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Natriuretic peptides (NPs) were first described as car-
diac biomarkers more than two decades ago. Since
that time, numerous studies have confirmed NPs’
diagnostic and prognostic utilities as biomarkers of
myocardial function. However, we must now admit
that despite the NPs’ relatively long period of use in
clinical practice, our understanding of the biochemis-
try and the variety of circulating forms of NPs, as well
as of their potential as biomarkers, remains far from
being complete and comprehensive. The highly com-
plex nature and wide diversity of circulating forms of
NPs make their accurate measurements in plasma far
more complex than initially believed. A highly sim-
plistic view of the NPs’ use is that elevated values of
NPs indicate the severity of heart failure and thus re-
flect the prognosis. However, as shown by a variety
of studies, deep understanding of how the NP sys-
tem works will be required for correct interpretation
of test results in routine practice of cardiovascular
disease. In this review, we summarize the recent ad-
vances in understanding of the complexity of the NP
system and discuss related analytical issues, which
open new horizons, as well as challenges for clinical
diagnostics.
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Abbreviations (in alphabetical order)

aar: amino acid residues;

ADHF: acute decompensated heart failure;
AHF: acute heart failure;

ANP: atrial natriuretic peptide;

BNP: brain natriuretic peptide;

cGMP: cyclic GMP;

CNP: C-type natriuretic peptide;

DPP |V: dipeptidyl peptidase IV:

FDA: Food and Drug Administration;

IDE: insulin-degrading enzyme;

HF: heart failure;

mAb: monoclonal antibody;

MI: myocardial infarction;

NEP: neutral endopeptidase (neprilysin);
NPR-A: natriuretic peptide receptor A;
NPR-B: natriuretic peptide receptor B;
NPR-C: natriuretic peptide receptor C;
NT-proANP: N-terminal fragment of proANP;
NT-proBNP: N-terminal fragment of proBNP;
proANP: ANP precursor;

proBNP: BNP precursor;

SES-BNP: Single Epitope Sandwich BNP
immunoassay.
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BACKGROUND

Natriuretic peptides (NPs) belong to a family
of structurally and functionally related circu-
lating peptides involved in maintaining cardio-
renal homeostasis. The finding that the heart
not only reacts to the humoral stimulus but
actively participates in maintaining the fluid
and salt balance by producing physiologically
active compounds emerged with the discov-
ery of atrial natriuretic peptide (ANP) and later
of B-type natriuretic peptide (BNP) (1, 2). This
new concept of the heart as an endocrine or-
gan was introduced in 1981, when de Bold et al.
showed that the intravenous injection of atrial
extracts into rats led to an increase in sodium
chloride and fluid excretion and a decrease in

blood pressure, showing involvement in the
maintenance of blood pressure, water, and
electrolyte balance in organisms (3). The two
peptides, ANP and BNP, have been shown to
display very similar physiological activities and
under normal conditions are mainly produced
in the atria. Both peptides are known to reduce
vascular resistance and increase both diuresis
and sodium excretion, reducing systemic blood
pressure (4-6).

The third member of the NP family, C-type na-
triuretic peptide (CNP), was isolated shortly af-
ter the discovery of ANP and BNP (7). However,
in contrast to ANP and BNP, which are mainly
produced in the myocardium, CNP is predomi-
nantly produced in the central nervous system
and vascular endothelium and acts as a para-
crine factor (8). This member of the NP family
was not shown to have much value as biomark-
er of cardiovascular complications. As a result,
CNP did not attract much interest and was not
introduced to routine clinical practice.

All 3 members of the NP family share a common
structural feature — a ring structure consisting
in humans of 17 amino acid residues (aar) and
formed by an intramolecular disulfide bond. It is
thought to be essential for mediating receptor
binding and the biological activity of NPs (Fig. 1).

Two types of natriuretic peptide receptors (NPRs),
NPR-A and NPR-B, are responsible for most of
the physiological effects of NPs. The binding of
NPs to these guanylyl cyclase-coupled recep-
tors leads to an increase in cGMP, resulting in
natriuresis, vasorelaxation, diuresis, inhibition
of the renin-angiotensin-aldosterone system,
enhanced myocardial relaxation, inhibition of
fibrosis and hypertrophy, promotion of cell sur-
vival, and inhibition of inflammation (reviewed
in (9)). Another type of NPR, NPR-C, lacking the
guanylyl cyclase domain, is responsible for clear-
ance and possibly involved in regulation of the
cell proliferation (reviewed in (10)).
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Similar residues are marked by a green background. The ring structure is formed by a disulfide bridge between two

cysteine residues.

The expression and secretion of ANP and BNP
increase significantly in pathological states ac-
companied by stretching of the heart cham-
bers, volume overload, and ischemic injury,
such as heart failure (HF) and myocardial in-
farction (Ml) (11-13). Because the increase
in their production and release in circulation
is associated with the cardiac pathologies
caused by pressure or volume overload, it was
suggested that these peptides may be used as
biochemical markers of HF. The diagnostic and
prognostic utility of ANP and BNP was later
confirmed in a large number of studies (re-
viewed in (14, 15)).

