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BACKGROUND: Heart failure (HF) is a leading cause of
morbidity and mortality worldwide. Plasma concentra-
tions of B-type natriuretic peptide (BNP) or its amino
terminal congener (NT-proBNP) are used for HF diag-
nosis and risk stratification. Because BNP concentrations
are inexplicably lowered in obese patients, we investi-
gated the relationship between proBNP glycosylation,
plasma NT-proBNP, and body mass index (BMI) in HF
patients.

METHODS: Three assays were developed to distinguish
between total proBNP (glycosylated plus nonglycosy-
lated proBNP), proBNP not glycosylated at threonine 71
(NG-T71), and proBNP not glycosylated in the central
region (NG-C). Intraassay and interassay CVs were
�15%; limits of detection were �21 ng/L; and samples
diluted in parallel.

RESULT: Applying these assays and an NT-proBNP assay
to plasma samples from 106 healthy volunteers and 238
HF patients determined that concentrations [median (in-
terquartile range)] of proBNP, NG-T71, and NT-
proBNP were greater in HF patients compared with con-
trols [300 (44–664), 114 (18–254), and 179 (880–
3459) ng/L vs 36 (18–229), 36 (18–175), and 40 (17–
68) ng/L, respectively; all P � 0.012]. NG-C was
undetectable in most samples. ProBNP concentrations in
HF patients with BMI more or less than 30 kg/m2 were
not different (P � 0.85), whereas HF patients with BMI
�30 kg/m2 had lower NT-proBNP and NG-T71 con-
centrations (P � 0.003) and higher proBNP/NT-
proBNP and proBNP/NG-T71 ratios (P � 0.001 and
P � 0.02, respectively) than those with BMI �30 kg/m2.

CONCLUSIONS: Increased BMI is associated with de-
creased concentrations of proBNP not glycosylated at
T71. Decreased proBNP substrate amenable to process-
ing could partially explain the lower NT-proBNP and

BNP concentrations observed in obese individuals, in-
cluding those presenting with HF.
© 2019 American Association for Clinical Chemistry

Heart failure (HF)4 is a leading cause of morbidity and
mortality worldwide, with prevalence expected to in-
crease over the next 20 years. Early diagnosis and optimal
management of HF are key to reducing its impact. Be-
cause B-type natriuretic peptide (BNP) and amino ter-
minal proBNP (NT-proBNP), as well as their precursor
proBNP, are secreted by the heart in direct proportion to
the degree of cardiac dysfunction and clinical severity
(1–11), measurement of these peptides is now mandated
by authoritative international guidelines for the diagnosis
and risk stratification of HF (12, 13 ).

Circulating concentrations of both BNP and NT-
proBNP are reduced by obesity, and this phenomenon is
one of the key weaknesses of the diagnostic performance
of the natriuretic peptides in HF (14, 15 ).

We and others have previously reported that
proBNP comprises more than half of immunoreactive
BNP in HF (6, 11, 16–18) and cross-reacts with all
commercially available BNP assays (19, 20 ).

Formation of BNP from enzymatic cleavage of
proBNP1–108 between residues 76 and 77 by corin
and/or furin is influenced by the degree of proBNP gly-
cosylation. High abundance O-glycosylation sites have
been reported for proBNP on serine (S) or threonine (T)
residues (T36, S37, S44, T48, S53, T58, and T71)
(21, 22 ), with low abundance sites at S5 and either T14
or T15 (23 ). Each of these sites could also be nonglyco-
sylated (23 ). Glycosylation reportedly increases stability
of proBNP (24 ) and, importantly, glycosylation at the
T48 and T71 sites acts cooperatively to inhibit process-
ing (24–27).
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Evaluating the glycosylation states of peptides is
problematic because of samples requiring deglycosylation
(28–30) before mass spectrometry or immunoassay anal-
ysis. Published proBNP assays predominantly recognize
nonglycosylated forms of proBNP (7, 8, 16, 19, 20 ). Up
to 80% of circulating NT-proBNP in HF patients has
been shown to be centrally glycosylated (29 ). All com-
mercially available clinical NT-proBNP assays contain
antibodies directed to epitopes located in the central re-
gion of proBNP (19, 20 ) and will underestimate the cir-
culating concentrations of NT-proBNP if these sites are
glycosylated. Glycosylation of the T71 position of
proBNP has been variably reported at 70% (26 ) or 20%
to 30% in patients with HF (28 ), with differences being
attributed to differing methodologies.

