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Abstract

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are important biomarkers in the
diagnosis and risk stratification for heart failure (HF). These peptides are synthesized as inactive
precursors, pro-ANP and pro-BNP, which are converted to biologically active 28-amino-acid ANP
and 32-amino-acid BNP, respectively. Most immunoassays currently used in the clinical setting,
however, do not determine precise molecular forms of these natriuretic peptides, which may vary
depending on the pathophysiological state of HF. Analysis from chromatography-based studies
reveals that in HF, inactive pro-ANP and pro-BNP forms often predominate. This indicates that the
bioactive forms of natriuretic peptides may not be processed proportionally in patients with advanced
HF. Distinguishing the bioactive natriuretic peptides from their inactive forms in plasma may help
to define the role of these peptides in the pathogenesis of HF and provide new insights into the
treatment of the disease.

Keywords
biomarker; atria natriuretic peptide; B-type or brain natriuretic peptide; heart failure

Introduction

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are key regulators in the
homeostasis of salt and water balance and in maintaining peripheral vessel tone. In the nearly
thirty years since ANP was discovered by de Bold,1 substantial knowledge has been advanced
in this field. ANP and BNP expression and secretion increase significantly in response to
pathophysiological stressors, such as hypertension, hypoxia, infection, cardiac ischemia,
ventricular hypertrophy, heart failure (HF), and cardiac allograft rejection. Radiocimmunoassay
and enzyme-linked immunosorbent assay for natriuretic peptides have been developed and
extensively used as biomarkers in a variety of clinical settings,2:3 particularly in acute
myocardial infarction (AMI) and HF diagnosis, risk stratification, and treatment response
monitoring. Most assays currently used in the clinical setting, however, cannot determine
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precise molecular forms of the natriuretic peptides. In contrast, chromatography-based
methods, such as high-performance liquid chromatography (HPLC) and gel filtration
chromatography (GFC) followed by Western blotting or mass spectrometry, provide more
accurate information about molecular forms of these peptides. In this article, we review the
molecular forms of pro-ANP and pro-BNP and their derivatives, analyze available data in the
literature, and discuss their potential clinical implications.

ANP and BNP Synthesis, Function, and Modulation

Synthesis

During embryonic development, ANP and BNP genes are expressed in both the atrium and
ventricle. After birth, these peptides are expressed mainly in the atrium, but downregulated in
the ventricle. In cardiomyocytes, ANP is synthesized as an inactive prepropeptide. After
removal of the signal peptide, a 126-amino-acid precursor, pro-ANP, is derived. Upon secretion
from myocytes, pro-ANP is processed by the transmembrane enzyme corin at arginine 98,
generating the amino-terminal (NT)-pro-ANP fragment of 98 amino acids and the carboxyl
terminal (C-terminal) bioactive ANP of 28 amino acids.*5 Pro-ANP, NT-pro-ANP, and ANP
are all released into circulation (Figure 1). Pro-BNP is synthesized in both the atrium and
ventricle and cleaved at arginine 76 to yield NT pro-BNP and C-terminal bioactive BNP of 32
amino acids. In in vitro experiments, both corin and furin cleaved pro-BNP into BNP.5 6
However, the mechanism for pro-BNP post-translational maturation in vivo has not been
established. In circulation, a small portion of BNP is further processed to BNP7g_10g by
dipeptidyl peptidase IV. Like pro-ANP derivatives, pro-BNP, NT-pro-BNP, and BNP all enter
the bloodstream.