Considering the beneficial physiological ac-
tivities of NPs in HF, recombinant forms of
ANP and BNP were introduced as therapeutic
agents for the treatment of this disease (16-18).
Recombinant human ANP (carperitide) was ap-
proved inJapanin 1995 for intravenous adminis-
tration in patients with acute heart failure (AHF)
and acute decompensated heart failure (ADHF).
Later, in 2001, recombinant BNP (nesiritide) was
approved by the Food and Drug Administration

(FDA) for acute congestive HF (ACHF). However,
questions regarding the efficiency and safety of
nesiritide diminished its use. Neseritide is cur-
rently considered to be safe, but with little ben-
eficial effect (19).

As mentioned above, ANP and BNP share many
common features and may be expected to
have similar or even equal value as biomark-
ers. However, BNP was shown to have greater
in vitro stability and superior diagnostic perfor-
mance compared with ANP, and therefore BNP
and its related peptides have emerged as the
preferred candidates for the diagnosis of HF, as
well as other clinical applications. Recent inter-
national guidelines recommend its use for the
diagnosis, risk stratification, and follow-up of
patients with chronic or acute HF (15, 20). As
a consequence, the data regarding BNP-related
peptides are currently more comprehensive
that the data regarding ANP. In this review, we
will focus mostly on the analytical issues relat-
ed to BNP, as this member of the NP family is
more interesting and important from a clinical
perspective.
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SYNTHESIS AND SECRETION OF ANP

ANP is translated from its gene as a 151-ami-
no acid prepropeptide, preproBNP, that is
stored in atrial granules (21). It is secreted
and cleaved to a mature peptide, ANP, in re-
sponse to atrial stretching or stimulation by
angiotensin I, endothelin, as well as sympa-
thetic stimulation. After cleavage of the signal
peptide (a common element of all secretory
proteins, which is responsible for addressing
the protein to a secretory pathway) from the
151-amino acid preproANP, the precursor pro-
ANP is further processed by atrial convertase
corin to produce two circulating peptides, ANP
1-28 and the N-terminal fragment NT-proANP
1-98 (22). The processing of proANP is consid-
ered to occur at the time of secretory granule
release.

NT-proANP is also cleaved, forming 3 fragments
that exhibit physiological activity: proANP 1-30
(long-acting atriuretic peptide), proANP 31-67
(vessel dilator), and proANP 79-98 (kaliuretic
peptide, i.e., potassium excretion). All four frag-
ments are present in the circulation (23).

A longer version of ANP called urodilatin, con-
taining four additional N-terminal residues
(ANP 1-32), is primarily found in the kidney. It
promotes diuresis by increasing renal blood
flow (24).

ANP IMMUNOASSAYS

As was discussed above, ANP was less wide-
ly accepted as a HF biomarker than BNP and
was thus somewhat overshadowed by its
sibling, BNP. As a consequence, there is cur-
rently only one commercially available immu-
noassay specific to an ANP-related peptide,
which detects the mid-regional zone of pro-
ANP (MR-proANP). This assay is manufactured
by Thermo Fisher Scientific and it is not yet
FDA cleared yet. It utilizes polyclonal sheep
antibodies specific to the 50-72 aar of proANP

as coat antibodies along with monoclonal rat
antibodies specific to the fragment 73-90 of
proANP (25).

SYNTHESIS AND SECRETION OF BNP

The BNP gene encodes a 134-amino acid prep-
roBNP precursor, which is converted to 108-ami-
no acid proBNP by the cleavage of a 26-amino
acid signal peptide (26). Interestingly, a frag-
ment of preproBNP signal peptide (17-26 AAR)
was shown to be present in the blood of normal
individuals and patients with acute Ml and was
suggested as a circulating biomarker of cardiac
ischemia and MI, with some possible advan-
tages over currently used biomarkers such as
creatine kinase-MB, myoglobin, and troponins
(27). Similarly, a fragment of preproANP signal
peptide (16-25 aar) was shown by the same re-
search group to have some potential as an isch-
emic biomarker (28).

The BNP gene is an early response gene allowing
rapid reaction to mechanical, hormonal or sym-
pathetic stimulation: its transcription reaches a
maximal level within 1 h after stimulation (29).
Synthetized BNP is thought to be stored in lim-
ited amount and in acute need is produced de
novo. Therefore, the predominant source of cir-
culating BNP appears to be through constitutive
secretion from ventricular myocytes. The storage
and secretion of ANP are different: ANP is mostly
stored in atrial granules and, as a consequence,
is available for fast release if needed.

The processing of proBNP gives rise to two frag-
ments: the N-terminal fragment of proBNP (NT-
proBNP, 1-76 aar) and the C-terminal region ac-
tive BNP hormone (77-108 aar) (30). BNP and
NT-proBNP appears exclusively as a result of the
proteolytic cleavage of proBNP in a stoichiomet-
ric ratio of 1:1. For a long time, it was strongly
believed and accepted that BNP and NT-proBNP
are the principal proBNP-derived molecular
forms present in the circulation.
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Whether NT-proBNP has any physiological
function remains unknown. This fragment is
currently considered to be a byproduct formed
during maturation of the active BNP hormone.
Although NT-proBNP and BNP are produced in
an equimolar ratio, the molar plasma concentra-
tion of NT-proBNP is several-fold higher than the
concentration of BNP. Higher levels of NT-proBNP
are thought to be caused by the lower clear-
ance of NT-proBNP from the bloodstream (31).
Notably, intact nonprocessed proBNP is also
present in the circulation and represents a sub-
stantial part of the BNP-immunoreactivity found
in the samples of HF patients (discussed below)
(32, 33).

