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Abstract

Aims Exogenous atrial natriuretic peptide (ANP) may be a logical treatment for heart failure (HF) patients with ANP defi-
ciency. Lower ANP concentrations may result from HF with preserved ejection fraction (HFpEF), which also results in lower
brain natriuretic peptide levels in HFpEF relative to HF with reduced ejection fraction (HFrEF), although clinical features regard-
ing circulating ANP in HFpEF and HFrEF have not been fully investigated during acute HF. Here, we characterized the differen-
tial regulation of circulating ANP and the efficacy of exogenous ANP (carperitide) in patients with acute HF, especially HFpEF.
Methods and results Serum ANP levels before treatment and the diuretic effect of 0.0125 μg/kg/min of carperitide alone for
the first 6 h were prospectively evaluated in 113 patients with acute HF who were divided into two groups: HFpEF vs. HFrEF.
We mainly analysed the impact of baseline ANP levels and the presence of HFpEF on the diuretic effect of exogenous ANP.
There was an inverse relationship between ANP levels and the diuretic effect of exogenous ANP (r2 = 0.19, P< 0.001). Patients
with HFpEF had lower ANP levels (P < 0.001) and a greater diuretic effect of exogenous ANP than patients HFrEF (P < 0.001).
HFpEF was an independent predictor of greater diuretic effect of exogenous ANP (P = 0.003), as with a lower baseline ANP
level (P = 0.004).
Conclusions Patients with HFpEF might have an aspect of ANP deficiency and represent a promising therapeutic target for
modulating circulating ANP.
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Introduction

Atrial natriuretic peptide (ANP) is an endocrine hormone
that is mainly produced in atrial granules.1 It has been
widely recognized that heart failure (HF) is a state with el-
evated plasma ANP due to increased left atrial (LA)

pressure, whereas deficiency of circulating ANP in HF is as-
sociated with several clinical factors, such as age, gender,
renal function, obesity, and atrial fibrillation (AF).2,3 Lower
serum ANP concentrations in HF may demonstrate an as-
pect of a deficiency in circulating ANP that contributes to
difficulties in treating HF,3,4 although this possibility and
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its clinical implications have not been fully investigated.
Previous studies have suggested several clinical factors

that affect natriuretic peptide concentrations in HF.2,3 Even
though there exists a clear relationship between the presence
of HF with preserved ejection fraction (HFpEF) and lower
brain natriuretic peptide (BNP) levels compared with HF with
reduced ejection fraction (HFrEF),5,6 the clinical implications
of HFpEF with respect to the regulation of circulating ANP re-
main unclear. Given that serum ANP and BNP are secreted via
the same pathway in response to increased cardiac stress,7,8

HFpEF may be associated with relatively low concentrations
of ANP as well as BNP. Thus, HFpEF may be a promising factor
for predicting the presence of low serum ANP concentrations
in patients with increased atrial pressure, that is, acute de-
compensated HF (ADHF), although the impact of HFpEF on
the regulation of circulating ANP in patients with ADHF is
not well understood.

Based on its pleiotropic physiological functions, which are
typified by natriuretic effects, ANP, as with BNP, represents
a rational treatment target in HF. Recently, LCZ696, which in-
creases plasma natriuretic peptide levels according to the in-
hibition of neprilysin activity, was shown to have clinical
benefits in the management of HF.9 This fact was the basis
of the concept of modulating natriuretic peptide levels in pa-
tients with HF. Furthermore, these benefits may rely more on
ANP than BNP because neprilysin plays a significant role in
the degradation of ANP rather than BNP.3,9 Given these find-
ings, even though baseline natriuretic peptide levels are not
considered to be associated with the diuretic effect of di-
uretics in patients with ADHF,10,11 administration of exoge-
nous ANP would seem to be a logical treatment in patients
with relative ANP deficiency. In addition, considering that
no specific therapy has yet been shown to improve outcomes
in HFpEF, it is important to consider these novel
therapeutic concepts.