A cheaper and less laborious method of characteriz-
ing the proBNP glycosylation profile of an individual
patient—and thus accurately assessing the true diagnos-
tic/prognostic potential of proBNP, as well as the poten-
tial role of glycosylation of proBNP in reducing circulat-
ing immunoreactive BNP and/or NT-proBNP—is to
use specific proBNP immunoassays that detect nongly-
cosylated forms of proBNP. With this aim, we developed
immunoassays specific for the following:

1. Total proBNP (glycosylated plus nonglycosylated)
2. proBNP that is not glycosylated at T71 (NG-T71)
3. proBNP that is not glycosylated centrally (NG-C)

These 3 assays share a common ring-directed BNP
capture antibody paired with different detection anti-
bodies that confer their specificity. In contrast to the
limited throughput via enzymatic deglycosylation fol-
lowed by HPLC coupled to mass spectrometry, our
immunoassays allow rapid determination of site-
specific glycosylation of the proBNP peptide and en-
able the calculation of ratios of glycosylated vs nong-
lycosylated proBNP to NT-proBNP.

We have applied these assays to samples from 106
controls and 238 patients diagnosed with HF, with and
without obesity, to determine the relationships between
glycosylated proBNP forms, NT-proBNP, and body
mass index (BMI).

Materials and Methods

BLOOD COLLECTION AND PATIENT INFORMATION

This study complied with the Declaration of Helsinki
and was approved by the local regional health committee
(Ministry of Health, New Zealand); written and in-
formed consent was obtained from all participants. Ve-
nous blood from all participants was collected into
EDTA, and the plasma was rapidly separated and snap-
frozen at �80 °C. Plasma was assayed directly (Elecsys)
or after dilution (Luminex assays).

The 106 healthy controls comprised 49 men [me-
dian age, 50 years; interquartile range (IQR), 38–61
years] and 57 women (median age, 34 years; IQR, 34–56
years). Patients with HF (n � 238) included 131 male
(median age, 70 years; IQR, 62–77 years) and 107 female
(median age, 75 years; IQR, 67–82 years). Our HF co-
hort is a Christchurch, New Zealand subset of the previ-
ously described prospective longitudinal Prospective
Evaluation of Outcome in Patients with Heart Failure
with Preserved Left Ventricular Ejection Fraction (PEO-
PLE) study and comprises patients hospitalized with a
primary diagnosis of HF or patients who attend outpa-
tient clinics for management of HF within 6 months of
HF decompensation. All patients underwent detailed
clinical assessment, echocardiography, and biomarker
measurements and were followed over 2 years for clinical
outcomes (31, 32 ).

ASSAY METHODS

The Roche Cobas proBNP II NT-proBNP assay (Roche
0482464 190) was performed following manufacturer’s
instructions. The calibration curve was generated using
the proBNP II Calset (Roche 04842472 190).

DEVELOPMENT OF THE proBNP, NG-T71, AND NG-C ASSAYS

Detailed information outlining the reagents, optimiza-
tion, and validation of the total proBNP, NG-T71, and
NG-C proBNP Luminex assays is described in the Data
Supplement that accompanies the online version of this
article at http://www.clinchem.org/content/vol65/
issue9. All monoclonal antibodies were purchased
from Hytest.

A schematic illustrating the different antibody
recognition sites of the 3 proBNP assays is presented in
Fig. 1.

Briefly, nonglycosylated proBNP calibrators, qual-
ity controls, or samples were added to duplicate wells of a
microtiter plate, along with the capture antibody (24C5,
epitope BNP 11–22). Plates were incubated in the dark
for 16 to 18 h at 4 °C with mixing for the proBNP and
NG-T71 assays, and for 3 h for the NG-C assay. Plates
were washed, after which biotinylated detection antibod-
ies were added [16F3 (epitope NT-proBNP 13–20) for
the proBNP assay, 24E11 (epitope NT-proBNP 67–76)
for the NG-T71 assay, and 11D1 (epitope NT-proBNP
31–39) for the NG-C assay], and the plates incubated
with shaking at room temperature for 1 h. Following a
subsequent wash step, streptavidin-phycoerythrin was
added to each well, and the plate was incubated for a
further 30 min with shaking. After another wash step, the
beads were resuspended in sheath fluid before reading the
plate on the Luminex 200 system. Median fluorescent
intensity data were uploaded to an immunoassay pro-
gram (StatLia, Brendan Scientific), and results were in-
terpolated off a fitted calibration curve.
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HPLC VERIFICATION