POSTTRANSLATIONAL
MODIFICATIONS OF proBNP

Both proBNP from the plasma of HF patients and
recombinant protein produced in eukaryoticcells
were shown to be extensively O-glycosylated at
several threonine and serine residues within the
N-terminal region (1-76 aar), but not within the
BNP-portion of proBNP (77-108 aar) (34-36). In
a study by Schellenberger et al., 7 sites of
O-glycosylation in recombinant proBNP, ex-
pressed in Chinese hamster ovary cells, were
identified within the region 1-76 aar of proBNP
(i.e., NT-proBNP): Thr36, Ser37, Ser44, Thras,
Ser53, Thr58, and Thr71 (34). Notably, no sites
of O-glycosylation were identified within the
BNP-part of proBNP molecules.

The finding that proBNP undergoes posttrans-
lational modifications during its maturation
had a great impact on the understanding of
the biochemistry and complexity of circulating
proBNP-derived peptides. Although the exact
glycosylation sites of endogenous proBNP and
NT-proBNP are still not precisely characterized,
indirect data indicate the presence of carbo-
hydrate residues in specific parts of the mol-
ecules. According to Seferian et al., the central

region (28-56 aar) of NT-proBNP is glycosylated,
whereas the C-terminal portion of the molecule
(61-76 aar) is mostly free of O-glycans (37).
However, endogenous proBNP was shown to
be glycosylated both in the central region and
in the region located close to the cleavage site,
in the region 63-76 for proBNP, which was inac-
cessible to site-specific antibodies because of
glycosylation (38).

The level of endogenous NT-proBNP and proB-
NP glycosylation in humans seems to be charac-
terized by high interindividual variability, which
may arise from the site occupancy, structure,
and length of oligosaccharide chains (36, 37).
The clinical significance of this variability is cur-
rently unknown, and it might be interesting to
explore whether it is related to the severity of
HF or its etiology.

GLYCOSYLATION OF proBNP
AND THE EFFICIENCY OF ITS PROCESSING

The diversity of circulating proBNP-derived pep-
tides found in the circulation can be partially ex-
plained by the mechanisms of proBNP process-
ing. The processing of proBNP is considered to
occur prior to or in the moment of its secretion
into the circulation. However, this understand-
ing is primarily based on indirect observations.
As for many other precursor polypeptides, the
processing of proBNP is mediated by enzyme(s),
namely prohormone convertases. Whether
there is a unique convertase or several enzymes
are responsible for the processing of proBNP
remains an open question. Two proprotein con-
vertases, furin and corin, are considered the
most likely proBNP-processing enzymes. In vitro
experiments have shown both furin and corin
to process proBNP, with the formation of dis-
tinct BNP forms: BNP 1-32 (furin) and BNP 4-32
(corin) (39). As corin produced a shorter BNP
form (i.e., BNP 4-32), this convertase is relative-
ly unlikely to be the main enzyme responsible
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for the processing of proBNP, which highlights
the relevance of furin as a proBNP-processing
enzyme (reviewed in (40)).

Glycosylation in the region close to the proBNP
cleavage site was shown to play a pivotal role in
the regulation of the enzyme-mediated process-
ing of proBNP (38). The presence of glycosidic
residues in this region of the proBNP molecule
was found to suppress the processing of proBNP.
In cell-based assays both furin- and corin-me-
diated processing of proBNP were shown to be
suppressed by O-glycans attached to Thr71. It is
currently believed that only proBNP molecules
that are not glycosylated at Thr71 can be ef-
fectively processed into BNP and NT-proBNP.
Whether this suppression of proBNP processing
by glycosylation at the Thr71 residue is a physi-
ological regulatory process or a pathophysi-
ological mechanism leading to HF progression
remains an open question.

The role of glycosidic residues at other sites of
proBNP molecule is currently unclear. Because
glycosylation is known to be a highly energy-
consuming process, it is very unlikely that it
has no specific role in the function of BNP. One
possibility is that the glycosylation of proBNP
within the central region might protect it from
undesirable cleavage at other monobasic or
dibasic sites in the human proBNP sequence
and thus prevent the formation of longer BNP
forms. Additionally, in vitro experiments have
shown O-glycosylation to increase the stability
of proBNP, which may be essential in light of the
presence of proBNP and its potential function in
the circulation (discussed below) (41).