In the current study, we aimed to investigate (i) whether
the regulation of circulating ANP differs according to the HF
phenotypes in relation to whether patients have HFpEF
among individuals with ADHF and (ii) whether patients with
lower ANP concentrations, regardless of the presence of
ADHF, benefit more from administration of exogenous ANP
(carperitide).

Methods

Study design

The Beneficial Efficacy of Carperitide in Patients with Acute
Decompensated Heart Failure (BEYOND) registry is a pro-
spective multicentre observational study in which 162 pa-
tients with ADHF were enrolled and treated with low‐dose
continuous carperitide between June 2017 and December

2018. To assess the relationship between the baseline con-
centration of plasma ANP and the first diuretic effect of ex-
ogenous ANP, serum ANP levels before the administration
of carperitide and cumulative amount of urine over the first
6 h after carperitide administration were measured in all pa-
tients, with the latter measured through urinary catheteriza-
tion. Furthermore, to evaluate LA remodelling, the LA
volume index (LAVI) was measured by echocardiography
during hospitalization. The ADHF diagnosis was made based
on the guidelines of the American College of
Cardiology/American Heart Association.12 Exclusion criteria
were as follows: (i) age < 20 years; (ii) occurrence of cardio-
genic shock (systolic blood pressure was <90 mmHg); (iii)
usage of catecholamines; (iv) usage of cardiac support de-
vices; (v) dialysis; (vi) presence of acute coronary syndrome;
(vii) dehydration; (viii) an allergic response to or allergies to
carperitide; and (ix) pregnancy. The investigation conforms
with the principles outlined in the Declaration of Helsinki.
The protocol was approved by the certified review board
stipulated by the Japanese Clinical Trial Act (No.
CRB3180027), and all enrolled patients provided written in-
formed consent. Furthermore, this clinical trial was regis-
tered with the University Hospital Medical Information
Network Clinical Trial Registry, in accordance with the Inter-
national Committee of Medical Journal Editors (UMIN‐ID:
000028689).

Study population

Among the 162 patients in this registry, we excluded 30
patients who were treated with intravenous furosemide
or oral tolvaptan after admittance and within the first 6 h
after carperitide administration, 15 patients who received
0.025 or 0.05 μg/kg/min of continuous carperitide, and four
patients who were missing data for the LAVI determination
(49 patients excluded in total). After these exclusions, we
enrolled 113 patients who were treated with 0.0125 μg/
kg/min of continuous carperitide alone during the
first 6 h after admission. Subsequent treatment was
determined by the responsible cardiologist in accordance
with optimal treatments recommended by guidelines for
HF.13,14

Participants were divided into two groups: those with
HFrEF and with HFpEF. Differences in the baseline character-
istics and clinical endpoints were analysed between the two
groups. Among the characteristics, AF included patients with
chronic AF and those with paroxysmal AF.

Measurement of serum atrial natriuretic peptide

Baseline blood samples on admission were collected from a
vein before the administration of carperitide. Samples were
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collected in tubes containing 1.25 mg/mL of ethylenedi-
aminetetraacetic acid and the protease inhibitor aprotinin
(500 KIU/mL) for measurement of ANP. The plasma was sep-
arated by centrifugation (at 2500 rpm) for 10 min and stored
at �80°C until measurement. Samples from all participating
hospitals were sent to SRL (Japan), where the ANP concentra-
tion was determined with the HISCL ANP immunoassay
(Shionogi, Japan).

Echocardiographic variables

LAVI at end‐systole and left ventricular ejection fraction were
evaluated with Simpson’s rule by transthoracic

echocardiography during hospitalization. In the current study,
HFpEF was defined as having a left ventricular ejection frac-
tion of ≥ 40%, similar to previous studies regarding HFpEF.15–
17 Although the endocardial borders were traced in both the
apical four‐chamber and two‐chamber views to measure
LAVI, a single‐plane approach was applied in cases when
planimetry in both views was difficult, as defined in the
guidelines of the American Society of Echocardiography and
the European Association of Cardiovascular Imaging.18

Clinical endpoints

To evaluate the specific efficacy of exogenous ANP in patients
with ADHF, we set the primary endpoint as urine volume dur-
ing the first 6 h after administration of carperitide. The base-
line concentration of ANP and diuretic effect was analysed
among the two groups.