Buffer standards (60 �g/L of either nonglycosylated or
glycosylated proBNP) and plasma samples (approxi-
mately 5 mL) were extracted on Sep-Pak C18 cartridges
and concentrated before loading on TSK G2000SW SE
HPLC columns. Fractions (0.5 mL/min) were eluted
over 50 min using 20% acetonitrile/0.1% trifluoroacetic
acid into tubes containing 10 �L of 1% Triton X-100,
dried down, and reconstituted with assay buffer before
being analyzed in the 3 Luminex assays.

STATISTICAL ANALYSIS

Samples reading less than the limit of detection for the assay
were amended to the detection limit concentration for use
in statistical testing. Skewed data were log-transformed (base
“e”) to satisfy parametric assumptions, and medians and
IQRs were reported. Associations between continuous vari-
ables were assessed using scatter plots and calculation of
Spearman correlation coefficients. Intergroup comparisons
of continuous variables were by Student t-tests. Assessment
of candidate independent predictors of plasma NT-
proBNP and of 1-year mortality in HF was performed by
multiple logistic regression. ROC analyses were also used to
assess predictive performance. All analyses were performed
using SPSS version 25. P � 0.05 was considered statistically
significant. To obtain picomolar values, divide the nano-
gram per liter value by 12.036 for proBNP and by 8.457 for
NT-proBNP.

Results

Optimization of the proBNP, NG-T71, and NG-C as-
says and details of the final assay formats are described in
the online Data Supplement.

ASSAY VALIDATION

The mean minimum detectable concentrations of
proBNP, NG-T71, and NG-C calculated from 21 to 27
assays were 18, 18, and 21 ng/L, respectively. A high
quality control (QC) sample measured over at least 10
assays yielded mean values of 1408, 2082, and 1818 ng/L
with interassay CVs of 15.1%, 15.2%, and 12.2% for the
proBNP, NG-T71, and NG-C assays, respectively. A low
QC also measured over �10 assays had mean values of
819, 915, and 737 ng/L with interassay CVs of 11.6%,
14.7%, and 10.7% for the proBNP, NG-T71, and
NG-C proBNP assays, respectively. Intraassay CVs were
all �10%.

In-house high (4837 ng/L) and low (747 ng/L) QCs
measured in the Roche Cobas NT-proBNP assay had
interassay CVs of 2.1% and 2.0%, respectively.

Samples diluted in parallel with the standard curve
in both the proBNP and NG-T71 assays (see Fig. 1 in the
online Data Supplement). We were unable to assess par-
allelism with the NG-C assay because its low concentra-
tion in plasma prohibited further dilution. Plasma sam-
ples spiked with proBNP showed 115%, 90%, and 96%
recovery in the proBNP, NG-T71, and NG-C assays,
respectively, with glycosylated proBNP having a 75.2%
recovery in the proBNP assay and being �0.1% in both
the NG-T71 and NG-C assays. HPLC analysis of buffer
spiked with glycosylated proBNP confirmed the lack of
its cross-reactivity in the NG-T71 and NG-C assays (Fig.
2B), and analysis of a plasma sample from a patient with
HF showing measurable concentrations of proBNP and
NG-T71 proBNP, but not of NG-C, is shown in Fig.
2C.

SAMPLE ANALYSIS

Table 1 lists characteristics and peptides measured in
plasma samples [median (IQR)] of both the healthy con-
trols and patients with HF.

Although the Roche NT-proBNP assay generated
measurable results for all samples, only 43% of the con-
trol patients and 76% of the patients with HF had results
greater than the detection limit when samples were mea-
sured in the proBNP assay. This decreased to 31% and
66% in the NG-T71 assay and 9.4% and 6% in the
NG-C assay for the control and HF groups, respectively.

Median (IQR) peptide concentrations obtained
from control individuals or patients with HF are shown
in Table 1 and Fig. 3. HF patients had higher concentra-
tions of proBNP (P � 0.001), NG-T71 (P � 0.012), and
NT-proBNP (P � 0.001) than controls. In patients with
HF, proBNP � NG-T71 � NG-C (P � 0.001).

