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Abstract
CD-NP is a novel chimeric natriuretic peptide (NP) consisting of the 22-amino-acid (AA) human
C-type natriuretic peptide (CNP), a venodilating peptide with limited renal actions and minimal
effects on blood pressure, and the 15-AA C-terminus of Dendroaspis NP (DNP). The rationale for
the design of CD-NP was to enhance the renal actions of CNP, the ligand for natriuretic peptide
receptor-B, but without inducing excessive hypotension. Here we report the first-in-human studies
for CD-NP, which represent the first successful clinical testing of a chimeric NP demonstrating in
normal human volunteers that CD-NP possesses cyclic guanosine monophosphate–activating,
natriuretic, and aldosterone-suppressing properties without inducing excessive hypotension, laying
the foundation for additional studies on this first-in-class new cardiovascular therapeutic in human
heart failure, which are now underway worldwide.
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The design of novel chimeric peptides that are engineered to enhance the favorable
properties of native peptides and delete or minimize unfavorable biological actions is an
emerging therapeutic strategy in drug discovery.1,2 The novel chimeric natriuretic peptide,
CD-NP,3 is being developed for the treatment of acute heart failure (AHF); there is a
tremendous unmet need for therapy for this rapidly increasing cardiovascular syndrome,
which has poor outcomes, and new drugs have repeatedly failed in clinical development.4

CD-NP represents the fusion of the 22-amino-acid (AA) human C-type natriuretic peptide
(CNP) with the 15-AA C-terminus of Dendroaspis natriuretic peptide (DNP) (Figure 1).3
The rationale for its design was based on our knowledge that CNP,5 an endothelial6,7 cell–
derived peptide, which mediates favorable cardiovascular hemodynamic effects via the
natriuretic peptide receptor (NPR)-B and the second messenger cyclic guanosine
monophosphate (cGMP), unloads the heart without inducing excessive hypotension.8 These
cardiovascular properties are based on the previous demonstration that CNP primarily
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vasorelaxes isolated veins and not arteries.9 This is in contrast to DNP, atrial NP (ANP), and
B-type NP (BNP), which activate cGMP via the NP receptor-A (NPR-A)10,11 and
vasorelax both arteries and veins,12 resulting in more hypotension, which has limited their
utility as cardiovascular therapeutics for AHF.2 A limitation to the use of CNP in AHF is
that it has minimal renal-enhancing actions and does not suppress endogenous aldosterone
synthesis.8

In normal anesthetized dogs, CD-NP significantly activated cGMP, the second messenger
for the natriuretic peptides (NPs); exerted natriuretic and diuretic actions; enhanced
glomerular filtration rate (GFR); reduced cardiac filling pressures; and suppressed the renin–
angiotensin system.3,13 When CD-NP was compared with an equimolar dose of human
BNP, less hypotension was observed with CD-NP in normal anesthetized dogs.3 Moreover,
when compared with an equimolar dose of human CNP, CD-NP exhibited an enhanced renal
and neurohumoral profile.13 In vitro evaluation of CD-NP in isolated canine glomeruli
demonstrated that CD-NP resulted in an 8-fold greater cGMP response compared with an
equimolar concentration of CNP.14 Moreover, the cGMP response to CD-NP in isolated
glomeruli involved, at least in part, NPR-A, as evidenced by an attenuated cGMP response
to CD-NP in the presence of NPR-A antagonism.14 In addition, CD-NP has been
demonstrated to inhibit cardiac fibroblast proliferation,3 thus holding promise as a novel
antiproliferative agent against ventricular remodeling beyond its favorable renalenhancing
and cardiac-unloading actions.

Building on these promising preclinical findings, we sought to evaluate CD-NP for the first
time in healthy subjects to test our hypothesis that CD-NP can be safety administered in
humans and that the favorable effects of CD-NP observed in preclinical studies can be
translated to humans.

