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Does impaired processing of pro-B-type (or brain) natriuretic
peptide cause decreased plasma BNP levels in obese heart failure

patients?
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The natriuretic peptide system consists of three distinct
endogenous peptides: atrial natriuretic peptide (ANP),
brain (or B-type) natriuretic peptide (BNP), and C-type
natriuretic peptide (CNP), as well as three receptors:
natriuretic peptide receptor-A (NPR-A or guanynyl
cyclase-A), natriuretic peptide receptor-B (NPR-B or
guanynyl cyclase-B) and natriuretic peptide receptor-C
(NPR-C or clearance receptor) (1). ANP and BNP are
cardiac hormones, with ANP produced mainly in the
atria and BNP produced mainly in the ventricles. CNP is
produced in the central nervous system, bone, and vascular
endothelial cells. Although BNP was discovered in porcine
brain extract, subsequent studies demonstrated that BNP is
a cardiac hormone in humans, that plasma BNP levels are
increased in proportion to the severity of heart failure, and
that the magnitude of the change in BNP is greater than
the change in ANP (1). Accordingly, BNP measurements
are now used as a diagnostic biomarker for heart failure all
around the world, and current guidelines used worldwide
recommend measurement of BNP and N-terminal proBNP
(NT-proBNP) as a useful diagnostic biomarker for acute
and chronic heart failure (2).

Up to about 10 years ago, proBNP, the precursor
of BNP, was thought to be processed to BNP and N'T-
proBNP intracellularly and to be secreted from the heart
into circulation at a 1:1 molar ratio. However, recent studies
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have revealed that precursor proBNP as well as BNP and
NT-proBNP are all increased in heart failure, but that
the relative ratio of BNP to proBNP is altered depending
on the specific pathophysiological conditions of the heart
failure (3). Previous studies also revealed that current BNP
immunoassay kits cross-react with proBNP (4). Because
proBNP has little biological activity, increasing proBNP
levels may do little to compensate heart failure. Moreover,
mass spectrometry analyses showed that there is very little
BNP1-32 (mature BNP) in the plasma of heart failure
patients, but there are higher levels of BNP fragments, such
as BNP3-32, BNP4-32, and BNP5-32, and that current
BNP assay kits cross-reacts with those too (4). In addition,
the N-terminal portion of proBNP is O-glycosylated as a
posttranslational modification (5), and high concentrations
of O-glycosylated proBNP and NT-proBNP circulate in
the plasma of patients with heart failure (6).

One should be aware that various conditions can
lead to the overestimation or underestimation of BNP
levels when they are used as a diagnostic test for heart
failure. The pathophysiological conditions in which
BNP is overestimated include renal failure, atrial
fibrillation, inflammation, cancer, hyperthyroidism, use
of LCZ696 (sacubitril/valsartan), and macroproBNP.
The pathophysiological conditions in which BNP is

underestimated are obesity, constrictive pericarditis,
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pericardial effusion, and flash pulmonary edema (7). BNP
is eliminated from the blood through metabolization by
neprilysin (neutral endopeptidase), by binding to NPR-A
and NPR-C, and by excretion into the urine. It is known
that neprilysin is highly expressed in the brush border of
renal tubular cells (8), and that NPR-A is highly expressed
in renal tubular cells and glomerular cells. As a result,
BNP elimination is decreased in renal failure, leading to
increased plasma of BNP. In addition, increased body fluid
levels in renal failure may contribute to increased cardiac
production of BNP. In atrial fibrillation, plasma BNP
increases through overproduction of BNP, probably in the
atria. Plasma BNP levels are increased in atrial fibrillation,
even without heart disease. Consequently, the cutoff
point for diagnosis for heart failure should be elevated in
heart failure patients with atrial fibrillation. Inflammatory
cytokines directly stimulate BNP gene expression (9), and
plasma BNP levels are greatly increased in myocarditis.
Furthermore, if cardiac rejection occurs in patients who
have received heart transplantation, plasma BNP increases
even when intracardiac pressure is normal. Thyroxin also
directly stimulates BNP gene expression. In fact, in patients
with thyrotoxicosis, plasma BNP levels are high, and with
treatment normalizing thyroid hormone levels, plasma BNP
levels are also normalized (10). As mentioned above, BNP
and ANP are metabolized in part by neprilysin. Recently,
the PARADIGM-HF study reported that LCZ696, a
formulation containing antagonists of both neprilysin and
angiotensin receptor, clearly improves mortality rates and
reduces the occurrence of heart failure, as compared to
enalapril, the conventional first choice drug for chronic
heart failure. Because one possible mechanism of LCZ696’
beneficial effects is inhibition of ANP and BNP degradation
(mainly ANP), the concentration of BNP may increase in
patients taking LCZ696. In the PARADIGM-HEF study, the
proportion of patients whose plasma BNP concentration
was higher than the pretreatment level after 8 to 10 weeks
of LCZ696 treatment was larger than the proportion
exhibiting increases in N'T-proBNP. Nonetheless, plasma
BNP levels were well correlated with plasma N'T-proBNP
levels, and the prognostic accuracy of plasma BNP was
nearly the same as plasma N'T-proBNP (11).