Using HF samples that had detectable concentra-
tions of proBNP (n � 181), and the formulae (NG-T71/
proBNP)*100 and (NG-C/proBNP)*100, we calculated
the mean percentage of proBNP not glycosylated at the
T71 position was 65.2% � 6.9%, and proBNP not gly-

Fig. 1. Schematic of proBNP peptide showing both the cen-
trally glycosylated and T71 glycosylated sites as white boxes.
ProBNP is cleaved by furin or corin between amino acids 76 and 77 to
produce NTproBNP 1–76 (gray) and BNP 77–108 (black). Antibody
recognition sites for each assay are shown by dashed black boxes.
Antibodies are unable to bind to glycosylated regions.
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Fig. 2. Size exclusion HPLC profile analysis using the proBNP (●), NG-T71 (�), and NG-C (f) assays.
Nonglycosylated proBNP (A), glycosylated proBNP (B), and a plasma sample from an individual with HF in which NG-C was not detected (C).
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cosylated at the central region was 16.7% � 1.5%, which
equates to 34.8% and 83.3% of proBNP being glycosy-
lated at the T71 position and the central region, respec-
tively. Taken together, these results show that the central
region contains higher levels of glycosylation compared
with the T71 region, although the variation between in-
dividuals is high.

Equimolar processing of proBNP into NT-proBNP
and BNP would be expected to generate high and signif-
icant correlations between proBNP, NT-proBNP, and
NG-T71. However, in patients with HF, only a weak
correlation was observed between NT-proBNP and
proBNP (r � 0.21; P � 0.01), NT-proBNP and NG-
T71 (r � 0.37; P � 0.01), and proBNP and NG-T71
(r � 0.32; P � 0.01) (see Table 1 in the online Data
Supplement). NG-C concentrations correlated with
NG-T71 concentrations (r � 0.14; P � 0.05) but not
with NT-proBNP, proBNP, or BMI. However, because
few samples (�15) read above the detection limit of the
NG-C assay, we have not continued investigating these
comparisons in this study. Similarly, fewer than half of
the control samples gave measurable concentrations in

the proBNP and NG-T71 assays, so we have not further
investigated correlations in the control samples.

EFFECT OF BMI

Consistent with previous reports (14, 15 ), BMI was neg-
atively associated with NT-proBNP in the HF group
(r � �0.45; P � 0.01) (see Table 1 in the online Data
Supplement). BMI was also negatively correlated with
NG-T71 (r � �0.20; P � 0.01) but not with proBNP
[r � �0.03; not significant (NS)] in the HF group (Fig. 4
here and Table 1 in the online Data Supplement). Logged
ratios of proBNP/NT-proBNP and NG-T71/NT-proBNP
were also significantly correlated with BMI (r � 0.204; P �
0.01 and r � �0.15; P � 0.05, respectively). Because only
14 of the control group had BMI �30, we did not deter-
mine the effect of obesity in this group.

HF cases with BMI �30 had significantly higher
NT-proBNP and NG-T71 concentrations compared
with those with BMI �30 (P � 0.001 and P � 0.003,
respectively), whereas proBNP concentrations were not
found to differ (P � 0.85) between the 2 groups (Table 1
and Fig. 3). The ratios proBNP/NT-proBNP and

Table 1. Participant characteristics and plasma peptide concentrations (median and IQR).a

Controls,
median (IQR)

(n = 106)

HF patients, median (IQR)

All (n = 238) BMI <30 (n = 135) BMI >30 (n = 91)

Age, years 49 (37–59) 72.3 (64–80) 75 (68–82) 67 (59–74)

Weight, kg 78 (65–87) 79 (66–93) 69 (60–77) 96 (87–110)

Height, m 1.72 (1.65–1.79) 1.69 (1.6–1.76) 1.69 (1.6–1.8) 1.68 (1.6–1.75)

BMI, kg/m2 25.7 (23.4–28) 27.4 (23.7–32.0) 24.2 (21.6–26.3) 33.3 (31–38)

Echo-LVEF, % — 43.8 (30.9–59.5) 39 (27–59) 49 (35–60)

eGFR 82 (74–91) 53.0 (42–63.5) 51 (44–62) 59 (41–66)

Glucose, mg/dL 94 (86–101) 106 (92–135) 104 (86–126) 113 (95–142)

