the green mamba. DNP binds to GC-A and the
natriuretic peptide clearance receptor, but not to GC-B (Schweitz et al. 1992, Johns et al.
2007). We reported that DNP in vivo was potently natriuretic and diuretic and possessed
cardiac unloading actions but with significant hypotensive properties (Lisy et al. 1999, Lisy
et al. 2001). These in vivo actions of DNP are consistent with GC-A activation as such
effects closely mimic the properties of ANP and BNP but not CNP. Of note, DNP has a
higher affinity for the GC-A receptor as compared to ANP and BNP (Singh et al. 2006,
Johns, et al. 2007). As a non-endogenous peptide, there is however the potential of
immunogenicity.

4.2 Guanylate Cyclase B Activators: C-Type Natriuretic Peptide
Another member of the endogenous NP family is CNP, which acts via GC-B (Tawaragi et
al. 1991). CNP is a 22-amino acid (AA) peptide that shares structural homology with the
other members of the NP family, all of which function via well-characterized particulate GC
receptors as discussed above and the second messenger cGMP. While possessing structural
similarity, CNP is genetically distinct from ANP and BNP. Also, unlike ANP or BNP, CNP
lacks a carboxy-terminal amino acid extension, which may explain in part its lack of
natriuretic properties (Clavell et al. 1993, Hunt et al. 1994). Since its discovery in 1990, we
have learned that CNP is principally an endothelial cell derived peptide (Stingo et al 1992).
In isolated venous and arterial rings, CNP activates GC-B receptors in veins while ANP and
BNP activate GC-A receptors in both arteries and veins which is consistent with the less
hypotensive actions of CNP as compared to ANP and BNP (Wei et al. 1993, Igaki et al.
1998, La Villa et al. 1998).

Studies have also demonstrated that CNP possesses more potent anti-proliferative and
collagen suppressing properties in cardiac fibroblasts (CFs) as compared to ANP and BNP
(Horio et al. 2003). Relevant to such antifibrotic properties, studies have reported that 14
days of continuous infusion of CNP in rodents with acute myocardial infarction (AMI)
markedly attenuates ventricular dilation, cardiac fibrosis, and cardiomyocyte hypertrophy
(Soeki et al. 2005). The chronic infusion of CNP was without any hypotensive actions.

In clear contrast to ANP and BNP, CNP lacks significant natriuretic and diuretic actions
when infused into humans. This may explain its lack of utility in sodium and water retaining
sydromes such as HF despite its attractive venodilating and antifibrotic properties.
Interestingly, in HF GC-A is downregulated and GC-B is relatively more abundant than GC-
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A (Dickey et al. 2007, Bryan et al. 2007) which provides the rationale for GC-B agonist-
based therapies in HF.

4.3 Designer Natriuretic Peptides
Given the complexity and diversity of HF, it should come as no surprise that currently
available NPs are not efficacious or ideal for every patient. Indeed, as discussed in the
section on BNP (4.1.1) hypotensive actions or specific renal resistance in some patients may
completely offset any renal enhancing actions. Thus, attempts are made to design and
develop NPs with an improved profile of action. Aims of modifying the peptide sequence
could be to change the affinity to different receptors and the susceptibility to enzymatic
degradation.

A key structural feature of DNP is that it possesses the longest C-terminus of the known
natriuretic peptides consisting of 15 amino acids (AA) as compared to 5 AA for ANP, 6 AA
for BNP, and none for CNP. Indeed, the long C-terminus of DNP may render DNP highly
resistant to degradation by neprilysin (NEP; EC 3.4.24.11; also called neutral endopeptidase,
CD10) contributing to potent natriuretic and diuretic actions (Chen et al. 2000). Further, the
lack of a C-terminus for CNP may explain the observation that of the three known
endogenous natriuretic peptides CNP is the most susceptible to degradation by NEP, which
could limit its renal actions as NEP is strongly expressed in the kidney (Kenny et al. 1988).