Biological Function

Modulation

ANP and BNP bind to their receptor natriuretic peptide receptor A (NPR-A) in target organs,
activate the intrinsic guanylyl cyclase activity of NPR-A, and generate intracellular cGMP.”
ANP and BNP also antagonize the renin-angiotensin system, inhibit endothelin secretion, and
reduce systemic and renal sympathetic activity, thereby increasing natriuretic, diuretic, and
vasorelaxant activity (Figure 2). Thus, the natriuretic peptides act as a compensatory
mechanism to promote cardiac function. These peptides also suppress myocardial fibrosis and
hypertrophy in cultured cells and animal models. In contrast, pro-ANP and pro-BNP have
minimal biological activities.® ANP and BNP are metabolized by at least two different
mechanisms. Both peptides bind to their clearance receptor NPR-C and are internalized and
hydrolyzed by lysosomal enzymes. ANP and BNP also are degraded by neutral endopeptidase
24.11.

The natriuretic peptide system is upregulated under pathophysiological stress. In acute
biomechanical stress, such as stretch, pro-ANP is rapidly released from atrial granules. Under
conditions of chronic neurohumoral activation or increased hemodynamic load, such as
hypertension, many cardiac genes, which normally are expressed during embryonic
development, could be activated. This phenomenon is known as reinduction of the “fetal gene
program.” ANP and BNP gene expression is enhanced in both the atrium and ventricle in
myocardial ischemia, AMI, and HF.® The increase is associated with disease type and
proportional to disease severity. Most cardiac pathophysiological stresses stimulate both ANP
and BNP production, but in certain conditions, the response may differ. In the early phase of
AMI, for example, BNP gene expression increases considerably, whereas ANP gene
expression increases only slightly. In human cardiac allograft acute rejection, BNP, but not
ANP, gene expression has been shown to increase.? In cardiac hypertrophy, pro-ANP is made
mainly in the atrium, whereas pro-BNP is made mainly in the ventricle. Plasma ANP level
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starts to increase as atrial pressure elevates, whereas plasma BNP level rises when ventricular
hypertrophy develops.

Forms of Natriuretic Peptides in Circulation

To date, a great deal of information on ANP and BNP levels in various clinical settings has
been generated. However, most studies use antibody-based immunoassays, which do not
distinguish the molecular forms of the peptides. For example, an antibody that detects bioactive
ANP may also recognize pro-ANP (Figure 1). In contrast, HPLC or GFC in combination with
immunoassays can differentiate natriuretic peptide fragments based on their molecular masses.
The results provide insights into the molecular form of these peptides under various
pathophysiological conditions. Therefore, we decided to analyze data on the molecular form
of natriuretic peptides from such studies. We searched Ovid Medline using the keywords
chromatography and natriuretic peptide for publications since 1981, then selected the studies
inwhich molecular forms of ANP and BNP were determined for further analysis. In this review,
iANP and iBNP are used to refer to immunoreactive ANP and BNP.

Pro-ANP and ANP

Studies of pro-ANP and ANP forms in human plasma are summarized in Table 1. Three major
molecular forms—2.6, 6, and 13-15 kDa—were identified by chromatography-based methods.
The 2.6 kDa low-molecular-weight form corresponded to ANP, and the 6 and 13-15 kDa forms
corresponded to NT-pro-ANP and the 126-amino-acid pro-ANP, respectively 11 12 (Figure
1). In normal human plasma, both pro-ANP and ANP levels are low, mostly in the fmol/ml
range. ANP appeared to be the major form,13 although pro-ANP also was detected in some
studies.12 In patients with normal heart function who were under volume challenges, such as
pregnancy4 or hemodialysis,1>~18 ANP was found to be the dominant form in the blood.