There are also cases in which plasma BNP levels are
underestimated. Patients with constrictive pericarditis
have lower BNP levels than those with restrictive
cardiomyopathy, though the hemodynamic indices are
similar in the two groups (7). It is also known that plasma
BNP and ANP levels are lower in patients with pericardial
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effusion, and that BNP and ANP levels start to increase
after pericardial drainage to remove the effusion (12).
Because atrial and ventricular stretch is an important
stimulus for ANP and BNP release, suppression of stretch
by massive effusion or thickening of the pericardium
may lead to reduced BNP release from both the atria and
ventricles. Flash pulmonary edema is caused by a sudden
loss of cardiac function due to ischemic heart disease,
such as acute myocardial infarction. ANP is stored in
atrial granules and is immediately secreted in response.
This is a so-called regulatory pathway. By contrast, BNP
is controlled via gene expression, which is a so-called
constitutive pathway. It therefore takes time for blood
levels of BNP to rise, even in response to a strong stimulus.
For example, BNP levels are not increased within 30 min
after the onset of acute myocardial infarction (13). On the
other hand, one hour after treatment of acute heart failure,
BNP levels are reportedly changed significantly in parallel
with the hemodynamic changes. Thus, in cases of rapid
hemodynamic change, changes in plasma BNP may be
delayed, so caution is required.

In patients with obesity-related heart failure, plasma
BNP levels are lower than one would expect from the
severity of the heart failure; however, the precise mechanism
has not been elucidated (14). Adipocytes strongly express
NPR-A, and BNP and ANP can induce lipolysis via
NPR-A (15). This finding may be associated with the
cardiac cachexia observed in severe heart failure patients.
In addition, adipocytes also strongly express NPR-C (15).
Because BNP binds to both NPR-A and NPR-C expressed
in adipocytes, the plasma BNP levels in obese patients
are thought to be decreased as a result of trapping by
these receptors. In the Framingham study, obese subjects
(BMI >30) with lower BNP levels also showed lower levels
of NT-proBNP (16). NT-proBNP and BNP are processed
from proBNP at a 1:1 molar ratio, but NT-proBNP cannot
bind to NPRs and has no bioactivity. Consequently, the
lower plasma NT-proBNP levels seen in obese subjects
cannot be explained by trapping by NPRs expressed in
adipocytes. This suggests cardiac production of BNP is
reduced in obese patients. Mizuno et a/l. (17) reported that
plasma BNP levels in the coronary sinus are lower in obese
heart failure patients than non-obese patients, and that
plasma BNP levels in obese heart failure patients correlate
inversely with HOMA-R, an index of insulin resistance.
Taken together, these results suggest that lower plasma
BNP levels in obese heart failure patients may be due
not only to trapping by NPR-A and NPR-C expressed in
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adipocytes, but also to reduced cardiac BNP production.

In the article “ProBNP That Is Not Glycosylated at
Threonine 71 Is Decreased With Obesity in Patients with
Heart Failure” published in Clin Chem, Lewis et al. (18)
reported interesting new findings that may explain why
plasma BNP is decreased in patients with obesity-related
heart failure. They developed three immunoassay systems
to measure total proBNP (non-glycated proBNP +
glycosylated proBNP), Thr71-nonglycosylated proBNP,
and central region-nonglycosylated proBNP. They then
tested plasma from obese and non-obese heart failure
patients using these three immunoassays and a conventional
NT-proBNP assay. The obese patients had lower N'T-
proBNP and lower Thr71-nonglycosylated proBNP levels
than the non-obese patients, while there were no differences
in central region-nonglycosylated proBNP or total proBNP
levels between the two groups. This finding suggests that
levels of Thr71-glycosylated proBNP are higher in obese
than non-obese heart failure patients. Given that N'T-
proBNP levels are also low in obese heart failure patients,
it may be that in patients with obesity-related heart failure,
the increased Thr71-glycosylated proBNP impairs proBNP
processing and leads to decreases in N'T-proBNP.