Cholesterol, mg/dL 201 (178–228) 170 (139–205) 174 (143–217) 166 (135–190)

HFREFb, % — 56 81 35

NYHA I, % — 16 16 16

NYHA II, % — 42 44 36

NYHA III, % — 31 27 35

NYHA IV, % — 11 12 12

NT-proBNP, ng/L 39.8 (17–70) 1791 (880–3459) 2290 (1506–4111) 1026 (541–2639)

ProBNP, ng/L 36 (36–232) 300 (43–662) 309 (47–638) 264 (31–843)

NG-T71, ng/L 36 (18–175) 113 (18–254) 163 (18–291) 36 (18–193)

NG-C, ng/L 21 (21–21) 21 (21–21) 21 (21–21) 21 (21–21)

ProBNP/NT-proBNP 1.6 (0.6–5.7) 0.07 (0.03–0.26) 0.07 (0.02–18) 0.15 (0.04–0.72)

ProBNP/NG-T71 1 (1–4.2) 1.5 (1–8) 1.3 (0.77–4.4) 2.2 (1–14.7)

NT-proBNP/NG-T71 0.8 (0.5–1.8) 26.3 (10–75) 27.3 (11–75) 21.2 (7–70)

a Molecular weight of proBNP is 12 036 and for NT-proBNP is 8457.5; thus, to convert ng/L results to pmol/L, divide by 12.036 for the proBNP results and by 8.457 for NT-proBNP
results. To convert glucose and cholesterol units to mmol/L, divide mg/dL values by 18 and 38.7, respectively.
b HFREF, Heart Failure with Reduced Ejection Fraction; NYHA, New York Heart Association.
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proBNP/NG-T71 were significantly higher (P � 0.001
and P � 0.02, respectively) when BMI was �30, whereas
the ratio of NT-proBNP/NG-T71 was not found signif-
icantly lower in this group (P � 0.09; Table 1).

INDIVIDUAL PREDICTORS OF NT-proBNP

Linear regression modeling showed that NG-T71 and
the proBNP/NT-proBNP ratio were the strongest inde-
pendent predictors of plasma NT-proBNP in HF (� �
�0.34 and �0.38; P � 0.001, respectively) followed by
estimated glomerular filtration rate (eGFR), BMI (� �
�0.25 and �0.24; P � 0.001, respectively), and left
ventricular ejection fraction (LVEF) (� � �0.16; P �
0.008) (see Table 2 in the online Data Supplement). Age,
sex, systolic blood pressure, and history of atrial fibrilla-
tion were not found predictive (P � 0.05). The proBNP/
NT-proBNP ratio was highly correlated with both
proBNP (r � 0.81; P � 0.01) and the proBNP/NG-T71
ratio (r � 0.67; P � 0.01).

PROGNOSTIC PERFORMANCE OF NT-proBNP

The total number of deaths in our HF cohort was 74 of
238 (31%). NT-proBNP concentrations were lower at
baseline in patients who were alive after 1 year compared
with those who had died within 1 year (1277 vs 2927
ng/L; P � 0.001), whereas proBNP and NG-T71 con-
centrations were not found to differ between survivors
and those who subsequently died (195 vs 286 ng/L for
proBNP and 86 vs 93 ng/L for NG-T71; both NS). The
ratio of NT-proBNP/NG-T71 was also higher in those
deceased compared with those still alive at 1 year (21.21
vs 45.42; P � 0.001). ROC curves confirmed these re-

sults and showed that NT-proBNP and the NT-
proBNP/NG-T71 ratio were equivalent predictors of
death at 1 year [area under the ROC curve (AUC), 0.72
and 0.66, respectively, both AUCs P � 0.001; z-score for
difference in AUC �1.48; P � 0.14) (Fig. 5). Neither
the proBNP/NG-T71 ratio nor the proBNP/NT-
proBNP ratio was found to be independently predictive
of death.

Discussion

We have developed and validated 3 new proBNP assays
and used them to determine concentrations of total
proBNP, proBNP NG-T71, and proBNP NG-C in a
control group and a group of patients with HF, and re-
lated these results to NT-proBNP. In the HF cohort,
increasing BMI was associated with decreased NG-T71
and NT-proBNP plasma concentrations, whereas total
proBNP remained stable. Ratios of proBNP/NG-T71
and proBNP/NT-proBNP increased with higher BMI,
signifying an increased percentage of proBNP glycosy-
lated at T71, leading to decreased proBNP processing
and resulting in the observed decrease in circulating NT-
proBNP concentrations. Together these results indicate
impaired proBNP processing with obesity in HF.

