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Abstract Since the discovery of atrial natriuretic factor
by de Bold et al., there has been tremendous progress in
our understanding of the physiologic, diagnostic and ther-
apeutic roles of the natriuretic peptides (NPs) in health and
disease. Natriuretic peptides are endogenous hormones that
are released by the heart in response to myocardial stretch
and overload. Three mammalian NPs have been identified
and characterized, including atrial natriuretic peptide (ANP
or atrial natriuretic factor), B-type natriuretic peptide
(BNP), and C-type natriuretic peptide (CNP). In addition,
Dendroaspis natriuretic peptide (DNP) has been isolated
from the venom of Dendroaspis angusticeps (the green
mamba snake), and urodilatin from human urine. These
peptides are structurally similar and they consist of a
17-amino-acid core ring and a cysteine bridge. Both ANP
and BNP bind to natriuretic peptide receptor A (NPR-A)
that are expressed in the heart and other organs. Activation
of NPR-A generates an increase in cyclic guanosine
monophosphate, which mediates natriuresis, inhibition of
renin and aldosterone, as well as vasorelaxant, anti-fibrotic,
anti-hypertrophic, and lusitropic effects. The NP system
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thus serves as an important compensatory mechanism
against neurohumoral activation in heart failure. This
provides a strong rationale for the use of exogenous NPs in
the management of acutely decompensated heart failure. In
this article, the therapeutic applications of NPs in the acute
heart failure syndromes are reviewed. Emerging thera-
peutic agents and areas for future research are discussed.
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Introduction

Since the discovery of atrial natriuretic factor by de Bold
et al. [1], there has been tremendous progress in our
understanding of the physiologic, diagnostic and thera-
peutic roles of the natriuretic peptides (NPs) in health and
disease. Natriuretic peptides are endogenous hormones that
are released by the heart in response to myocardial stretch
and overload [2]. Three mammalian NPs have been iden-
tified and characterized, including atrial natriuretic peptide
(ANP or atrial natriuretic factor), B-type natriuretic peptide
(BNP), and C-type natriuretic peptide (CNP) [3, 4].
Moreover, Dendroaspis natriuretic peptide (DNP) was
isolated from the venom of Dendroaspis angusticeps (the
green mamba snake) [5] and DNP-like immunoreactivity
has also been detected in the human plasma and myocar-
dium [6]. However, the gene for DNP has yet to be iden-
tified in the human genome [7], whereas ANP, BNP, and
CNP are known to be genetically distinct [3, 4]. In addi-
tion, urodilatin (URO) is an NP that has been isolated in
human urine [3]. Urodilatin originates from the same
common precursor as ANP, but is differentially processed
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[8]. All five NPs share structural similarities in a 17-amino-
acid core ring and a cysteine bridge (Fig. 1) [3, 5].

In this article, the therapeutic applications of NPs in the
acute heart failure syndromes (AHFS) are reviewed.
Emerging therapeutic agents and areas for future research
are discussed.

Rationale for the therapeutic use of natriuretic peptides
in the AHFS

Both ANP and BNP are produced by myocardial cells [9].
They bind to natriuretic peptide receptor A (NPR-A) [10],
which is widely distributed in the human myocardium [11].
Both NPs are released in response to myocardial wall
stretch [9], which is exaggerated in heart failure (HF)
where cardiac filling pressures are elevated [12, 13].
Activation of NPR-A results in an increase in cyclic gua-
nosine monophosphate (cGMP), which mediates natriure-
sis, inhibition of renin and aldosterone, as well as
vasorelaxant, anti-fibrotic, anti-hypertrophic, lusitropic and
other effects (Fig. 2) [4, 9].

C-type natriuretic peptide was first identified in porcine
brain [14]. It is of endothelial and renal cell origin with a
wide distribution in the vasculature, brain, bone, epithe-
lium, and other tissues [4, 15-17]. It is thought to act via a
paracrine mechanism [18]. CNP preferentially binds to the
natriuretic peptide receptor-B (NPR-B) [10, 19], which is
in abundance in veins as compared with arteries [20].
Activation of NPR-B by CNP increases cGMP in vascular
smooth muscle cells and mediates vasorelaxation [21].
Additional actions of CNP include reduction in cardiac
preload in vivo [22]; regulation of vascular tone [21];
inhibition of vascular smooth muscle cell proliferation,
hypertrophy of cardiac myocytes and growth of fibroblasts
[21, 23-25]; suppression of aldosterone release [26, 27];
attenuation of myocardial ischemia-reperfusion injury (IRI)

Fig. 1 Structure and amino-acid sequence of natriuretic peptides [3, 5]

@ Springer

[28, 29]; and prevention of remodeling following myo-
cardial infarction [30]. CNP might also contribute to the
anti-mitogenic and vasodilatory effects of ANP and BNP,
as CNP secretion can be stimulated by ANP and BNP [31].
However, it lacks significant natriuretic or diuretic effects
[22, 27].