MOLECULAR FORMS OF BNP IN PLASMA

Initially, it was believed that there were two
circulating fragments present in the circula-
tion, BNP 1-32 and NT-proBNP 1-76, formed by
endoproteolytic cleavage of proBNP between
the Arg76 and Ser77 residues. However, this

concept has recently been greatly modified
(42, 43). It was found that only a tiny portion
of circulating BNP consists of intact BNP 1-32,
which was initially considered a main form of
immunoreactive BNP. The absence of BNP 1-32
in plasma samples from patients with advanced
HF was reported by Hawkridge et al., challeng-
ing the primary simplified concept of BNP 1-32
as a major component of BNP-immunoreactivity
in the blood samples of HF patients (44). The
work of Niederkofler and coworkers accurate-
ly showed that in the plasma of HF patients,
BNP 1-32 is present alongside various N- and
C-terminal truncated BNP forms, i.e., BNP 3-32,
BNP 4-32, BNP 5-32, BNP 5-31, BNP 1-26, and
BNP 1-25 (43).

The proteolytic degradation of BNP 1-32 in the
circulation is thought to be responsible for the
diversity of BNP-derived forms found in the col-
lected samples. Peptidases such as dipeptidyl
peptidase IV (DPP IV) and neutral endopepti-
dase (neprilysin, NEP) were reported to degrade
BNP, giving rise to BNP 3-32 and BNP 5-32, re-
spectively (45, 46). Some studies have sug-
gested that insulin-degrading enzyme (IDE) can
also degrade BNP to smaller peptides (47, 48).
However, BNP was shown to be a poor substrate
for neprilysin and IDE, suggesting that another
protease is likely responsible for its cleavage.
Additionally, the appearance of BNP 4-32 in the
circulation may be due to the specific process-
ing activity of corin, as shown by in vitro experi-
ments with exogenous proBNP (39). According
to the study of Belenky et al., peptidyl arginine
aldehyde protease can degrade BNP at sites in
the peptide chain where arginine is present, as
specific inhibitors of this enzyme greatly reduce
the degradation of the hormone in vitro (49).
In mice, plasma protease meprin was shown to
cleave BNP (46); however, its ability to degrade
BNP in humans is rather questionable (50). The
known sites of BNP proteolytic degradation are
summarized in Figure 2.
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DPP IV

Notably, the instability of BNP in EDTA-plasma
samples has been reported even at -80 °C.
Thus, to protect BNP from degradation dur-
ing sample storage, high concentrations of
protease inhibitors are required (benzami-
dine up to 10 mmol/L and AEBSF up to 5
mmol/L) (42).

There is still an open question regarding
whether all these BNP forms are equally
bioactive. The data on this subject are not
consistent. In cell-based assays with cardiac
fibroblasts and cardiomyocytes, human BNP
3-32 exhibited similar activity to BNP 1-32
(51). However, in vivo studies in canine mod-
els revealed that human BNP 3-32 exhibited
reduced natriuresis and diuresis and a lack of
vasodilating actions compared to BNP 1-32
(52). Thus, this perspective might suggest
that shorter BNP forms do exhibit reduced
biological activity compared to the full-length
BNP molecule.

NEP

IDE

ProBNP AS A MAJOR COMPONENT
OF BNP-IMMUNOREACTIVITY

A number of studies have convincingly shown
that the intact precursor proBNP is the major
BNP-immunoreactive form found in collected
plasma samples, both in healthy subjects and
especially in patients with congestive HF. These
findings had a great impact on our under-
standing of the results of BNP measurements
by the routinely used immunoassays, as most
of them exhibit cross-reactivity with proBNP
due to the presence of BNP-structure within
the proBNP sequence. The degree of cross-re-
activity was reported to be different for differ-
ent assays and different forms of proBNP (e.g.,
glycosylated vs. nonglycosylated) (53).

Because proBNP shares a common 32-amino
acid structure with BNP, it is logical to sug-
gest that proBNP might be capable of medi-
ating physiological functions similarly to BNP.
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However, in cell-based assays, unprocessed
proBNP exhibited markedly reduced physiologi-
cal activity compared with BNP and is currently
considered to be insufficient to promote an
adequate physiological natriuretic hormone re-
sponse in HF patients (54). Additionally, proBNP
was shown to have significantly lower affinity
for NPR-C than BNP and to be more resistant to
proteolytic inactivation by human kidney mem-
branes (55).

The role of proBNP in the circulation and why it
is released into the circulation in its unprocessed
form remain intriguing questions. Whether it is
a normal physiological or rather a pathophysi-
ological process still needs to be clarified to bet-
ter understand its clinical significance.

IS proBNP A CIRCULATING
SOURCE OF BNP HORMONE?

High plasma levels of unprocessed proBNP and
the potentially reduced bioactivity of proBNP
compared to BNP suggest that circulating proBNP
may serve as a reserve BNP-containing form
to be processed in the circulation for the re-
lease of active BNP hormone. The question of
whether proBNP might undergo processing in
the circulation was addressed in several studies
by testing the in vitro production of BNP from
proBNP(56, 57). Although the results of these
studies indicate that the cleavage of exogenous
nonglycosylated proBNP may occur in serum
samples, they should be interpreted with cau-
tion, as the relevance of serum as an in vitro
model to study proBNP processing in the circu-
lation is rather questionable

Following from the inhibitory effect of O-glycans
attached to the Thr_ residue of proBNP, the ef-
ficiency of proBNP processing depends not only
on the activity of convertase(s) but also the gly-
cosylation status of the residue located close to
the cleavagesite, i.e., Thr_.. As we know, proBNP
glycosylated at Thr_, is not processed by furin

or corin. Thus, it is straightforward to ask which
form of proBNP is present in the circulation.