METHODS
Study Design

After filing an Investigational New Drug application with the US Food and Drug
Administration (no. 78,225), we proceeded to a first-in-human clinical trial in healthy
volunteers (ClinicalTrials.gov identifier NCT00482937). This first-in-human clinical trial on
CD-NP was conducted in accordance with the Declaration of Helsinki and its amendments,
the US Food and Drug Administration Principles of Good Clinical Practice, and
International Conference on Harmonization Guidelines, where applicable. Ethics approval
was obtained prior to commencement of the study, which was conducted at a contract
research organization in Minneapolis, Minnesota (DiVita Research Center, Hennepin
County Medical Center, University of Minnesota). This clinical trial consisted of 2 phases:
an open-label ascending-dose phase (phase 1) and a randomized, double-blind, placebo
(PLB)–controlled phase (phase 2). In the ascending-dose phase (phase 1), cohorts of 4
subjects each were enrolled to evaluate the safety of CD-NP. The planned ascending dosage
levels of CD-NP infusion were 10, 25, 50, 100, 200, and 300 ng/kg/min for administration
as a continuous intravenous (IV) infusion over 4 hours (at a constant infusion rate across all
dosage levels). Dose escalation was to discontinue in the event that 1 or more of the
prespecified stopping rules were met, including the occurrence of clinically significant
hypotension (defined as a decrease from baseline in sitting systolic blood pressure, SBP,
≥20 mm Hg and a decrease in sitting SBP to <90 mm Hg, or symptomatic hypotension, or
orthostatic hypotension, or hypotension that required treatment), development of second- or
third-degree atrioventricular block, intraventricular conduction defect, prolongation of the
corrected QT interval to more than 450 milliseconds (where prolongation was defined as an
increase from baseline ≥30 milliseconds), ventricular tachycardia greater than 5 beats;
significant laboratory abnormalities; and excessive diuresis (defined as >6 L in 24 hours). In
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the double-blind, PLB-controlled phase (phase 2), 10 subjects were randomized in a 6:4
ratio to CD-NP versus PLB to confirm the safety and the pharmacodynamics of CD-NP at
the maximum tolerated dose based on phase 1.

Screening of potential subjects was conducted within 28 days prior to dose administration.
Subjects who were enrolled into the study checked into the clinic 4 days prior to dose
administration and were started on a no-added-salt diet (120 mEq sodium per day, beginning
3 days prior to the study).

For determination of anti-CD-NP and CD-NP neutralizing antibodies, plasma samples were
collected on day 1 (predose), day 7, and day 28.

Subjects
Main inclusion criteria were (1) healthy male, post-menopausal female, or surgically
sterilized female 18 to 60 years of age; (2) a body mass index within the range of 18 to 34
kg/m2; (3) able to communicate effectively; (4) no significant disease or abnormal
laboratory values; (5) a normal 12-lead electrocardiogram; (6) nonsmoker (defined as not
having smoked in the past 6 months); and (7) adequately informed of the nature and risks of
the study and gave written informed consent prior to receiving study medication.

Main exclusion criteria were (1) known hypersensitivity or allergy to CD-NP or its
components, nesiritide, other natriuretic peptides, or related compounds; (2) women who
were pregnant or breast-feeding; (3) any disease or condition (medical or surgical) which, in
the opinion of the investigators, might compromise the hematologic, cardiovascular,
pulmonary, renal, gastrointestinal, hepatic, or central nervous system or other conditions that
might interfere with the absorption, distribution, metabolism, or excretion of study drug or
would place the subject at increased risk; (4) the presence of abnormal laboratory values that
were considered clinically significant; (5) positive screen for hepatitis B, hepatitis C, or
human immunodeficiency virus; (6) received an investigational drug within 30 days prior to
enrollment in the study; (7) received any drug therapy within 1 week, or 5 half-lives, prior to
administration of the first dose of any study-related treatment (this exclusion criterion was
extended to 4 weeks for any drugs that are known to induce or inhibit hepatic drug
metabolism; use of nonsteroidal anti-inflammatory drugs, sulfonamides, probenecid, or
other drugs known to alter renal or tubular function was prohibited for at least 5 half-lives
prior to the first dose of any study-related treatment); (8) consumption of alcohol within 48
hours prior to dose administration or during any in-patient period; (9) a positive urine drug
screen including ethanol, cocaine, tetrahydrocannabinol, barbiturates, amphetamines,
benzodiazepines, and opiates; (10) a history (within the last 2 years) of alcohol abuse, illicit
drug use, significant mental illness, physical dependence to any opioid, or any history of
drug abuse or addiction; (11) a history of difficulty with donating blood; and (12) having
donated blood or blood products within 45 days prior to enrollment.

Pharmacodynamic Assessments
Renal, hemodynamic, and neurohumoral responses were assessed. Main study variables
included plasma cGMP and urinary cGMP excretion, urinary sodium excretion, urine flow
rate, creatinine clearance (as an estimate for GFR), mean arterial pressure, and plasma
angiotensin II and aldosterone levels. Treatment-emergent orthostatic hypotension was
defined as a sustained decrease in SBP greater than 20 mm Hg (after standing for 3 minutes)
and diastolic BP (DBP) greater than 10 mm Hg that either was not present at baseline or
became worse after the start of treatment. Timed urine collections were obtained at baseline,
0-4, 4-8, 8-12, and 12-24 hours after the start of infusion.
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Data Analysis
Statistical analyses were performed using Statistical Analysis Software (version 9, SAS
Institute Inc, Cary, NC). Renal, hemodynamic, and neurohumoral data were analyzed for the
CD-NP group and the PLB group in the randomized, double-blind phase of the clinical trial.
Both within-group (comparing end of infusion vs baseline) and between-group comparisons
(at baseline and at the end of infusion) were made, using parametric and nonparametric tests,
where applicable.