Based upon exploratory studies of the 15-AA C-terminus of DNP, we found that fusion of
the 15 AA C-terminus of DNP into the C-terminus position of the core 22-AA ring structure
of CNP resulted in a synthetic chimeric peptide that in vivo possessed the cardiac unloading
actions of CNP with minimal hypotensive properties together with the additional renal
effects of natriuresis and diuresis (Lisy et al. 2008) (Figure 4). We also observed that this
chimera called CD-NP retained properties of CNP in vitro in activating cGMP in cardiac
fibroblasts and inhibiting cell proliferation. Thus, this chimeric natriuretic peptide possesses
potentially beneficial efficacy and safety for the treatment of cardiorenal disease states such
as HF and AMI. A first in human study was recently completed in normal human subjects
and demonstrated activation of plasma and urinary cGMP, natriuresis, aldosterone
suppression with minimal actions on arterial pressure (Lee et al. 2008).

4.4 Inhibitors of Natriuretic Peptide Degradation
An alternative way to augment the NP pathways is to inhibit enzymes involved in the
degradation of endogenous NPs. However, as these enzymes are likely to have other
substrates, this approach is a less specific strategy and a potential advantage of augmenting
the NPs may be offset by reduced degradation of undesired endogenous peptides. Enzymes
reported to be involved in NP degradation are NEP, dipeptidyl peptidase IV (DPP-IV; EC
3.4.14.5; also called CD26), and meprin A (EC 3.4.14) (Kenny and Stephenson 1988,
Brandt et al. 2006, Pankow et al. 2007). NEP inhibitors have been tested in clinical trials but
were not superior to placebo (Northridge et al. 1999, Cleland and Swedberg 1998).
Omapatrilat is a vasopeptidase inhibitor that simultaneously inhibits ACE and NEP. In the
Omapatrilat Versus Enalapril Randomized Trial of Utility in Reducing Events
(OVERTURE, n=5770), omapatrilat demonstrated equal efficacy as enalapril regarding
death or hospitalization for HF (Packer et al. 2002). Interestingly, had the end point criteria
of the Studies of Left Ventricular Dysfunction (SOLVD) trial been employed, a statistically
significant improvement with omapatrilat would have been found. However, in an
echocardiographic OVERTURE substudy, no differences in LV remodeling and function
was observed between randomization groups (Solomon et al. 2005). Of note, given that
omapatrilat is a more potent and longer lasting inhibitor of ACE as compared to NEP, the
once daily administration of omapatrilat may not have been sufficient to persistently
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enhance the NP system and demonstrate superiority as compared to ACE inhibition alone in
this HF study population. In the Exercise and Symptoms Study of Heart Failure (IMPRESS,
n=573), omapatrilat significantly reduced the composite end point of death, admission or
discontinuation of study treatment for worsening HF compared to the ACE inhibitor
lisinopril (Rouleau et al. 2000). The more favorable results in the IMPRESS trial may be due
to the fact that patients enrolled in this trial had on average less severe HF.

A potential problem of NEP inhibition is that it could also inhibit the degradation of
endothelin, a potent vasoconstrictor and also a NEP substrate. More upstream from NEP in
the processing of BNP is DPP-IV which was reported to cleave BNP 1–32 to BNP 3–32 in
vitro (Brandt, et al. 2006). In healthy canines, synthetic BNP 3–32 as compared to BNP 1–
32 had no vasodilating actions and had reduced natriuretic actions (Boerrigter et al. 2007).
No reports are available regarding the effect of DPP-IV inhibition on endogenous and
exogenous BNP levels in vivo, which may be important to know particularly because the
first DPP-IV inhibitor, sitagliptin, has recently been approved for the treatment of type II
diabetes mellitus. Meprin A cleaves BNP 1–32 to BNP 8–32, which then also becomes a
substrate of NEP (Pankow, et al. 2007). BNP 8–32 in healthy canines compared to BNP 1–
32 had similar hemodynamic but reduced natriuretic actions (Boerrigter et al. 2008). Based
upon these results one could speculate that enzymatic degradation of the NPs not necessarily
only reduces their bioactivity, but it may also modify their profile of actions.