It was found that there are two distinct forms
of proBNP in the circulation, which differ in the
glycosylation status of Thr_ residue: proBNP
glycosylated at Thr,, and proBNP, which lacks
glycan residues at this site. Among these two
forms, only proBNP which does not bear any
glycans attached to Thr_, was shown to be sus-
ceptible to proteolytic cleavage and may give
rise to active BNP 1-32 hormone. Interestingly,
this observed variability in glycosylation status
is apparently attributed only to this site and
is not the case for other sites of glycosylation
within the proBNP molecule.

Our studies in rats have revealed that the pro-
cessing of human nonglycosylated proBNP in
the circulation, resulting in the formation of
BNP 1-32, is possible (58). These data, taken
together with the findings that there are two
distinct forms of proBNP in the plasma of HF
patients, one glycosylated (processing-unsus-
ceptible) and the other non-glycosylated (pro-
cessing-susceptible) in the region close to the
cleavage site, suggest the possibility of periph-
eral proBNP processing in the circulation (39).

DIVERSITY OF proBNP FORMS
IN ACUTE AND CHRONIC HF

Recent studies by Vodovar and colleagues
shed some light on the interplay between
proBNP glycosylation and its processing in the
circulation (59). In this study, the degree of
plasma proBNP glycosylation was assessed in
three groups of HF patients, i.e., patients with
ADHF, non-ADHF (dyspnea but no HF) patients
and chronic HF patients, by means of mass
spectrometry. Among these three groups, the
highest percentage of glycosylated proBNP
was present in chronic HF. In contrast, the
percentages of glycosylated proBNP in ADHF
and non-ADHF patients were lower than in
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chronic HF and similar to each other. These
data suggest that proBNP processing is altered
more in chronic HF than in ADHF or non-ADHF.
Strikingly, furin activity but not its concentra-
tion was greater in ADHF than in chronic HF,
thus providing a differential mechanism of
proBNP processing in disease progression
in HF. Considering these findings, one might
speculate that the significantly increased pro-
duction and processing of proBNP in ADHF
might represent an attempt by the failing heart
to increase the level of circulating BNP and to

Figure 3

reduce the overload. In contrast, in chronic HF,
with the release of more glycosylated proBNP
into the circulation, there will be a defect in
the processing of proBNP to mature BNP hor-
mone, as this proBNP form is not susceptible
to processing. These findings may reflect the
existence of regulatory mechanisms through
which plasma BNP rapidly increases in acute
conditions by cleavage of the processing-sus-
ceptible proBNP form (60).

From a physiological and clinical prospective,
there are several important consequences of

The scheme of proBNP maturation and processing with the suggested

inhibitory effect of O-glycans bound to the Thr_, on processing efficiency

Cardiomyocytes:
secretion

Thr,,
Cleavage is
possible

Circulation

p—

Thr,, BNP

NT-proBNP
(Thr;, nenglycosylated)

proBNP
O-glycosylation
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not occur suppressed

| proBNP
¥ (Thr,, glycosylated)

Thr,,
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Seven potential sites of O-glycosylation are marked as dark diamonds (34).

The potential N- and C-terminal sites of proteolytic degradation as well as the ones located within the ring structure of
BNP (proBNP) are marked by red arrows.

Adapted with modifications from (40).
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these new findings. First, it means that the BNP-
related peptides are likely different in different
HF patients and there is no common BNP sta-
tus for different forms of HF. Second, there are
apparent differences in the processing of NPs
between patients with ADHF and patients with
chronic HF. From this perspective, one may sug-
gest that immunoassays that can differentiate
the glycosylated and nonglycosylated forms of
proBNP might have additional value for clinical
diagnostics. Such assays are not currently avail-
able; however, their development is potentially
possible due to the known sensitivity of anti-
bodies to the presence of O-glycans in the rec-
ognized epitopes (32).

The recent advances in the understanding of the
diversity of circulating BNP forms have consid-
erably changed the initial simplistic scheme of
proBNP processing, suggesting that only a few
forms are present in the circulation, and have
led to a new scheme of proBNP maturation and
processing (Fig. 3).

THE DIVERSITY OF IMMUNOASSAYS
FOR proBNP-DERIVED PEPTIDES

More than 20 years after the introduction of
NPs as cardiac biomarkers, there are a variety
of immunoassays, specific for different forms of
the peptide, in use by clinicians. We will briefly
discuss the most important and recent findings
in this field and the impact of the complex bio-
chemistry of proBNP-derived peptides on the
interpretation of the test results.

NT-proBNP ASSAYS

The current situation involving NT-proBNP im-
munoassays is relatively simple. All approved
commercially available NT-proBNP immuno-
assays are based on the same antibodies and
calibrator materials distributed by Roche. As a
result of a common source of antibodies and
calibrator, only small systematic differences

between the available NT-proBNP immuno-
assays have usually been reported, with the
total variation across methods within 10%.
However, despite the common source of an-
tibodies and standard materials, assay har-
monization remains incomplete (61).