Table 1 Patient characteristics upon admission (heart failure with
reduced ejection fraction vs. heart failure with preserved ejection
fraction)

Characteristic
HFrEF
n = 53

HFpEF
n = 60 P‐value

Age (years) 71.4 ± 14.2 76.5 ± 10.9 0.03
Male 41 (77.4%) 32 (53.3%) 0.01
BMI (kg/m2) 24.1 ± 6.2 25.0 ± 4.9 0.39
Obesity (BMI ≥ 30) 5 (9.4%) 6 (10.0%) 0.92
Medical history

Hypertension 28 (52.8%) 48 (80.0%) 0.003
Diabetes mellitus 22 (41.5%) 23 (38.3%) 0.85
Dyslipidaemia 14 (26.4%) 19 (31.7%) 0.68
Hospitalization for HF 29 (54.7%) 26 (43.3%) 0.26
OMI 13 (24.5%) 6 (10.0%) 0.04
Stroke/TIA 6 (11.3%) 11 (18.3%) 0.43
Chronic lung disease 9 (17.0%) 8 (13.3%) 0.61
AF 20 (37.7%) 35 (58.3%) 0.04
PAF 4 (7.5%) 8 (13.3%) 0.37
CAF 16 (30.2%) 27 (45.0%) 0.12

PMI 5 (9.4%) 8 (13.3%) 0.57
CRT‐D 7 (13.2%) 3 (5.0%) 0.19

Medicationa

Furosemide 30 (56.6%) 27 (45.0%) 0.26
Spironolactone 18 (34.0%) 14 (23.3%) 0.30
Tolvaptan 10 (18.9%) 8 (13.3%) 0.45
ACE‐I or ARB 29 (54.7%) 28 (46.7%) 0.45
Beta‐blocker 24 (45.3%) 29 (48.3%) 0.85
Ca‐blocker 7 (13.2%) 29 (48.3%) <0.001

Physical examination
NYHA 3 or 4 52 (98.1%) 57 (95.0%) 0.62
Heart rate 99.1 ± 27.0 88.7 ± 23.3 0.03
Systolic BP 142.8 ± 33.3 149.5 ± 26.7 0.24
Diastolic BP 86.9 ± 20.2 80.1 ± 22.2 0.09
Orthopnoea 37 (69.8%) 48 (80.0%) 0.28
JVD 42 (79.2%) 48 (80.0%) 0.99
S3 gallop 33 (62.3%) 37 (61.7%) 0.99
Coarse crackles 35 (66.0%) 48 (80.0%) 0.14
Leg oedema 42 (79.2%) 58 (96.7%) 0.006
Cold extremity 9 (17.0%) 7 (11.7%) 0.43

ACE‐I, angiotensin‐converting‐enzyme inhibitor; AF, atrial fibrilla-
tion; ARB, angiotensin II receptor blocker; BMI, body mass index;
BP, blood pressure; Ca, calcium; CAF, chronic atrial fibrillation;
CRT‐D, cardiac resynchronization therapy; HF, heart failure; JVD,
jugular venous distension; NYHA, New York Heart Association clas-
sification; OMI, old myocardial infarction; PAF, paroxysmal atrial fi-
brillation; PMI, pacemaker implantation; TIA, transient ischaemic
attack.
aPrescribed before admission.