5. Phosphodiesterase Inhibition
The cGMP signal is effectively terminated by the action of specific phosphodiesterases that
hydrolyze cGMP to GMP. Inhibition of the isoenzyme PDE5A (e.g. with sildenafil,
vardenafil, tadalafil) reduces the vascular tone particularly in the corpus cavernosum and the
pulmonary vasculature, leading to its application in erectile dysfunction and pulmonary
arterial hypertension. In a murine model of pressure overload due to aortic banding, chronic
sildenafil (100 mg/kg body weight) attenuated cardiac hypertrophy, dilation, and fibrosis,
and improved cardiac function (Takimoto et al. 2005). Indeed, cardiac hypertrophy was not
only prevented but, once established, could be reversed with sildenafil. This was associated
with decreased activation of hypertrophic factors such as calcineurin, the mitogen-activated
kinase ERK1/2, Akt, and PI3Kα. However, a different group using the same animal model
reported that sildenafil (154±5 mg/kg body weight/day ) did not prevent hypertrophy and
actually decreased ejection fraction (Eder et al. 2007). The reason for this discrepancy is
unclear but may include the sildenafil dose and the degree of aortic banding. In canine
pacing-induced HF, chronic PDE5 inhibition with sildenafil reduced systemic vascular
resistance and increased cardiac output but did not affect cardiac filling pressures or renal
function (Chen et al. 2006). Of note, this model is not associated with the development of
cardiac hypertrophy. Sildenafil post-myocardial infarction in mice reduced infarct size and
apoptosis, improved left ventricular function 7 and 28 days post-MI, reduced cardiac
hypertrophy, and improved survival (Salloum et al. 2008). It would be interesting to know
whether short-term administration for only a few days post-MI would be sufficient to
improve remodeling or whether chronic therapy is required.

In a small human study (n=34) in systolic HF patients with secondary pulmonary
hypertension (mean pulmonary artery pressure >25 mmHg), those randomized to sildenafil
(25–75 mg orally 3 times daily for 12 weeks) demonstrated reduced pulmonary vascular
resistance at rest and during exercise compared to placebo (Lewis et al. 2007). Peak cardiac
output and maximal oxygen uptake during exercise also increased, while six-minute walk
distance and symptomatic status improved. No significant change in mean arterial pressure,
systemic vascular resistance, pulmonary capillary wedge pressure, or heart rate was
observed. Of note, the sample size was small and slightly more than half the patients were in
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NYHA class II. In another study, male HF patients (n=46; NYHA class II or III) were
randomized to sildenafil (50 mg thrice daily) or placebo and reevaluated after 3 and 6
months (Guazzi et al. 2007). Sildenafil led to sustained reduction of pulmonary artery
systolic pressure, improved flow-mediated dilation of the brachial artery, improved peak
oxygen uptake exercise ventilation, and improved symptomatic status. No serious adverse
events with sildenafil were obvious in either trial. These studies suggest that at a minimum
PDE5 inhibition can improve functional status in HF patients. It remains to be determined
what its effect on mortality is and how patients with more advanced disease respond.

6. Multivalency Strategies
Taking the individual strategies to augment cGMP systems one step further, one could
combine two or more strategies (Figure 1). Little is known about simultaneous activation of
sGC and GC-A. As both pathways differ in their tissue and cellular targets, augmenting both
may be a beneficial strategy. In canine pacing-induced HF, combination of BNP and the
NO- and heme-independent sGC activator BAY 58–2667 resulted in vasodilation, increased
cardiac output and renal blood flow, and natriuresis, a profile not achieved by either
compound alone (Boerrigter et al. 2007). In the NAPA trial which showed beneficial effects
of perioperative nesiritide infusion during cardiac surgery in patients with impaired LV
function, more than half the patients in the nesiritide arm also received a nitrovasodilator
(Mentzer, et al. 2007). Chen et al reported that in canine pacing-induced HF after chronic
PDE5 inhibition (see section 5) (Chen, et al. 2006) the response to BNP was augmented.
Interestingly, chronic PDE5 inhibition led to significantly increased plasma cGMP levels
despite lower BNP levels, which would be consistent with a “leaking” sGC-dependent
cGMP pool.