The initially proposed cut-off for NT-proBNP as-
says is below or above 125 ng/L. A value of 300
ng/L works well with the existing assays for the
exclusion of acute HF (62).

The first generation of Roche NT-proBNP assays
was based on polyclonal antibodies specific for
the regions 1-21 and 39-50; the second genera-
tionemploys monoclonalantibodies (mAbs) spe-
cific for the central region of NT-proBNP: 22-28
(27-31) and 42-46. The epitope specificity of the
antibodies used in these assays suggests inter-
ference from the glycosylation of NT-proBNP
molecule, as these regions of NT-proBNP were
shown to be glycosylated. Indeed, the negative
effect of glycosylation on NT-proBNP recogni-
tion by the antibodies specific to the middle
fragment of the molecule has been shown in
several studies. Commercial NT-proBNP immu-
noassays were revealed to show substantial
cross-reactivity with non-glycosylated proBNP
but can barely recognize glycosylated NT-proBNP
and proBNP molecules due to the presence of
O-glycans in the epitopes recognized by the an-
tibodies. However, although it has been shown
that Roche NT-proBNP assays underestimate the
concentration of circulating NT-proBNP (up to
10-fold) (37, 63), their diagnostic and prognos-
tic accuracy is quite good, and they are currently
widely used in clinical practice.

However, the recent data suggest that under-
estimating the NT-proBNP concentration due
to the influence of glycosylation of NT-proBNP
molecules may have some impact on the clini-
cal significance of this biomarker. This subject
has been addressed in the work of Helge Rgsjo
et al., which showed that the deglycosylation
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of NT-proBNP by treatment with a mix of spe-
cific enzymes (deglycosidases) improved the
the diagnostic and prognostic accuracy of the
NT-proBNP assay (64). Thus, one may suggest
that the epitopes not effected by glycosylation
should be preferred for the design of new gen-
erations of NT-proBNP assays.

B-TYPE NATRIURETIC PEPTIDE ASSAYS

In contrast to NT-proBNP, the current situation
with BNP immunoassay is far more complex.
A variety of companies market assays for BNP,
which are based on different antibodies and
standard materials. Recent studies suggest that
there are marked systematic differences among
the BNP values obtained using different plat-
forms. The CardioOrmoCheck study reports dif-
ferences of up to 50% across different BNP im-
munoassays (65), and such discrepancies occur
even for assays using the same antibodies but
run on different instruments.

The most common commercial methods for
BNP measurement used in the clinical labora-
tories are sandwich-type immunometric assays.
These methods usually employ two antibodies
specific for two distantly located epitopes of the
BNP peptide chain. One of these antibodies is
always specific for the intact cysteine ring, to
detect the form, which is considered to be phys-
iologically active, whereas the other is specific
either for the C-terminus of the peptide (e.g.,
in Abbott AXSYM and Architect, Shionogi IRMA)
or for the N-terminus (e.g., in Alere Triage and
Beckman Access). Obviously, the assays utiliz-
ing antibodies specific to the very C-terminus
of the BNP molecule should not measure BNP
peptides that are degraded at this part of the
molecule. Similarly, assays utilizing antibodies
specific to the N-terminus of BNP should not
measure BNP-related peptides truncated at this
part of the molecule.

Among this variety of BNP immunoassays, the
“Single Epitope Sandwich” Immunoassay (SES-
BNP™) designed by HyTets’s specialists and im-
plemented in a platform by ET healthcare differs
from conventional sandwich-type BNP assays
(66). This assay utilizes one mAb 24C5 specific
to the relatively stable ring fragment of the BNP
molecule (epitope 11-17), which is within the
biologically active cysteine ring, and the second
mAb, Ab-BNP2, which recognizes the immune
complex of mAb 24C5 with BNP (proBNP) only.
Thus, there is no space between epitopes, and
consequently, cleavage between the epitopes
does not affect it, as only one epitope is needed
for BNP measurements in the SES-BNP™ assay.
This assay was shown to be able to recognize
BNP as well as the recombinant glycosylated
and nonglycosylated forms of proBNP with the
same efficiency.

The high sensitivity of SES-BNP™ assay (up to
0.5 pg/mL) is most likely achieved by the “lock-
ing” effect of the detection antibody — it stabi-
lizes the immune complex of the capture anti-
body with the antigen and increases the affinity
of the capture antibody for its antigen.

The initially proposed cut-off for BNP is 100
ng/L, which excludes acute HF with high nega-
tive predictive value. However, it should be
stressed that due to the high substantial differ-
ences between different BNP immunoassays,
this value should be determined for each assay
and standard material used in calibration (67).

The diversity of antibodies and standard materi-
als used in commercially available BNP immu-
noassays is summarized in Figure 4.

The great heterogeneity of proBNP-derived
peptides circulating in human blood can par-
tially explain the systematic differences among
the results provided by immunoassay methods
considered specific for BNP. Another important
cause of non-harmonized BNP assays may be
the lack of a suitable reference material for the

Page 199
eJIFCC2016Vol27No3pp189-207



Alexander G. Semenov, Alexey G. Katrukha
Analytical issues with natriuretic peptides — has this been overly simplified?