Urodilatin exhibits structural homology with the circu-
lating human o-ANP and, in addition, possesses an exten-
sion of four amino-acids in the N-terminus (Fig. 1) [8, 32].
It also binds preferentially to NPR-A, although with less
affinity as compared with that of «-ANP [33]. Urodilatin
acts in the glomeruli and the inner medullary collecting
ducts [34], and functions as a paracrine regulator of Na*
excretion in the kidney [8, 35].

Given these favorable cardiorenal actions, the NP sys-
tem serves as an important compensatory mechanism
against the neurohumoral activation in HF [9]. This pro-
vides a strong rationale for the application of exogenous
NPs in the management of the AHFS.

Review of ANP, BNP, and urodilatin

Two of the NPs, ANP and BNP, are available for clinical
use, whereas URO is under clinical investigation. Specifi-
cally, human recombinant ANP (carperitide) was approved
in Japan in 1995 for the management of acute HF and is
currently under clinical development in the United States
[3, 36]. Human recombinant BNP (nesiritide) was ap-
proved in the U.S. in 2001 [37]. Urodilatin (ularitide) is
currently under clinical development both in Europe and in
the U.S. [3, 36].

ANP

Human ANP has been evaluated in multiple studies with a
wide variation of pharmacokinetic parameters reported
[38]. Generally speaking, ANP has a short half-life and a
high total body clearance [38]. Nakao et al. [39] studied the
pharmacokinetics of synthetic a-human ANP in six healthy
male volunteers using an i.v. bolus injection (100 pg). The
disappearance of a-hANP was fitted to a bi-exponential
decay curve, with fast and slow half-times being 1.7 min
and 13.3 min, respectively. The volume of distribution at
steady state was 11.9 I and the mean plasma clearance was
1.52 1 min™! kgfl. Weidmann et al. [40] showed that in
healthy men, i.v. infusion of synthetic a-hANP lowered
systemic blood pressure (BP), increased glomerular filtra-
tion rate (GFR), and mediated marked natriuresis and
diuresis. Hemoconcentration was observed [40]. In addi-
tion, Fiskjer and Pedersen [41] evaluated the dose-
response relationship of ANP bolus injection in healthy
men and reported dose-dependent increases in cGMP in
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Fig. 2 Schematic illustration of the signal transduction pathways of
the natriuretic peptide/nitric oxide system and therapeutic targets for
potentiation of cGMP effects [4, 7, 77]. ANP = A-type natriuretic
peptide, BNP = B-type natriuretic peptide, CNP = C-type natriuretic
peptide, DNP = Dendroaspis natriuretic peptide, GC = guanylate
cyclase, sGC = soluble guanylate cyclase, cGMP = cyclic guanosine
monophosphate, GTP = guanosine triphosphate, NEP = neutral endo-
peptidase, NO = nitric oxide, NPs = natriuretic peptides, NPR-
A = natriuretic peptide receptor-A, NPR-B = natriuretic peptide
receptor-B, NPR-C = natriuretic peptide receptor-C, PDE = phos-
phodiesterase

plasma and urine following ANP bolus injection. The in-
crease in cGMP correlated with the increase in urinary Na*
excretion [41]. ANP (as well as BNP and urodilatin) is
cleared by NPR-C and degraded by neutral endopeptidase
(NEP) 24.11 [3]. Both NPR-C and NEP are found in the
kidney, vascular wall, and lung [3].

In patients with HF, Cody et al. [42] demonstrated that
i.v. infusion of ANP led to natriuresis and diuresis, inhibi-
tion of renin and aldosterone, decreases in systemic BP and
pulmonary capillary wedge pressure (PCWP). However,
renal response was attenuated in heart failure when com-
pared to normals [42]. This relative resistance to NP has not
been well delineated, but potential explanations [3, 43] may
include downregulation of NP receptors in the kidney,
existence of altered forms of NPs [44], reduced production
or increased degradation of cGMP; increased activity of
NEDP, increased renal sympathetic activity, hyperaldostero-
nism (increased distal tubular Na* reabsorption), increased
phosphodiesterase activity, enhanced activity of functional
antagonists (such as RAAS) and reduced Na™ delivery to the
distal tubules. In another study, Giles et al. [45] assessed the
hemodynamic responses to human ANP in 12 patients with
HF. At 30 minutes following i.v. bolus injection (4.5 pg kg™
min_l), right atrial pressure (RAP), PCWP and heart rate
(HR) decreased significantly [45]. More recently, the effi-
cacy and safety of carperitide were evaluated in a 6-year
prospective open-label registry of 3,777 patients with acute
HF (51% Killip class III or IV) who were treated with a
median dose of 0.085 pg kg~' min~'of carperitide (median

duration 65 h). It was reported that 82% of patients im-
proved clinically [46].