RESULTS
Disposition of Subjects and Baseline Characteristics

A total of 22 subjects participated in this clinical trial. In phase 1, 4 subjects each received
CD-NP 10, 25, and 17.5 ng/kg/min. In phase 2, 6 subjects received CD-NP 17.5 ng/kg/min
(the maximum tolerated dose determined in phase 1) and 4 subjects received PLB. All 22
subjects completed the study.

The mean age was 38.7 (standard deviation [SD] 12.9) years, ranging from 19 to 60 years.
Subjects across all cohorts and treatment groups were primarily males (19 subjects, 86.4%),
Caucasian (20 subjects, 90.9%), and of Hispanic or Latino ethnicity (21 subjects, 95.5%).

Safety
In the dose-escalation phase (phase 1), healthy volunteers received a 4-hour infusion of CD-
NP. At 10 ng/kg/min, CD-NP was well tolerated and appeared to be safe. At 25 ng/kg/min, 2
of the 4 subjects had symptomatic orthostatic hypotension following a diuretic response to
CD-NP. Other adverse events observed at 25 ng/kg/min IV included flushing, dizziness,
tachycardia, paresthesia, and dyspnea. The majority of these events occurred shortly after
the infusion and were transient and mild in nature. Based on the above, the dose of CD-NP
was lowered to 17.5 ng/kg/min IV. In the 4 subjects who received CD-NP 17.5 ng/kg/min
IV, 2 non–treatment-related adverse events were observed, including upper respiratory tract
infection and throat irritation. The maximum tolerated dose was set at 17.5 ng/kg/min IV.

Measurements of anti-CD-NP and CD-NP neutralizing antibodies on day 7 and day 28
fluctuated but did not raise concerns regarding immunogenicity.

Pharmacodynamics
After the maximal tolerated dose was determined to be 17.5 ng/kg/min, the double-blind
study (phase 2) commenced, in which another cohort of 10 healthy subjects were
randomized to CD-NP (17.5 ng/kg/min) for 4 hours or matching PLB in a 6:4 ratio.
Compared with PLB, CD-NP increased plasma cGMP, urinary cGMP excretion, and urinary
sodium excretion (Figures 2 and 3). Urine flow within the 4 hours of infusion increased in
the CD-NP group versus baseline (mean ± standard error of the mean [SEM], 1.1 ± 0.2 to
2.3 ± 0.4 mL/min, P < .05; PLB 1.3 ± 0.2 to 1.6 ± 0.4 mL/min). A mild decrease in mean
arterial pressure (MAP, Figure 2) was observed in the CD-NP group without any significant
change in GFR (from 82 ± 7 to 84 ± 8 mL/min). Both MAP and GFR did not differ between
the CD-NP group and the PLB group. Asymptomatic orthostatic hypotension was observed
in 3 subjects in the CD-NP-treated group.

CD-NP suppressed plasma aldosterone (mean ± SD) from 21.9 ± 2.7 to 9.5 ± 3.2 ng/dL (P
< .001), whereas no significant change was observed with PLB (20.3 ± 4.2 to 13.6 ± 4.5 ng/
dL). Plasma angiotensin II levels (mean ± SD) at baseline and the end of infusion were 29.2
± 5.2 and 23.0 ± 3.5 ng/L, respectively (P = .086 by 2-tailed t test, P = .69 by signed rank
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test). Plasma angiotensin II levels in the PLB group at baseline and at the end of infusion
were 23.3 ± 2.2 and 19.8 ± 8.2 ng/L, respectively (not significant).

Overall, in this clinical trial, heart rate increased approximately 25% in cohort 1 (10 ng/kg/
min), 30% in cohort 2 (25 ng/kg/min), 15% in cohort 3 (17.5 ng/kg/min), and 25% in cohort
4 (17.5 ng/kg/min) during the 8-hour period after the beginning of infusion.