In patients with HF, plasma pro-ANP and ANP levels appear to vary dramatically. Hunter et
al.12 revealed that in patients with HF (functional class unspecified), pro-ANP was the
predominant form. In three other studies, on the other hand, ANP appeared to be the major
form in plasma samples from patients with HF.11+ 19- 20 The difference may reflect the disease
state of the patients, from which samples were collected. Ando et al.21 reported that patients
of New York Heart Association (NYHA) class | to 11 had ANP as the main form in their plasma,
whereas pro-ANP predominated in samples from class 111 to 1V patients. Studying pooled
plasma samples, Azizi et al.22 found that in patients with an average ejection fraction of 28%
and HF (NYHA class 1-1V), circulating iANP was mainly pro-ANP, and only a small fraction
was ANP. These findings suggest that at the late stage of HF, plasma pro-ANP and ANP may
not increase proportionally and that elevated iANP levels detected by immunoassays may
mostly represent inactive pro-ANP. This notion is supported by other functional studies. For
example, de Bold et al. showed that intravenous infusion of atrial extracts from normal rats
incited a rapid and potent diuretic and vasodilating response.1 However, such a response was
not observed when atrial extracts from BIO 14.6 hamsters with congestive HF were used,23
although plasma iANP levels were remarkably high in these cardiomyopathic hamsters. These
results indicate that atria in failing hearts may contain much less bioactive ANP compared to
that in normal atria.

Pro-BNP and BNP

HPLC- and GFC-based studies also have been conducted to determine pro-BNP-derived
peptides in human plasma (Table 2). Tateyama et al.24 used reverse-phase C-18 column and
an anti-BNP antibody and identified two peptides—3.5 and 12 kDa, respectively—in human
plasma. Further analysis by reverse-phase HPLC showed that the 12-kDa fragment was 108-
amino-acid pro-BNP, and the 3.5-kDa fragment was 32-amino-acid BNP. Several other studies
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showed that in plasma samples from healthy subjects, BNP is the predominant form,15: 25,
26 although pro-BNP also was detected in plasma extracts from normal individuals.2”Ishizaka
et al.15 showed that in 5 patients who underwent hemodialysis but had normal heart function,
plasma iBNP increased immediately before dialysis, most likely because of volume expansion.
Under this condition, BNP was found to be the predominant form. In another study with one
hypertensive patient, BNP also was found to be the predominant form.25 These results suggest
that in patients with normal heart function with or without hypertension, increased pro-BNP
is properly processed into BNP. Interestingly, in a study of 3 patients with HF, all plasma
samples had significantly increased iBNP, but the composition of pro-BNP and BNP varied
in each case.27 A 50-year-old woman with aortic stenosis and regurgitation, mitral stenosis,
and in NYHA class Il had similar amounts of plasma pro-BNP and BNP. In a 75-year-old man
with AMI, ventricular septal perforation, congestive HF, and in NYHA class 111, BNP appeared
to be the dominant form. In a 77-year-old man with aortic stenosis, infective endocarditis,
congestive HF, and in NYHA class I11-1V, pro-BNP predominated in his samples. In another
study, Seferian et al.28 found that 3 patients with AMI, ejection fraction <30%, and pulmonary
edema had pro-BNP as the predominant form in their plasma, with an average ratio of pro-
BNP to BNP of 3.3. The same study also reported that 4 other patients with ischemic
cardiomyopathy and acute HF had an even higher pro-BNP to BNP ratio of (8.5).28 Similar
results were reported by several other groups.29~31 For example, Yandle et al.30 demonstrated
a strong inverse relationship between pro-BNP and BNP components (y = —8.9+2.4x; r=0.99).

The above observations are supported by recent studies using most advanced techniques.
Hawkridge et al.32 used nano-liquid chromatography electrospray ionization Fourier transform
ion cyclotron resonance and quantitative mass spectrometry to study 4 patients with advanced
HF (NYHA class 1V).32 Despite plasma iBNP levels of 420-1156 fmol/mL, endogenous BNP
was not detected in their plasma samples, indicating that antigens detected by the
immunoassays were mostly unprocessed pro-BNP molecules. Consistently, Liang et al.8 used
immunoprecipitation and Western blotting to examine plasma pro-BNP and BNP in samples
from 5 patients with decompensated HF (NYHA class V). Results showed significantly
elevated levels of iBNP (1270-4010 pg/mL) but low amounts of BNP. Together, these data
indicate that patients with severe HF have significantly elevated levels of plasma iBNP. In
these patients, however, pro-BNP appears to be the main form, whereas BNP represented as a
minor form.