BNP

Nesiritide, a purified preparation of human BNP, is man-
ufactured from Escherichia coli using recombinant DNA
technology [47]. Recombinant BNP exhibits similar phys-
iologic actions as endogenous BNP [47, 48]. The distri-
bution half-life and the mean terminal elimination half-life
of nesiritide are approximately 2 min and 18 min, respec-
tively [47]. The time to steady state level is less than
90 min and the mean volume of distribution (at steady
state) is 0.191 kg_] [47]. Clearance of nesiritide is
achieved through 3 mechanisms: binding to the NPR-C on
cell surface, degradation by neutral endopeptidase, and
renal filtration [47]. Dosage reduction is not needed in
patients with renal insufficiency [47, 48].

Nesiritide has been shown to lower filling pressure,
decrease systemic and pulmonary vascular resistance and
increase cardiac output in a dose-dependent manner [49].
At 0.01 pg kg™ (the currently recommended dose), nesir-
itide significantly lowers LV filling pressure [49]. The ef-
fects of nesiritide on GFR and renal blood flow (RBF) are
variable [49].

Intravenous nesiritide has been studied in a number of
randomized clinical trials [50]. Colucci et al. [51] evalu-
ated the efficacy of nesiritide in the treatment of decom-
pensated HF. Patients who were hospitalized for
symptomatic HF were recruited into either the efficacy trial
of double-blind design or the open-label comparative trial.
In the efficacy trial (which required placement of a pul-
monary arterial catheter), 127 patients who had
PCWP > 18 mmHg and a cardiac index < 2.7 1 min™' m™
were randomized to placebo or nesiritide (0.015 pg kg™
min~" or 0.03 pg kg™' min™' infusion) for 6 h [51]. Ne-
siritide decreased PCWP by 6 mmHg and 9.6 mmHg,
respectively (vs. an increase of 2 mmHg with placebo) and
was associated with significant improvement in dyspnea,
fatigue, and global clinical status [51]. In the comparative
trial, 305 patients were randomized to nesiritide
(0.015 pg kg™ min~' or 0.03 pug kg™' min™") or standard
therapy. The improvements in dyspnea, fatigue, and overall
clinical status in nesiritide-treated patients were sustained
for up to 7 days and were similar to those who received
standard therapy [51].

The Vasodilation in the Management of Acute CHF
(VMAC) study was a randomized, double-blind trial to
compare the efficacy and safety of i.v. nesiritide, i.v.
nitroglycerin (NTG), and placebo in 489 patients with
decompensated heart failure and dyspnea at rest (246 pa-
tients had placement of pulmonary arterial catheter) [52].
Nesiritide, NTG, or placebo was given for 3 h, followed by
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nesiritide or NTG for 24 h. It was demonstrated that ne-
siritide reduced mean PCWP significantly more than either
NTG or placebo at 3 h and significantly more than NTG at
24 h. There was also significant improvement in dyspnea at
3 h over placebo, but no difference was detected between
nesiritide-treated and NTG-treated patients.

Additional issues on nesiritide are discussed under
‘Safety’ in this review. The interested reader is referred to
recent clinical practice guidelines for further information
[53-55].