Figure 4

Antibodies and standard materials

used in commercial BNP immunoassays

Assay Antibodies Standard material
Alere capture Recombinant BNP
Triage BNP detection

e ———— -l
Beckman Coulter Loopture Recombinant BNP
Access, Access 2, DxL detection

D ——
:::; ?t:tc[ capture Synthetic BNP
AXSYM, iISTAT JJetection
Siemens (Bayer) .%. Synthetic ENP
ACS 180, Advia Centaur,  gataction
Advia Centaur CP, —
Shionogi

capture

Siemens (Dade Behring) Lapure | Synthetic BNP

Dimension VISTA, detection
Dimension ExL g

ET Healthcare capture

ET Pylon (SES-BNP™)  getection
(recognizes the immune complex of
capture antibody with BNP/proBNP)

ProBNP (glycosylated)

epitope 14-21

epitope 26-32
epitope 27-32

i T TP,

omniclonal antibody
(affinity purified polyclonal) ,
epitope not characterized

Adapted with modifications from:

http://www.ifcc.org/media/102208/NP%20Assay%20Table%20C%20SMCD%20vJuly _2011.pdf.

calibration of BNP assays by manufacturers. As
a consequence of the non-harmonized assays,
the obtained results are often unique to a cer-
tain method or instrument, so that different
results from different assays and platforms are
poorly comparable. Thus, a common calibra-
tor used in all these BNP assays might help to
reduce the variability of the obtained values.
Currently, no such common calibrator has yet
been suggested. Considering the prevalence of
proBNP as a major BNP-immunoreactive form,
one might suggest that proBNP could become a
common calibrator and stable standard for BNP
immunoassays. The introduction of a common
reference material should reduce the system-
atic differences among current methods and re-
sult in better harmonization among results.

Additionally, it was revealed that all BNP immu-
noassays share some cross-reactivity with proB-
NP, as proBNP has the same structure (BNP-
part) as the BNP molecule (53). Considering
that proBNP is the major BNP-immunoreactive
form in the circulation of HF patients, this cross-
reactivity is clinically relevant. Some assays may
hardly recognize proBNP at all, especially its gly-
cosylated form, due to the steric hindrance of
the glycosidic residues.

Therefore, due to the high complexity of BNP-
related peptides and the prevalence of proBNP
in the circulation, much of the BNP measured
by contemporary assays is either nonprocessed
proBNP or degradation products of BNP 1-32
rather than intact mature BNP 1-32.
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BNP ASSAYS AND THE RECENT ADVANCES
IN THE TREATMENT OF HF

The recent data regarding the use of neprily-
sininhibitor and angiotensin receptor blocker
LCZ696 as a therapeutic agent developed by
Novartis in patients exhibiting HF with a re-
duced ejection fraction have greatly stimulated
the interest to the use of BNP and NT-proBNP
in HF diagnostics and the monitoring of therapy
and also raised some important questions.

The PARADIGM-HF trial (Prospective Comparison
of ARNI (angiotensin receptor neprisylin in-
hibitor) With ACEI (angiotensin-converting en-
zyme inhibitor) to Determine Impact on Global
Mortality and Morbidity in HF) demonstrated a
marked improvement in outcomes with LCZ696
compared with enalapril (inhibitor of angioten-
sin-converting enzyme) alone in patients with
predominantly New York Heart Association
functional class Il HF (68).

Neprilysin is a widely expressed membrane-
bound protease, particularly abundant in kid-
ney, that cleaves substrates on the amino side
of hydrophobic residues. It has been shown to
cleave and inactivate a number of peptides,
including glucagon, enkephalins, substance P,
neurotensin, oxytocin, bradykinin and amy-
loid beta (reviewed in (69)). Both ANP and CNP
are known to be substrates of neprilysin (70).
However, BNP was shown to be a poor sub-
strate for neprilysin, as its specific inhibitors
failed to block BNP degradation by human kid-
ney membranes, suggesting that it is unlikely to
be a significant regulator of BNP concentration
in the kidney (50).

As neprilysin is thought to be responsible for
degrading NPs, it is possible that the benefi-
cial effect of this new drug is achieved by in-
hibiting NP degradation, increasing the level
of NPs, ANP and BNP and, as a consequence,
improving HF.

However, the suggestion that inhibition of ne-
prilysin should lead to a prompt and promi-
nent increase in BNP level is rather debatable.
The effect of neprilysin inhibition should be
more prominent for ANP than for BNP, as ANP
is known to be a much better substrate for ne-
prilysin than BNP (71). Given the complexity
and diversity of proBNP-derived peptides, it is
hardly possible that the effect of LCZ696 on the
BNP level can be so simple. As the major form
of BNP-immunoreactivity is proBNP, we should
rather consider its degradation and the effect
of the drug on the level of proBNP rather than
BNP. Unfortunately, there are currently no data
on the degradation of proBNP by the action of
neprilysin.

Whether treatment with neprilysin inhibitor will
interfere with the use of BNP measurement for
HF diagnosis and prognosis or treatment moni-
toring remains an open question. Considering
the complex biochemistry of proBNP-derived
peptides, it is definitely not obvious how the
BNP and NT-proBNP levels are affected by treat-
ment with LCZ696 in different disease states
(72).