Clinical Implications of Molecular Forms of Natriuretic Peptides

Pathologically, congestive HF is a complex mechanical and neurohumoral syndrome, with
excessive sodium and water accumulation and increased plasma levels of norepinephrine,
renin, aldosterone, cortisol, and endothelin (Figure 2). As discussed under the section
“Molecular Forms,” it appears that in HF, the myocardium preserves its ability to synthesize
natriuretic peptides in response to chronic fluid expansion and increasing afterload.
Significantly increased expression of pro-ANP and pro-BNP is commonly observed in patients
with HF. However, production of the bioactive ANP and BNP appears to vary considerably
with HF severity. Plasma levels of active ANP and BNP were low in most cases,23: 32 although
increased levels of ANP and BNP also were reported in some patients with HF.? Because ANP
and BNP, but not their inactive pro-forms, have biological activity in promoting vasodilatation,
diuresis, and natriuresis and preventing cardiac fibrosis, the level of respective molecular forms
of these peptides may be associated with clinical presentation and progression in patients with
HF. Clinically, a subset of patients with HF has severe left ventricular (LV) dysfunction with
increased end-diastolic wall stress, but exhibits no obvious fluid retention. The lack of a direct
link between HF and body fluid retention in these patients is intriguing, but the underlying
mechanism is unknown. Is it possible that sufficient amounts of active natriuretic peptides were
produced to antagonize detrimental neurohumoral effects? If so, then conversely, lack of active
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ANP and BNP may contribute to the sodium and fluid retention commonly seen in patients
with advanced HF.

The increased immature pro-ANP and pro-BNP, but not mature ANP and BNP, in plasma
samples from patients with HF suggest that these natriuretic peptides may not be appropriately
processed in failing hearts. Plasma cGMP, which is produced by activation of NPR-A and its
cGMP cyclase, is a useful biomarker, reflecting the biologic activity of ANP and BNP in vivo.
In a study of patients with acutely decompensated HF, iANP and iBNP were shown to increase
significantly as symptoms worsened and to decrease as symptoms resolved.33 However, cGMP
levels at the worsening and improving phases remained unchanged. In another study of 175
patients with end-stage HF, corin mRNA and protein and BNP mRNA were found to be
increased, but the altered corin expression inversely correlated with the increase in BNP mRNA
expression.34 These results might indicate that natriuretic peptide processing becomes rate-
limiting in advanced HF, and therefore, production of active ANP and BNP may not increase
further even though their activities are needed under this stress condition.

ANP and BNP are important biomarkers in the diagnosis and risk stratification for HF .2 3
Plasma levels of pro-BNP may increase to a much higher level than that of pro-ANP in the
pathologic condition.11 Currently, BNP and NT-pro-BNP are the preferred biomarkers for HF.
2 As shown in Figure 1, there are at least three molecular forms, each derived from pro-ANP
and pro-BNP. Further proteolytic processing and/or degradation by plasma enzymes may
generate additional fragments of various lengths.3® As a result, accurately identifying and
measuring each form are extremely challenging using antibody-based radioimmunoassays or
enzyme-linked immunosorbent assays. These convenient and rapid assays have been widely
used in clinical settings for quick diagnostic screening and assessing therapeutic effectiveness
for HF.2 However, the principle, on which these assays are based, needs to be carefully
considered. As illustrated in Figure 1, antibodies against ANP and BNP may also recognize
pro-ANP and pro-BNP. Conversely, antibodies recognizing NT-fragments may bind to pro-
NP. Commercial Triage BNP assay and Advia Centaur BNP assay are designed to detect
bioactive forms of BNP by using antibodies against the C-terminal amino acids 82—90 and 79—
108. Elecsys NT-pro-BNP assay is designed to measure the inactive form of NT-pro-BNP by
using antibodies targeting N-terminal amino acids 1-21 and 39-50.36 Liang et al.8 used
recombinant human pro-BNP and BNP to examine the accuracy and cross-reactivity of
commercially available assays. The study found that both forms were recognized by the Triage
BNP assay and the Advia Centaur BNP assay, and recombinant pro-BNP was also recognized
by the Elecsys NT-pro-BNP assay, although its concentration was significantly
underestimated.8 The study indicates that these common clinical assays may not adequately
distinguish pro-BNP from BNP, and thus the data based on these immunoassays may not be
conclusive. In contrast, HPLC- and GFC-based methods provide more accurate information
about the molecular forms of these peptides. To date, however, these methods are not routinely
used in clinical settings because such assays require a large blood volume (5 to 15 ml), and the
processes are much more complicated and time consuming. Thus, new assays that can precisely
identify the molecular forms of natriuretic peptides in clinical settings are acutely needed.