Urodilatin

Urodilatin has been evaluated in a number of studies.
Carstens et al. [32] studied the pharmacokinetics and renal
pharmacodynamics of URO in 12 healthy men in a ran-
domized, double-blind, crossover study. Urodilatin was
administered as a 90-min infusion. The kinetics of URO
was characterized by a large apparent volume of distribu-
tion (43.7 1), a high total body clearance (5.358 1 min~'),
and a short plasma half-life of 5.57 min [32]. Of the in-
fused URO, less than 1% was recovered in urine. In these
healthy men, URO exerted natriuretic and diuretic effects
with lowering of mean blood pressure [32]. Dorner et al.
[56] conducted a randomized, double-blind, placebo-con-
trolled, dose-finding study to evaluate the hemodynamic
effects of continuous infusion of URO (7.5, 15, and
22.5 ng kg min™") in healthy males. It was found that
URO 7.5 ng kg”' min™" and 15 ng kg™' min™' were well
tolerated and that URO at 15 ng kg’l min~" increased
urine flow, filtration fraction, renal and systemic vascular
resistance without change in GFR or blood pressure [56].
However, at 22.5 ng kg™ min™', systemic hypotension,
nausea and dizziness occurred, requiring termination of
infusion [56]. In addition, Bestle et al. [57] evaluated the
cardiovascular, endocrine, and renal effects of i.v. infusion
of URO in a randomized, double-blind study. Urodilatin (5,
10, 20, 40 ng kg™' min™") or placebo was administered
over 2 h to eight healthy men (on five separate occasions
for each subject). Both plasma and urinary cGMP increased
following urodilatin infusion [57]. Urodilatin 5 ng kg™
min~" and 10 ng kg™' min~' did not change mean arterial
pressure (MAP) or HR, but decreased stroke volume (10%
and 20%, respectively) and cardiac output (7% and 16%).
In contrast, URO 20 and 40 ng kg~' min~' decreased MAP
(6% and 14%) and stroke volume (17% and 21%), and
increased HR (15% and 38%) with cardiac output remained
unchanged. Importantly, the renin-angiotensin-aldosterone
system (RAAS) was found to be suppressed by URO at 5,
10, and 20 ng kg™' min™' but was activated by URO
40 ng kg~' min™', the latter was attributed to a decrease in
renal perfusion pressure and increased activity of renal
sympathetic nerves [57].
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Urodilatin has been compared with other NPs. Sax-
enhofer et al. [58] evaluated an i.v. bolus injection of URO
(25, 50, 100 pg) as compared with ANP (50 pg) or pla-
cebo. URO at 100 pg lowered diastolic BP, whereas ANP
decreased both systolic and diastolic BP. A dose-dependent
increase in HR was detected [58]. In addition, dose-
dependent increases in urinary cGMP and Na* excretion
were observed, with URO being more potent than ANP
[58]. There was an increase in GFR following adminis-
tration of URO 50 pg and 100 pg. There were no changes
in effective RBF, plasma renin, aldosterone, or catechol-
amines [58].

In a randomized, double-blind, ascending-dose, placebo-
controlled safety trial, Mitrovic et al. [59] evaluated the
effects of a 24-h i.v. infusion of URO in the treatment of
decompensated chronic HF in 24 patients. The patients
were randomized to URO 7.5, 15 and 30 ng kg™' min™' (in
ascending order) or placebo. It was found that URO
(15 ng kg™' min™" and 30 ng kg™' min™") significantly re-
duced PCWP and RAP, as well as N-terminal pro-BNP, as
compared with baseline [59]. Despite a lack of significant
difference in 24-h urine output among the 4 groups, it was
noted that more patients in the placebo group and the low-
dose URO group had received loop diuretics.

The SIRIUS-II (Safety and efficacy of an Intravenous
placebo controlled Randomized Infusion of Ularitide in a
prospective double-blind Study in patients with symptom-
atic decompensated chronic heart failure) trial evaluated
URO in 221 HF patients who had dyspnea at rest or with
minimal exertion [60]. Patients (mean age 61 years, 78%
men, 72% LVEF < 30%) were randomized to placebo or
URO infusion at 7.5, 15, or 30 ng kg_1 min~! for 24 h.
Preliminary results revealed that about 40% of patients in
each of the URO-treated groups showed improvement,
versus approximately 25% in the placebo group [60]. The
decrease in PCWP was 11 mmHg in patients treated with
URO 30 ng kg™' min™" vs. 4 mmHg in the placebo group.
Mean systolic BP decreased by up to 15 mmHg without
change in HR (URO 15 ng kg™' min™' or 30 ng kg™' min™)
[60]. No additional diuresis was observed in URO-treated
patients. Serum creatinine increased to a similar extent
in the placebo group and two of the URO-treated groups
(7.5 and 30 ng kg~' min™"). Death occurred in 7 placebo-
treated and 5 URO-treated patients [60].

Novel routes of administration

Alternative route of peptide administration remains to be
an important area of investigation. Recent reports of intra-
renal administration of BNP in experimental [61] and
clinical [62, 63] studies appear promising. For example,
Heywood et al. [63] evaluated intra-renal infusion of
nesiritide in cardiac transplant patients and reported
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increases in both GFR and RBF. Importantly, the greatest
renal benefit was observed when hypotension was mini-
mized [63], a finding that has also been reported in another
patient population with AHFS [64]. Emerging studies on
peri-operative administration of NPs are also in support of
a conservative dosing regimen [65—67]. Indeed, previous
canine [68] and human data [3, 57, 63, 64, 69, 70] appear to
be consistent with the notion that hypotension-induced
activation of the RAAS and of the sympathetic nervous
system may act as an underlying mechanism for the
development of renal dysfunction (Fig. 3). Whether
avoidance of systemic hypotension (with judicious dosing
or with intra-renal administration) would extend the
application of NPs to the critically ill cardiac patient
remains to be explored in experimental studies.