On the one hand, if treatment with LCZ696 in-
deed affects the BNP levels measured by BNP
immunoassays, then it seems that BNP mea-
surements may be ambiguous in this case. For
this purpose, NT-proBNP measurements seem
to be preferred, although it should be consid-
ered that the increase in circulating BNP might
decrease proBNP production and thus decrease
the NT-proBNP level, which would then fail to
reflect the improvement of cardiac function. On
the other hand, measurements of BNP may be
very important to understand at what level of
BNP increase the drug therapy works and re-
flect the action of the drug, whereas NT-proBNP
levels may reflect the effects of the drug on the
heart.
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The complexity of the NP system and the diver-
sity of HF states suggest that the measurements
of either BNP or NT-proBNP alone might not be
sufficient to fully understand the HF status of
patients, but rather both biomarkers (or their
ratio) should be used to fully utilize the diagnos-
tic and prognostic value of these biomarkers.

Thus, the use of this new and seemingly promis-
ing HF drug generates a number of serious ques-
tions for clinical diagnostics that must be an-
swered before this drug becomes routinely used
in clinical practice along with NP measurements.

ProBNP IMMUNOASSAYS

By its nature, the proBNP molecule shares a com-
mon structure with both BNP (BNP part within
proBNP sequence) and NT-proBNP (N-terminal
part within proBNP sequence). Thus, a proBNP-
specific assay should be based on one antibody
specific to the N-terminal part and the second
one to the C-terminal part. An assay based on a
capture mAb specific for the region 26-32 of the
BNP molecule and a detection antibody specific

Figure 5

proBNP-specific assay (HyTest)

MADb 16F 3450

4 *"” ¢

proBNP

MAb 50E 1405105

for the fragment 13-20 of proBNP was designed
by HyTest specialists (32). It was shown that this
highly sensitive immunoassay is not affected by
the glycosylation of proBNP molecules, as the
epitopes of the utilized antibodies are free of
O-glycans.

Giuliani et al. developed a specific mAb that rec-
ognizes the hinge region of the proBNP molecule
(75-80 aar) (73). A sandwich immunoassay for
the measurement of proBNP was designed by
combining this mAb with a polyclonal antibody
directed against the BNP part of the proBNP
molecule (Fig. 5). An automated version of this
method was performed on the BioPlex 2200
Analyzer Multiplex System (Bio-Rad), and its an-
alytical characteristics were evaluated. Notably,
the presence of O-glycans at Thr71 may affect
the interaction of the hinge-specific antibod-
ies with endogenous proBNP due to the close
proximity to the recognized epitope and, as a
consequence, underestimate the amount of
intact proBNP detected by this assay in plasma
samples of HF patients.

proBNP-specific assay (Bio-Rad)

polyclonal anti-BNP

*

proBNP

mAb Hinge76+5.5;
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Thus far, proBNP-specific assays have been
shown to be equivalent to but no better than
BNP or NT-proBNP assays. (74). However, one
may speculate that considering the potentially
reduced bioactivity of unprocessed proBNP,
measurements of the concentration of bioac-
tive BNP or, alternatively, the ratio of BNP to un-
processed proBNP might be clinically relevant.

It should be stressed, however, that there are
currently no assays that are specific to BNP with
no cross-reactivity to proBNP. The development
of such assays is rather challenging due to the
presence of the common structure in the proB-
NP molecule. Whether such an assay would
have additional clinical significance over con-
ventional BNP assays, which detect both BNP
and proBNP, remains a question to be answered
in future clinical studies.

CONCLUSIONS

NPs are widely accepted to be useful and cost-
effective biomarkers for HF. Both BNP and NT-
proBNP testing are currently routinely used in
clinical practice and have been incorporated
into most national and international cardiovas-
cular guidelines. Despite this wide acceptance,
the complex biochemistry of NPs requires deep
insight into analytical issues for the accurate in-
terpretation of test results in clinical practice.
Moreover, the constant implementation of new
therapeutic agents (e.g., LCZ696) for HF treat-
ment generates new challenges for their use in
diagnostics and the monitoring of therapy and
requires comprehensive understanding of how
this complex system works. Thus, new immuno-
assays based on the improved understanding of
the complex biochemistry of proBNP-derived
peptides should perhaps be considered for fu-
ture development.

The large systematic differences among meth-
ods when comparing the results obtained from
different laboratories using different assays

represents another important issue to be solved.
Novel approaches such as the introduction of a
common reference material for BNP immu-
noassays should be considered to improve
this situation.

Additionally, the diversity of circulating forms of
BNP-related peptides with different physiologi-
cal activities suggests that a new generation of
immunoassays specific to the distinct forms of
BNP, NT-proBNP and proBNP or able to measure
the ratio between different BNP forms might of-
fer potential clinical significance over existing
assays that do not distinguish different circulat-
ing forms of proBNP-derived peptides.

To summarize, we may conclude that recent
advances in understanding the complexity of
the NP system have both improved the compre-
hension of the clinical meaning of test results
and generated a number of new challenges to
be addressed in future studies to improve the
diagnostics and treatment of cardiovascular
complications.
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