Table 2 Examination findings upon admission (heart failure with
reduced ejection fraction vs. heart failure with preserved ejection
fraction)

HFrEF
n = 53

HFpEF
n = 60 P‐value

Laboratory findings

ANP (pg/mL)
406.0 (308.0–

636.0)
216.5 (134.0–

306.5)
<0.001

BNP (pg/mL)
1204.0 (684.0–

1815.0)
501.8 (311.8–

844.0)
<0.001

Hb (g/dL) 12.8 ± 2.3 11.0 ± 2.4 <0.001
Ht (%) 39.6 ± 6.4 34.0 ± 6.9 <0.001
eGFR (mL/min/

1.73 m2)
47.1 ± 21.9 46.3 ± 20.2 0.84

Cr (mg/dL) 1.41 ± 0.76 1.30 ± 0.76 0.44
BUN (mg/dL) 27.0 ± 14.2 27.3 ± 25.8 0.94

Echocardiographic
findings
LVEF (%) 30.9 ± 5.6 56.2 ± 9.9 <0.001
LAVI (mL/m2) 52.3 ± 27.0 60.7 ± 36.6 0.18
RAVI (mL/m2),

n = 109
29.6 ± 15.2 37.3 ± 24.6 0.06

LAD (mm) 41.7 ± 9.7 44.8 ± 8.5 0.08
LVDd (mm) 61.5 ± 9.8 49.7 ± 8.3 <0.001
LVDs (mm) 51.0 ± 8.5 33.9 ± 7.6 <0.001
LVEDV (mL) 160.0 ± 62.9 92.1 ± 35.0 <0.001
LVESV (mL) 110.2 ± 44.9 41.6 ± 20.6 <0.001
DCT (ms) 167.5 ± 69.9 186.6 ± 47.9 0.09
E/e′ 18.2 ± 8.0 17.8 ± 11.2 0.86
Significant MRa 20 (37.7%) 23 (38.3%) 0.99
Significant TRa 13 (24.5%) 20 (33.3%) 0.41
Significant ARa 5 (9.4%) 11 (18.3%) 0.28

ANP, atrial natriuretic peptide; AR, aortic regurgitation; BNP, brain
natriuretic peptide; BUN, blood urea nitrogen; Cr, creatinine; DCT,
discrete cosine transform; eGFR, estimated glomerular filtration
rate; Hb, haemoglobin; HFpEF, heart failure with preserved ejection
fraction; Ht, haematocrit; LAD, left atrial diameter; LAVI, left atrial
volume index; LVDd, left ventricular end‐diastolic diameter; LVDs,
left ventricular end‐systolic diameter; LVEDV, left ventricular
end‐diastolic volume; LVEF, left ventricular ejection fraction;
LVESV, left ventricular end‐systolic volume; MR, mitral regurgita-
tion; RAVI, right atrial volume index; TR, tricuspid regurgitation.
aModerate and severe valvular disease.
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Statistical analysis

All data are described as the presenting frequency, percent-
ages for categorical variables, and the mean value (±standard
deviation) or median value with inter‐quartile range (Quartile
1–3) for continuous variables. To evaluate statistical signifi-
cance in comparisons between groups, the Fisher exact test
was used to evaluate categorical variables, and the Student
t‐test or Mann–Whitney test was used for continuous

variables. Statistical tests for continuous variables among
more than two groups consisted of the one‐way ANOVA
and the Kruskal–Wallis test. Linear correlation of two vari-
ables was analysed by the Spearman correlation test. To eval-
uate the relationship between the baseline ANP levels and
the diuretic effect of exogenous ANP, we used a fractional
polynomial analysis. We also analysed multivariate fractional
polynomial analysis models to assess if the ANP levels in addi-
tion to demographics were associated with a diuretic effect of

Figure 1 The increase in diuretic response of exogenous ANP was inversely correlated with the baseline levels of circulating ANP (scatter and fractional
polynomial plot: correlation between the baseline ANP levels and urine volume during the 6 h after the administration of exogenous ANP). ANP, atrial
natriuretic peptide.