The subcutaneous route continues to be an attractive
option for the delivery of BNP, as shown in previous
experimental [71-74] and clinical studies [75]. In one
canine study [73], tolerance was not observed following
chronic administration of BNP. Further studies are needed
in this area, as interactions between the NO and the NP
systems have been observed [21, 76] and tolerance is a
recognized phenomenon with the former [77].

Development of orally available peptides has long been
a challenge, given various barriers to protein absorption
and penetration [78]. Recently, Cataliotti et al. [79]
reported the application of proprietary technology which
enabled oral delivery of BNP by covalently attaching short,
amphiphilic oligomers to peptides. In normal conscious
dogs, this novel oral conjugated human BNP activated
cGMP and exerted hypotensive effects [79]. Recently,
Cataliotti et al. [80] further demonstrated in a canine model
of acute hypertension that a more advanced oral conjugated
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Fig. 3 Proposed mechanisms for differential renal effects mediated
by natriuretic peptides [3, 68]. NPs = natriuretic peptides RAAS = -
renin-angiotensin-aldosterone system SNS = sympathetic nervous
system

human BNP significantly increased cGMP and lowered
MAP. The availability of an orally active NP such as BNP
could lead to a much wider application of these peptides
with such favorable actions as discussed above including
their use in human hypertension for both cardiovascular
and renal protection. Here clinical trials will be most
important to define the potential safety and efficacy of oral
NP in the setting of such an important disease such as
hypertension.

Wang et al. [81] reported the synthesis of a long-acting
fusion hormone from recombinant BNP and human serum
albumin, AlbuBNP, which exhibited an extended elimina-
tion half-life of 12—19 h in mice [81]. The effective con-
centration for 50% response (ECs) in NPR-A/cGMP assay
was 284 nM and 0.46 nM for AlbuBNP and BNP,
respectively [81].

The relevance of chronic use of BNP to the AHFS is that
this strategy not only provides opportunities of stabilization
during the clinical course of HF, but also might partially
circumvent limitations associated with delayed drug
administration for acute HF and/or ischemia. Evaluation of
its use as an oral agent in hypertension should also be a top
priority.

Safety

In a prospective registry of 3,777 patients with acute HF
treated with carperitide over a 6-year period, Suwa et al. [46]
reported a 17% incidence of adverse events, with the most
common one being hypotension (during the first 3 h of
carperitide infusion), which resolved spontaneously in 96%
of patients. The median dose was 0.085 pg kg™’ min~".
Clinical improvement was noted in 82% of the patients [46].

Recent analyses [82—84] of clinical trial data on nesiri-
tide have raised concerns about adverse renal effects and
increase in mortality. An expert panel was convened to
provide guidance amidst these concerns [85]. It was rec-
ommended that the use of nesiritide to be limited to pa-
tients with acutely decompensated HF who have dyspnea at
rest and that nesiritide not be used in place of diuretics,
given the lack of sufficient evidence [85]. Moreover, fur-
ther clinical studies were recommended to evaluate the
effect of nesiritide on survival [85]. The use of nesiritide at
the dosages described in the package insert (0.01-0.03
pg-kg™ min') was noted to be associated with a dose-
dependent increase in serum creatinine [85]. The mecha-
nism for this untoward effect has not been well delineated,
although it is likely multifactorial [3], including NP-in-
duced systemic hypotension, with subsequent reduction in
renal perfusion pressure and activation of the RAAS
(Fig. 3). Indeed, excess hypotension is a known adverse
effect of nesiritide. In the VMAC trial [86], the incidence
of symptomatic hypotension was 4% and the mean
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duration of hypotension was 2.2 h. Most episodes resolved
spontaneous or in response to i.v. fluid administration. Of
note, concomitant administration of oral angiotensin con-
verting enzyme inhibitors may increase the risk of symp-
tomatic hypotension [46, 47]. Systemic hypotension has
been reported with the use of ANP [87] and URO [56, 57,
88]. Hypotension, nausea, and dizziness were experienced
by healthy subjects during URO infusion at 22.5 ng kg™’
min~}, requiring cessation of infusion [56]. In another study
of URO [57], 3 healthy subjects (1 received 20 ng kg™
min~' and 2 received 40 ng kg™' min™") had syncope,
which resolved with cessation of infusion and assumption
of Trendelenburg position.

Newer cyclic GMP activating drugs for heart failure

In acute and chronic HF syndromes, pathways involving
c¢GMP may be disrupted [77, 89]. One potential mechanism
is the reduced availability of nitric oxide (NO), as in im-
paired production or increased degradation [77]. Other
mechanisms may include inadequate release of ligands
(NPs) for particulate guanylate cyclase (pGC) [77, 90], or
release of altered forms [44]. Newer cGMP activating
drugs for HF may act through the pGC pathway or the
soluble guanylate cyclase (sGC) pathway, which are
exemplified by exogenous NPs and the sGC stimulators/
activators, respectively (Fig. 2).