Currently, medication with nitrates is considered a contraindication for PDE5-inhibition, due
to the potential of excessive hypotension; however, it may be worthwhile to formally test the
cardiorenal actions of this strategy with correspondingly lower sGC stimulator doses. This
may be especially be the case in the cardiorenal syndrome that is characterized in a model of
overt HF to be resistant to ANP in association with reduction in GFR and renal blood flow
together with increases in glomerular PDE activities (Supaporn et al. 1996).

7. Conclusion and Future Directions
Cyclic GMP is a second messenger crucially involved in important signaling pathways in
cardiovascular disease, including heart failure. Potent drugs are now available to augment
these signaling systems with conventional sGC stimulators, novel NO-independent sGC
stimulators, GC-A and GC-B agonists, and PDE inhibitors. Given some of the already
available promising preclinical and clinical data, it is likely that the cGMP systems will
remain attractive areas of research and drug development. Indeed, in strategies to treat heart
failure, the focus has been on antagonizing endogenous neurohumoral systems. Cyclic GMP
research has opened a new direction in heart failure therapeutics by providing us with an
exciting way to promote signaling pathways that possesses robust properties of cardiorenal
protection warranting further basic and clinical research.
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Figure 1.
Simplified schematic of guanylate cyclase (GC) pathways. Cyclic GMP is the second
messenger of several distinct signaling pathways. Nitric oxide is produced by endothelial
cells and binds to soluble GC in the target cell. ANP and BNP, derived primarily from
cardiomyocytes, stimulate GC-A (also called NP receptor A), while CNP, secreted by
endothelial cells, stimulates GC-B (also called NP receptor B). Cyclic GMP modulates the
activity of cGMP-dependent protein kinase G, cGMP-regulated PDEs, and cGMP-regulated
cation channels. The cGMP signal is terminated by a variety of PDEs that hydrolyze cGMP
to GMP, or by extrusion into the extracellular space. The NPs are degraded by a variety of
peptidases. Cyclic GMP signaling can be augmented by (1) the use of NO-mimetics such as
nitrovasodilators, (2) by direct sGC stimulators, (3) by administration of exogenous NPs, (4)
by inhibiting NP degrading enzymes, and (5) by inhibiting the activity of cGMP-
hydrolyzing PDEs. ANP, atrial natriuretic peptide, BNP, B-type natriuretic peptide, cGMP,
cyclic guanosine monophosphate, GMP, guanosine monophosphate, GC, guanylate cyclase,
DPP4, dipeptidyl peptidase IV, NEP, neutral endopeptidase, NO, nitric oxide, PDE,
phosphodiesterase, PKG, protein kinase G, RA, natriuretic peptide receptor A, sGC, soluble
guanylate cyclase.
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Figure 2.
Effect of BAY 58–2667 administration on (A) mean arterial pressure (MAP), (B) systemic
vascular resistance, (C) right atrial pressure (RAP), (D) pulmonary capillary wedge pressure
(PCWP), (E) cardiac output (CO), and (F) renal blood flow (RBF). * indicates p<0.05
compared to baseline. Taken from Boerrigter et al. (2007).
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Figure 3.
Adjusted mean maximum decrease in glomerular filtration rate (GFR) from baseline through
hospital discharge or by study day 14, whichever came first, using an analysis of covariance
model. Lines above the bars indicate standard error of the mean (A). Kaplan-Meier survival
curve to day 180 by treatment group in the ‘safety population’, which is a subset of the total
study population added during the study to assess long-term safety (B). Taken from Mentzer
et al. (2007); reprinted with permission from Elsevier.
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Figure 4.
CD-NP is a chimeric peptide consisting of the amino terminus and ring structure of C-type
natriuretic peptide and the carboxy terminus of Dendroaspis natriuretic peptide.
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