Figure 2 Comparison of median values of (A) baseline ANP levels and (B) urine volume at 6 h between the two groups (HFrEF vs. HFpEF). ANP, atrial
natriuretic peptide; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction.
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exogenous ANP when adjusting for other multiple factors in-
cluding BNP levels, renal function, blood pressure, and the
use of diuretics before admission. Furthermore, we analysed
additional models to evaluate the statistical independence of
the ANP levels from other well‐known factors that influence
serum ANP levels, such as the presence of obesity and
AF.2,3 In the multivariate regression analyses,
log‐transformed urine volume was used as the objective var-
iable. All analyses were performed by using Stata software,
version 15 (StataCorp), and the significance level was set at
5%.

Results

Patient characteristics

Table 1 presents the baseline characteristics of the two
groups of patients (n = 113 in total). There were several dif-
ferences in characteristics between individuals with HFpEF
and with HFrEF. HFpEF patients were older, were more likely
to be women, and more frequently had hypertension and AF.
The use of diuretics, angiotensin‐converting‐enzyme inhibi-
tor, angiotensin II receptor blocker, and beta‐blocker was
comparable among patients with HFrEF and HFpEF, whereas
a Ca‐blocker was more frequently prescribed for HFpEF pa-
tients. An increased heart rate and higher incidence of leg oe-
dema upon admission were noted in patients with HFrEF.
Systolic and diastolic pressure did not significantly differ be-
tween the two groups. The medical history for rates of hospi-
talization for HF was similar between the two groups. Among

the 55 (48.7%) patients with AF, 43 (38.1%) had chronic AF
and 12 (10.6%) had paroxysmal AF. Body mass index (BMI)
levels and the proportion of patients with obesity were not
significantly different between the two groups.

Serum atrial natriuretic peptide and laboratory
findings

The baseline serum ANP concentration did not follow a nor-
mal distribution (Figure S1). The median ANP concentration
of the cohort was 300.0 pg/mL (inter‐quartile range, 181.0–
454.0 pg/mL). Baseline levels of ANP and BNP had similar re-
lationships between the two groups, and individuals with
HFpEF did show significantly lower ANP and BNP levels (Table
2, Figure 2A). Patients with HFpEF were more likely to have
lower haemoglobin and haematocrit levels than those with
HFrEF.

Echocardiographic findings

Echocardiographic findings showed several differences
(Table 2). Patients in the HFpEF group were more likely to
have a larger atrial volume and diameter than those in the
HFrEF group, but these differences were not significant. Left
ventricular volume and diameter were significantly larger in
patients with HFrEF than those with HFpEF for both diastolic
and systolic phases. The value of E/e′ was comparable regard-
less of the presence of HFpEF. There were no significant dif-
ferences between the two groups with respect to the
presence of valvular diseases.

Figure 3 Comparison of median values of (A) baseline ANP and (B) urine volume at 6 h between the two groups (sinus rhythm vs. AF). AF, atrial fi-
brillation; ANP, atrial natriuretic peptide.
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Study endpoint

In univariate analysis models that used the ANP levels to pre-
dict the diuretic effect of exogenous ANP, the best‐fitting
model was the first‐degree fractional polynomial model
(Table S1).

Figure 1 shows the fractional polynomial plots, which indi-
cate the impact of the baseline ANP levels on the diuretic ef-
fect of exogenous ANP. As shown in this plot, there is an
inverse relationship between these two variables (r2 = 0.19,
P < 0.001).

In contrast to the lower ANP levels in patients with HFpEF
compared with HFrEF (Table 2, Figure 2A), the diuretic effect
of exogenous ANP during the first 6 h after administration
was significantly higher in patients with HFpEF (HFrEF vs.
HFpEF, median [inter‐quartile range]: 390 [260.0–605.0] mL
vs. 785 [415–1307.5] mL, P < 0.001) (Figure 2B). In a univar-
iate analysis, obesity was not significantly associated with the
diuretic effect of exogenous ANP (no obesity vs. obesity:
500.0 [322.5–915.0] mL vs. 490 [387.5–905.0] mL) (Figure
S2). In contrast, the presence of AF predicted a significantly
greater diuretic effect of exogenous ANP (sinus rhythm vs.
AF: 390.0 [272.5–705.0] mL vs. 845.0 [457.5–1400.0] mL,
P < 0.001) (Figure 3A), even though ANP levels did not differ
between patients with sinus rhythm and those with AF (sinus
rhythm vs. AF: 307.5 [195.8–512.5] pg/mL vs. 296.0 [142.5–
446.5] pg/mL) (Figure 3B).