Dendroaspis natriuretic peptide and other snake venoms

In 1992, Schweitz et al. [5] identified a new member of NP
family in the venom of Dendroaspis angusticeps (the green
mamba snake). This 38-amino-acid peptide, named Dend-
roaspis natriuretic peptide (DNP), shares the core ring
conformation with other NPs and, in addition, has a unique
15-amino-acid extension in the C terminus (Fig. 1) [5].
DNP exhibits functional features that are characteristic
of NPs. In pre-contracted rat aortic strips, DNP (100 nM)
induced relaxation to a similar extent as ANP [5]. In cul-
tured rat aortic myocytes and bovine aortic endothelial
cells, DNP induced concentration-dependent increases in
c¢GMP. Moreover, in binding experiments (where cultured
rat aortic myocytes were exposed to '*’I-ANP in the
presence of increasing concentrations of DNP or unlabeled
ANP), DNP prevented '**I-ANP from binding to cultured
rat aortic myocytes [5]. More recently, in the human
myocardium, Singh et al. [11] demonstrated the selectivity
of DNP for NPR-A using a radioiodinated analog of DNP.
In competition binding experiments, the rank order of po-
tency for NPR-A was DNP > BNP-ANP > CNP [11].
DNP-like immunoactivity has been detected in isolated
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arteries and veins from humans [91], in human plasma
(with elevated levels in HF patients versus normal subjects)
and atrial myocardium [6]. DNP has been shown to exert
vasorelaxant effects on canine coronary arteries (through
pGC activation) [92] and on isolated human arteries and
veins (with more prominent vasorelaxation in arteries)
[91]. Most recently, Singh et al. [93] reported saturable and
subnanomolar-affinity binding of ['*’I]-DNP to NPR-A in
human mammary artery, with localization to the vascular
smooth muscle layer using confocal microscopy and fluo-
rescent dual-labeling immunocytochemistry. Moreover,
DNP completely reversed endothelin-1-induced vasocon-
striction with a nanomolar range of potency [93].

In vivo cardiovascular actions of synthetic DNP were
evaluated in a canine study by Lainchbury et al. [94]. In
anesthetized dogs, DNP infusion (10 ng kg™' min~" for
30 min then 50 ng kg™ min~' for 30 min) significantly
reduced MAP and PCWP vs. vehicle [94]. Increases in
DNP-like immunoreactivity and cGMP were detected in
plasma. In conscious dogs, DNP reduced LV preload and
afterload, slightly enhanced contractility, and improved
relaxation [94].

The renal actions of i.v. infusion of synthetic DNP were
assessed by Lisy et al. [95]. In normal dogs, DNP-like
immunoreactivity was detected in plasma and urine, as
well as in the atrial myocardium [95]. Following DNP
infusion (10 ng kg™ min™' and 50 ng kg™' min™"), natri-
uretic and diuretic effects were observed, together with
increases in both plasma and urinary cGMP [95]. More-
over, a decrease in distal tubular reabsorption of Na* was
detected without change in GFR or RBF [95]. These ben-
eficial cardiorenal actions of DNP were also observed in
dogs with pacing-induced HF, with further demonstrations
of suppressed plasma renin activity, increased GFR (with
natriuresis and diuresis), and reduced cardiac filling pres-
sures [96]. In another study [97], intra-renal infusion of
DNP (5 ng kg™! min™") into normal anesthetized dogs re-
sulted in significant increases in plasma and urinary cGMP,
RBF and GFR, and Na* excretion, along with a significant
decrease in distal fraction Na* reabsorption [97]. NEP
inhibition did not augment the renal actions, suggesting
that DNP might be resistant to degradation by NEP [97].

Other NPs have been identified from snake venoms,
which are a valuable source of peptides for drug discovery
and development [98—100]. Bazaa et al. [101] performed a
comparative proteomic analysis of venoms of the three
most important vipers of Tunisia: Cerastes cerastes,
Cerastes vipera, and Macrovipera lebetina, and reported
the presence of NPs in the venom of M. lebetina. Two of
the NPs were found to be identical in sequence and mass to
previously reported polypeptides isolated from M. lebetina
[101] and they exhibited anti-platelet activities (inhibition
of human platelet aggregation by 50% at 100 nM) [102].
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Notably, antiplatelet activities have also been reported in a
37-residue peptide, Pseudocerastes persicus natriuretic
peptide (PNP), which was isolated from the venom of the
Iranian viper, Pseudocerastes persicus [103]. In addition,
Michel et al [104] reported the isolation of two N-termi-
nally truncated forms of CNP from the venom of Tri-
meresurus flavoviridis (habu snake): Tf~CNP(6-22) and Tf-
CNP(3-22) [104]. The former exhibited concentration-
dependent vasorelaxation in rat aortic strips (potency about
45 times lower than that of human ANP) and a weak
diuretic effect [104].