In all 3 assays (proBNP, NG-T71, and NG-C), re-
coveries of nonglycosylated proBNP were around 100%,
detection limits were �2 pmol/L, and CVs were
�15.2%. Plasma samples diluted in parallel in both the
proBNP and NG-T71 assays. Parallelism was not deter-
mined in the NG-C assay because endogenous concen-
trations were too low. The total proBNP assay recognized

HF with BMI < 30
HF with BMI > 30

Fig. 3. Peptide concentrations (median and IQR) obtained from control individuals and patients with HF using the NT-proBNP,
proBNP, NG-T71, and NG-C assays.
P < 0.05 was considered significant. †† P < 0.01 between control and HF, ** P < 0.01 between BMI <30 and BMI >30.
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both glycosylated and nonglycosylated proBNP, whereas
the NG-T71 and NG-C assays recognized only nongly-
cosylated proBNP standards (see Fig. 1 in the online
Data Supplement).

Plasma proBNP, NG-T71, and NT-proBNP
were increased in those with HF compared with con-
trols (Fig. 3) with measured concentrations from our
proBNP assay comparing well with previously re-
ported values (8, 33, 34 ).

Subtraction of the nonglycosylated proBNP re-
sults from the total proBNP results indicated 33% of
proBNP was glycosylated at the T71 position. This is
in agreement with previous estimates by Vodovar et al.
of proBNP glycosylation at T71 in HF. They reported
levels of 20% in acute decompensated HF and 30% in
chronic HF (28 ). In contrast, Semenov et al. reported
T71 glycosylation to be approximately 70% (26 ).
These varying results probably reflect differences in
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Fig. 4. Scatter plots showing associations between BMI and various NP combinations in the HF group.
Graphs also show Spearman correlation coefficient (r) and significance.
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assay methods and intercohort differences in patient
characteristics (34 ).

Only proBNP with NG-T71 will be cleaved to pro-
duce NT-proBNP. Despite this, we found that in our
patients with HF, 83% of the proBNP was glycosylated
in the central region, agreeing closely with levels in NT-
proBNP shown by Nishikimi et al. (29 ). However, Rosjo
et al. reported only 50% glycosylation at this site in NT-
proBNP (30 ). The variation between the studies is sur-
prising, as both studies appear to use the same deglyco-
sylation procedure. However, Nishikimi et al. used the
first-generation Cobas assay (antibody recognition sites
proBNP 1–21 and proBNP 39–50), whereas that by
Rosjo et al. used the second-generation assay (antibody
recognition sites proBNP 27–31 and proBNP 42–46)
for measuring NT-proBNP. Our NG-C assay used an
antibody directed to proBNP 31–39, which aligns more
with the first-generation Cobas epitope. Nonetheless, the
similarity of our results with those shown by other groups
suggests that our new assays can be used to assess proBNP
glycosylation in place of the demanding deglycosylation
procedures previously used (28–30).

Previous reports have suggested that although glyco-
sylation of the central region may remain unchanged
with increasing severity of HF (29 ), the T71 region may
alter, enabling different rates of proBNP processing with
different disease states (28 ). Our results support the hy-
pothesis of differential glycosylation rates between the
central and T71 regions of proBNP.

Consistent with previous studies (35, 36 ), we found
that increased BMI was associated with decreased NT-

proBNP in HF. Obesity is associated with structural and
functional changes in the heart, e.g., left ventricular hy-
pertrophy, left atrial enlargement, subclinical impair-
ment of left ventricular systolic and diastolic function
that would be expected to increase cardiac secretion of
proBNP. The decrease in BNP concentrations in obese
individuals has been labeled the “natriuretic handicap”
and can be corrected by weight loss. The mechanism
behind the unexpectedly low BNP and NT-proBNP
concentrations is not understood, and several possible
mechanisms have been proposed. These include in-
creased number and activity of natriuretic peptide clear-
ance receptors in adipocytes. However, NT-proBNP
(likewise, amino-terminal pro-atrial natriuretic peptide)
is not cleared by the clearance receptor, yet is still de-
creased with obesity (37 ). An alternative theory proposed
by Okobata et al. suggests that the increased epicardial fat
in obese patients induces pericardial restraint to reduce
wall stress and, therefore, reduces the stimulus (transmu-
ral distending pressure gradient) for BNP production
(35 ). Other possibilities include altered renal clearance of
small molecules, altered natriuretic peptide clearance re-
ceptor activity or concentration, or altered proteolytic
processing, e.g., by neprilysin (38 ).