The ability to identify premature and active molecular forms of natriuretic peptides in
individuals with HF may be clinically important in tailoring treatment. For example, plasma
levels of the pro-peptides could be used to guide HF treatment. Therapeutic approaches to
enhance pro-peptide to active peptide conversion could be developed to promote
vasorelaxation, natriuresis, and diuresis. Synthetic ANP and BNP have been used to treat
patients with cardiovascular diseases. These exogenous natriuretic peptides may be
therapeutically beneficial for patients with low levels of ANP or BNP. In patients with AMI,
ANP infusion decreased LV remodeling and preserved LV systolic function. In HF, infusion
ANP lowered pulmonary wedge pressure and systemic blood pressure.3” However, renal
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response to ANP infusion in patients with severe congestive HF was markedly attenuated, a
phenomenon known as renal hyporesponsiveness.3” In experimental models of HF as well as
in patients with HF, the effect of ANP on urine output, urinary sodium excretion, and free-
water clearance was reduced compared with that in normal controls.3” There are several
possible explanations for this phenomenon. In part, hormone-dependent activities of NPR-A
can be reduced by chronic exposure to natriuretic peptides, a process known as homologous
desensitization. Prior receptor occupation by endogenous active natriuretic peptides is expected
to decrease availability of the receptor for subsequent exogenous natriuretic peptides. Nakajima
et al.38 infused ANP into two groups of patients with low and high iBNP levels. The low-iBNP
group had much greater improvement in LV contractility and reduction of arterial pressure
when compared with the response of the high-iBNP group. This suggests that the low-iBNP
group may have more unoccupied NPR-A sites to be activated by exogenous ANP, whereas
in the high-iBNP group, most receptor sites are expected to be occupied. Additionally, renal
ANP resistance might be affected by down-regulation of NPR-A. Therefore, we may predict
that patients with lower levels of active forms of natriuretic peptides might be more sensitive
to ANP or BNP treatment.

Because different natriuretic peptide forms have different levels of biological activity,
development of novel assays that can precisely identify them is imperative. Quantitative and
longitudinal information could further aid in our understanding of the role of natriuretic
peptides in the pathogenesis, progression, and treatment of HF, one of the most burdensome
diseases and challenging conditions to treat.
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Figure 1.

Molecular forms of ANP and BNP. Pro-ANP (top panel) and Pro-BNP (lower panel) are
processed by proteases corin and furin. Fragments derived from pro-ANP and pro-BNP are
indicated. Potential cross-reactivity of C- and N-terminal antibodies with pro-NP, NT-pro-NP,
and NP is illustrated. Antibodies used in commercial assays: * in Biosite® pro-BNP assay,
antibodies recognizing the end of N-terminal, amino acids 82-90 and 79-108 were used. **
in Elesys® NT-pro-BNP assay, antibodies recognizing amino acids 1-21 and 39-50 were used;

*** n Biosite® BNP assay, antibodies recognizing amino acids 82—90 and 79-108 were used.
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Neurohormonal regulation of cardiac function in heart failure.
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