It was revealed for the first time in 2006 that proBNP
is an O-linked glycopeptide (5). O-glycosylation is a post-
translational modification known to abundantly occur in
the N-terminal region of proBNP at Thr36, Ser37, Ser44,
Thr48, Ser53, Thr58, and Thr71 (2). A more recent study
showed that O-glycosylation also occurs at Ser4 and Thr14
or Thrl5 of proBNP (19). Glycosylation is generally known
to be involved in protein stabilization by making them more
water soluble and less susceptible to metabolism, among
other effects. Glycosylation is also known to be involved
in peptide processing. For example, the glycosyltransferase
ppGalNacT3 (GALNT3) mediates O-glycosylation of the
bone derived hormone fibroblast growth factor 23 (FGF23),
which protects the hormone from proteolysis-mediated
inactivation upon its secretion (20). If the biallelic GALNT3
gene or homozygous FGF23 is mutated such that FGF23
cannot be glycosylated, processing of FGF23 is increased.
The resultant elevated levels of cleaved, inactive c-terminal
FGF23 and decreased levels of active FGF23 underlie
the pathogenesis of tumoral calcinosis. Glycosylation to
proBNP is also closely related to processing (21). When
we transfected a proBNP gene encoding a nonglycosylated
mutant into cardiomyocytes, proBNP was nearly
completely processed into BNP and N'T-proBNP, whereas
40% of proBNP was not processed after transfection of
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wild-type human proBNP (21). When Semenov ez a/.
inserted the human proBNP gene or its mutant into HEK
293 cells, they found that glycosylation at Thr71 nearly
completely inhibited processing of proBNP, suggesting
that O-glycosylation at Thr71 is important for processing
of proBNP (22). In fact, recent studies have reported that
the proBNP/total BNP ratio is decreased in patients with
acute heart failure due to a reduction in glycosylation at
Thr71 and increased proBNP processing (23,24). Because
the degree of proBNP glycosylation depends on the cells
into which proBNP gene has been inserted, the transfected
cells may alter the level of proBNP glycosylation and,
thereby, affect processing efficiency. Therefore, experiments
using cardiomyocytes that endogenously express proBNP
are preferable to using HEK 293 cells, which show strong
glycosylation of proBNP. Nakagawa et 4/. (25) inserted
human proBNP gene or its mutant into rat cardiomyocytes
and found that glycosylation at both Thr71 and Thr48
plays an important role in proBNP processing and that
glycosylation at these two sites cooperatively inhibits
proBNP processing. They also showed that GALNT 1 and
2 are involved in the glycosylation of proBNP. In a study
from Lewis et al., the percentage of Thr71-nonglycosylated
proBNP is extremely low in obese heart failure patients,
suggesting an increase in plasma Thr71-glycosylated
proBNP in these patients. Because plasma nonglycosylated-
central proBNP levels are very low, these results suggest an
increase in both Thr71- and central-glycosylated proBNP
in obese heart failure patients, leading to an increase in
the proBNP/NT-proBNP ratio (18). It remains unclear,
however, why the pattern of proBNP glycosylation is
altered and proBNP processing is impaired in the hearts of
obese heart failure patients.

In their paper, Lewis et al. showed the significance of
proBNP glycosylation in patients with obesity-related heart
failure. This finding sheds new light on the pathophysiology
of obese heart failure patients. However, there are several
limitations in this study. First, it remains unclear whether
GALNT1 and/or 2 are increased and are related to Thr71
glycosylation in the hearts of obese heart failure patients.
There may also be involvement of other GALN'T types.
In addition, transfer of sialic acid after O-glycosylation
may also be involved in proBNP processing. Second, this
study did not present plasma BNP levels measured using
a conventional BNP immunoassay. Because the current
BNP measurement system cross-reacts with proBNP (4),
it is thought that the decrease in plasma BNP levels seen
in obese heart failure patients may be due to a decrease in
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the BNP1-32 level, given that the proBNP level does not
change. Taken together, these results suggest that there
are two mechanisms active in obese heart failure patients:
reduced cardiac production of proBNP (which may be
related to insulin resistance) and impaired processing due
to increased Thr71-glycosylation of proBNP. Altered
glucose metabolism in the hearts of obesity heart failure
patients, activation of a certain type of GALN'T, and
reduced proBNP gene expression may be involved in the
pathogenesis of heart failure in obese patients. Further
studies will be necessary to elucidate that mechanism in the
future.
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