As expected, proBNP, NT-proBNP, and NG-T71
were not upregulated in the control group with many
results being at or near the detection limits of the assays.
The ratios between the 3 proBNP assays in controls were
closer to 1 and much lower than in those with HF. These
results suggest that processing is more complete in the
control group. However, the ratios may be less reliable
when assays are operating at the lower limits of detection.

In those with HF, the relatively weak positive corre-
lations between proBNP and NT-proBNP (r � 0.23;
P � 0.01), NT-proBNP and NG-T71 (r � 0.32; P �
0.01), and proBNP and NG-T71 (r � 0.31; P � 0.01),
which we observed, may reflect dysregulation of proBNP
processing. Similar correlations were seen between
proBNP and total BNP (r � 0.2; P � 0.011) in patients
with acute decompensated HF (34 ).

Increased body fat is associated with increased levels
of global O-glycosylation (39 ). Our results confirm in-
creased BMI is associated with decreased NG-T71 con-
centrations (P � 0.01) but not with total proBNP. The
resulting increased ratio of proBNP/NG-T71 when BMI
�30 compared with BMI �30 (P � 0.02) suggests that
proBNP processing is impaired in obese patients with
HF, and this is corroborated by the proBNP/NT-
proBNP ratio being doubled when BMI was �30 com-
pared with BMI �30 (P � 0.001). The ratio between
NT-proBNP and NG-T71 was not significantly associ-
ated with BMI (P � 0.09), suggestive of a constant rate of
proBNP processing dependent on the level of glyco-
sylation at T71. Because only 14 of the control pa-
tients had BMI �30, the associations of BMI with the

Fig. 5. ROC curves showing prediction of death within 1
year of baseline measurement.
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proBNP assays in this group of individuals could not
be determined.

As we have shown that obese HF patients have de-
creased concentrations of proBNP that is not glycosy-
lated at T71, and as O-glycosylation in general has been
reported to be increased in diabetic patients (40 ), it
would be of interest to determine the amount of glyco-
sylation at proBNP T71 in diabetic patients. In our
study, patients with HF and diabetes had lower concen-
trations of NG-T71 not found statistically different from
those with HF alone (69 vs 99 ng/L, respectively; P �
0.11). Whether there is increased glycosylation at
proBNP T71 in diabetic patients requires independent
confirmation.

Multivariable linear regression modeling showed the
NG-T71 concentrations and the proBNP/NT-proBNP
ratio were the strongest independent predictors of plasma
NT-proBNP, even when other known determinants of
plasma NT-proBNP, including age, sex, BMI, atrial fi-
brillation, eGFR, and LVEF, were included in the model.

ROC curve analyses indicated both NT-proBNP
and the ratio of NT-proBNP/NG-T71 ratio were simi-
larly predictive of 1-year mortality.

The present study has several limitations. It was a
single-center study performed with a limited number of
patients. There is some variation in blood collection tim-
ing. All patients in this study had been diagnosed with
HF, but etiology was not accounted for in these analyses.
Although we believe that a decrease in antibody recogni-
tion is a direct result of glycosylation, we cannot discount
the involvement of other unidentified posttranslational
modifications of proBNP.

In conclusion, using 3 new assays specific for differ-
ent nonglycosylated forms of proBNP, we have shown
that the processing of proBNP is dysregulated in patients
with HF compared with controls. Obese patients with
HF have even greater dysregulation, demonstrated by
decreased concentrations of both proBNP that is not gly-
cosylated at T71 (NG-T71) and NT-proBNP. Impair-

ment of proBNP processing owing to glycosylation of
T71 may explain, at least in part, the reduction in plasma
concentrations of NT-proBNP and BNP observed in
obesity. Using these assays to evaluate the proBNP pro-
file of larger patient cohorts will further develop under-
standing of the relationships between BNP production,
BMI, and HF pathogenesis.
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