Novel NPs have also been isolated from Oxyuranus
microlepidotus (the inland taipan),[105] and Micrurus co-
rallinus (the South American coral snake) [106]. These
NPs were noted to have long C-terminal extensions con-
taining proline residues [105, 106], which are features
shared by DNP [5]. Among the 3 NPs (TNP-a, TNP-b, and
TNP-c) isolated from the inland taipan, TNP-c was of
similar potency to ANP and DNP, resulting in near com-
plete relaxation in pre-contracted aortae [105]. Recently,
St. Pierre et al. [107, 108] also reported comprehensive
studies on the identification and comparative analysis of
venom-gland-specific genes from Oxyuranus scutellatus
(the costal taipan) and other snake species. Notably, from
Pseudonaja textiles (the common brown snake), 2 isoforms
(PtNP-a and PaNP-c) of an NP were found to inhibit
angiotensin converting enzyme (ACE) in a dose-dependent
manner [108]. One of these isoforms, PtNP-a, also exhib-
ited cGMP-stimulating property. In addition, there have
been reports of identification of bradykinin-potentiating
peptides and CNP from snake venom [109-112]. Con-
ceivably, the concomitant presence of an ACE-inhibiting
property in an NP is an attractive attribute for novel heart
failure therapies, especially as an oral agent for chronic
administration. Whether these observations can be trans-
lated into clinical application await further studies.

Chimeric natriuretic peptides

Over the past 15 years, our research group has been ac-
tively involved in advancing the concept of chimeric NPs
as novel designer peptides with unique pharmacological
profile for the treatment of HF [113]. Vasonatrin peptide
(VNP), a chimera that was synthesized based on the 22-
amino-acid structure of CNP and the 5-amino-acid C-ter-
minus of ANP, exerts venodilating and natriuretic effects
that are characteristic of CNP and ANP, respectively [113].
Notably, VNP exhibits more potent vasorelaxant actions in
both arteries and veins, as compared with ANP and CNP,
and also possesses a unique arterial dilating effect that was
found in neither of the parent peptides [113]. Thus,
chimeric NPs may afford the opportunity of tailoring
peptide design according to the underlying cardiorenal

pathophysiology and the known structural requirements for
specific pharmacological actions. More recently, another
chimeric NP, CD-NP, was synthesized combining the ring-
structure of CNP and the 15-amino-acid linear N-terminus
of DNP [114]. Lisy et al. [115] observed in normal anes-
thetized dogs that CD-NP activates cGMP, decreases car-
diac filling pressures, induces natriuresis and diuresis, and
inhibits renin release. Additional chimeric NPs are in
various stages of discovery in our laboratory.

Combination therapy

B-type natriuretic peptide has been tested in combination
with furosemide, a loop diuretic, in dogs with pacing-in-
duced HF by Cataliotti et al. [116], who reported aug-
mentation of natriuresis and diuresis, improvement of GFR
and attenuation of aldosterone release, as compared with
furosemide alone. In another canine study of pacing-in-
duced HF, Chen et al. [72] evaluated subcutaneous BNP in
combination with omapatrilat, a vasopeptidase inhibitor,
and showed greater improvement in both cardiac output
and filling pressures, as well as augmentation of natriuresis
and GFR, than either agent alone. More recently, co-
administration of sildenafil, a type-V phosphodiesterase
inhibitor, and BNP was shown to enhance renal cGMP and
improve renal function in dogs with pacing-induced overt
HF [74]. In addition, BNP has been tested in combination
with BAY 58-2667, a direct nitric oxide-independent sGC
activator, [117] and tolvaptan, a vasopressin V2 receptor
antagonist, [118] with promising results.

Soluble guanylyl cyclase (sGC) stimulators and
activators

Soluble guanylyl cyclase, the principal intracellular
receptor for NO, is a heterodimer consisting of an a- and a
heme-containing f-subunit [119-121]. Activation of sGC
by NO results in a marked elevation in ¢cGMP, which
interacts with effector molecules and plays major physio-
logical roles, such as in platelet aggregation, vasodilation,
and neurotransmission [119, 120, 122].