DISCUSSION
In this first-in-human clinical trial on CD-NP, the favorable cGMP-stimulating, natriuretic,
and renal-preserving effects of CD-NP were observed in the absence of excessive
hypotension in healthy subjects. Moreover, CD-NP suppressed plasma aldosterone versus
baseline, which is particularly desirable in novel cardiovascular therapeutics for treating
heart failure and for reducing ventricular remodeling post myocardial infarction.15 Thus, the
favorable in vivo responses observed in preclinical studies on CD-NP3,13 were indeed
translated to human subjects.

The last drug approved for the treatment of AHF was the native and endogenous cardiac
natriuretic peptide BNP in 2001, which when compared with nitroglycerin was superior in
reducing cardiac filling pressures.16 The renal actions of BNP in AHF have been
controversial, with reports of improved or worsened renal function, the latter attributed to
excessive hypotension induced by this potent arterial vasodilator.17,18 More recently, when
recombinant BNP was infused in 2 clinical trials at lower doses so as to avoid hypotension,
renal function improved.19,20

In recognition of the favorable renal actions of BNP when infused at low concentrations
with or without bolus administration so as to avoid excessive hypotension, we designed CD-
NP. This peptide was engineered to reduce cardiac filling pressures in part by the
venodilating properties of CNP, which is associated with less hypotension.3,9 Most
important, the addition of the C-terminus of DNP to the open C-terminus of CNP also
transformed CNP into a natriuretic and diuretic peptide, which in vivo and in vitro proved a
strong activator of cGMP.3,13,14

In this first-in-class (ie, designer natriuretic peptides) peptide therapeutic, we observed for
the first time that CD-NP is capable of activating natriuretic peptide receptors linked to
cGMP as demonstrated by the increase in both plasma cGMP and urinary cGMP excretion.
Thus, this designer peptide is capable in humans in vivo to interact with human natriuretic
peptide receptors relying on cGMP as a second messenger to demonstrate ligand–receptor
interactions. This observation also demonstrates that the use of the canine proved predictive
of the actions of CD-NP in humans, which may be helpful information when considering
animal species for further evaluation of CD-NP.

CD-NP induced natriuresis and diuresis in the absence of a change in creatinine clearance in
normal humans. It is likely that the mild decrease in MAP in the CD-NP group is only of
statistical but not clinical significance. The natriuretic response in the absence of a change in
creatinine clearance would indicate a CD-NP–mediated reduction in sodium reabsorption
within the human nephron. Considering studies in the canine, we speculate that the reduction
in sodium reabsorption occurs at the level of the proximal and distal tubule. Further in-depth
renal studies are warranted to determine the exact nephron segments involved and the
response of the renal circulation.

A hallmark of the natriuretic peptides, especially ANP and BNP, is the suppression of
aldosterone thought secondary to activation of the NPR-A in the adrenal gland. In the
current human study in normal humans with physiological concentrations of aldosterone,
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CD-NP but not placebo reduced aldosterone. Further investigations will need to address the
question of CD-NP–mediated reduction of aldosterone in states in which aldosterone is
activated, such as heart failure. Nonetheless, the ability to suppress aldosterone in the setting
of natriuresis and diuresis is a feature that distinguishes CD-NP from conventional diuretics,
which are associated with activation of renin–angiotensin–aldosterone system.21

CD-NP in normal subjects appeared safe. In the double-blind study (phase 2), orthostatic
hypotension was noted in 3 subjects and was thought related to reduced intravascular
volume secondary to natriuresis and diuresis. We cannot exclude as well that this may have
been related to venodilatation and a reduction in venous return. There were no sustained
blood pressure–reducing properties of CD-NP in the current study, and as in studies in the
dog, the observed reductions in blood pressure were minimal. The significance of an
increase in heart rate observed in this study remains to be determined.

In summary, we report the rapid translation of a novel designer natriuretic peptide (CD-NP)
to a first-in-human study, which establishes the concept that CD-NP safely activates the
cGMP pathway in normal humans, enhancing sodium excretion and suppressing aldosterone
with minimal blood pressure–lowering effects. These studies support the further clinical
development of CD-NP for heart failure that is currently underway worldwide.
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Figure 1.
Structures and amino acid sequences of CNP, DNP, and CD-NP.
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Figure 2.
Plasma cGMP response (top left), urinary cGMP excretion (top right), natriuretic response
(bottom left), and blood pressure response (bottom right). Mean ± SEM. Comparisons were
made within (*P < .05, †P <.01) and between groups (“P < .01).
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Figure 3.
A plot of individual urinary sodium excretion (left panel, P < .05 vs baseline and P < .01
between groups) and urinary cGMP excretion (right panel, P < .01 vs baseline and P < .01
between groups) data. Mean ± SEM.
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