A number of sGC stimulators and activators have been
synthesized [77]. In 1994, a novel benzylindazole com-
pound, YC-1, was reported to be a direct sGC activator in
rabbit platelets, resulting in concentration-dependent inhi-
bition of agonist-induced platelet aggregation and an in-
crease in ¢cGMP [123]. It also inhibited agonist-induced
human platelet aggregation in a concentration-dependent
manner [124] and exhibited other pharmacologic effects
(see [77] for review). In 2001, Stasch et al. [125] reported
the identification of BAY 41-2272, a pyrazolopyridine and
a direct stimulator of sGC, and a regulatory site on sGC in
the oy subunit. It was shown that BAY 41-2272 stimulated
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this site (0.1-100 pM) via an NO-independent but heme-
dependent mechanism. In pre-constricted rabbit aortic
rings, BAY 41-2272 induced relaxation in a concentration-
dependent manner (50% inhibitory concentration, or ICsp,
304 nM) [125]. It inhibited collagen-induced aggregation
of human platelets in vitro (ICsy 36 nM) and significantly
prolonged rat tail-bleeding time in vivo (0.3-3.0 mg kg™
p.o.) [125]. In spontaneously hypertensive rats, it elicited a
dose-dependent decrease in mean BP (1-10 mg kg™' p.o.)
[125]. Moreover, in a high-renin, low-NO rat model of
hypertension, BAY 41-2722 (10 mg kg™ p.o.) abolished
the increase in systolic BP induced by the NO synthase
inhibitor, L-NAME (N-nitro-L-arginine methylester), and
significantly reduced mortality as compared with control
[125]. Notably, tolerance was not detected [125].

The potential of BAY 41-2272 as a novel therapy in
experimental HF was evaluated by Boerrigter et al. [126].
In a canine model of pacing-induced severe HF, BAY 41-
2272 (10 pg kg™' min™") significantly reduced MAP, pul-
monary arterial pressure, PCWP, and systemic vascular
resistance (the latter was decreased at 2 pg kg™' min™")
[126]. BAY 41-2272 (10 pg kg™' min™") significantly in-
creased cardiac output and RBF from baseline [126]. There
were no changes in GFR, urinary Na*, or the hormonal
profile of the RAAS [126]. When BAY 41-2272 was com-
pared with NTG (1 pg kg™’ min™" and 5 pg kg™ min™),
similar hemodynamic findings were observed, with the
exceptions of RAP and pulmonary vascular resistance,
which were significantly reduced only by NTG. Taken
together, these findings suggest that BAY-41-2272 pri-
marily acts as a pure arterial vasodilator with salutary
cardiorenal actions without activating RAAS.

More recently, BAY 58-2667, an amino dicarboxylic
acid and NO-independent sGC activator with vasorelaxant
and anti-aggregatory effects [122, 127], and BNP, a pGC
stimulator, were evaluated in combination and alone by
Boerrigter et al. [117]. Concomitant activation of sGC and
pGC was shown to be beneficial in augmenting cardiorenal
actions in a canine model of pacing-induced HF [117].
BAY 58-2667 is currently being evaluated in clinical
studies [77].

Future research and clinical applications

Based on the foregoing discussion, additional studies on
nesiritide focusing on any potential adverse effects on
mortality and renal function in patients with ADHF are
urgently needed. It is anticipated that future clinical trials,
including the ETNA (Evaluating Treatment with Nesiritide
in Acute Decompensated Heart Failure) trial [128] and the
ASCEND-HF (Acute Study of Clinical Effectiveness of
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Nesiritide in Decompensated Heart Failure) trial [129],
would provide important information on these issues.

Emerging indications for NPS beyond heart failure

Multiple studies support the notion that NPs are protective
against myocardial ischemia-reperfusion injury [130].
These cardioprotective properties may be particularly rel-
evant in the management of patients with AHFS and con-
comitant acute coronary syndromes (ACS), as coronary
artery disease (CAD) is common among patients with HF
and ACS has recently been shown to be the most important
precipitating factor of new-onset AHF in the EuroHeart
Survey II [131]. Future clinical trials are needed to test the
hypothesis that NPs are cardioprotective in the setting of
myocardial ischemia.

Recent perioperative studies in patients undergoing
coronary artery bypass graft surgery [65, 66, 132] and
cardiac transplantation [67] have documented salutary renal
effects of low-dose NPs (such as nesiritide 0.01 pg kg™
min~! without bolus [65]). Additional studies are needed to
confirm these encouraging results. Nonetheless, these
observations of enhanced renal function in response to NPs
such as nesiritide and ANP reinforce their inherent reno-
protective properties at least at low doses. Whether this
strategy would be applicable to patients with pre-existing
ventricular dysfunction and/or CAD undergoing high-risk
non-cardiac surgery deserves evaluation. The bronchodi-
lating effects of NPs [133] may confer additional benefits.

Conclusion

The AHFS continues to be a challenging public health
problem. Despite significant advances in our knowledge in
the field of NPs, much work remains to be done in refining
current treatment strategies, in minimizing side effects, and
in identifying opportunities in drug discovery.
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