In multivariate analysis models that predicted the diuretic
effect of exogenous ANP (Table 3), the statistical indepen-
dence of the ANP level and the presence of HFpEF was pre-
served when the models were adjusted for several factors
including BNP levels, systolic pressure, renal function, and
the use of furosemide (ANP level: P = 0.004, HFpEF:
P = 0.003, respectively). In an additional multivariate analysis
model (Table 4), the presence of AF was also an independent
predictor of the diuretic effect of exogenous ANP (P = 0.001).

Discussion

This was the first study to investigate the association be-
tween the pure efficacy of the administration of an
ANP‐based drug alone and baseline regulation of circulating
ANP in patients with ADHF. The current study showed that
(i) the diuretic effect of exogenous ANP was significantly asso-
ciated with baseline ANP levels; (ii) in HFpEF patients, where
the HF phenotype was closely associated with lower ANP
levels, there was a greater diuretic response to exogenous
ANP relative to the response in HFrEF patients; and (iii) lower
baseline ANP levels and the presence of HFpEF were indepen-
dent predictors of the diuretic effect of exogenous ANP. Fur-
thermore, the presence of AF is also an independent
predictor of the greater diuretic effect of exogenous ANP in
a multivariate analysis model including ANP level and the
presence of HFpEF.

Deficiency of atrial natriuretic peptide and atrial
natriuretic peptide replacement therapy

In this study, lower ANP levels were significantly associated
with a greater diuretic efficacy of exogenous ANP. This
finding supports the recent emerging paradigm that ANP
deficiency, which is associated with several clinical factors
including age, gender, renal function, obesity, and AF,2,3 is a
useful therapeutic target for ANP replacement
therapy in HF,2,19,20 similar to hormonal deficiency in other
organs.

Even though the baseline ANP level alone was a strong pre-
dictor of the beneficial efficacy of exogenous ANP, which sup-
ports the hypothesis that lower serum ANP concentrations

Table 3 Multivariate fractional polynomial regression analysis
model predicting the urine volume during the initial 6 h after ad-
ministration of exogenous atrial natriuretic peptide (n = 113)

Standardized
coefficients

95% CI lower
boundary

95% CI upper
boundary

P‐
value VIF

ANP level 2 113 033 672 451 3 553 615 0.0041.21
BNP level �0.073 �0.172 0.025 0.14 1.32
Age �1.36 �9.64 6.91 0.74 1.35
Male 169.6 �29.9 369.1 0.10 1.12
Systolic BP �0.70 �4.18 2.78 0.69 1.33
eGFR 0.094 �5.15 5.34 0.97 1.47
Furosemide
use

�6.37 �218.8 �206.0 0.95 1.38

HFpEF 317.1 107.6 526.5 0.0031.21

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; BP,
blood pressure; CI, confidence interval; eGFR, estimated glomerular
filtration rate; HFpEF, heart failure with preserved ejection fraction;
VIF, variance inflation factor.

Table 4 Multivariate fractional polynomial regression analysis
model predicting the urine volume during the initial 6 h after ad-
ministration of exogenous atrial natriuretic peptide (including the
presence of AF, n = 113)

Standardized
coefficients

95% CI lower
boundary

95% CI upper
boundary

P‐
value VIF

ANP
level

40 724 12 796 68 652 0.0051.44

BNP
level

�0.019 �0.117 0.078 0.70 1.46

Age �3.24 �11.11 5.83 0.42 1.37
Male 158.6 �29.7 346.9 0.10 1.11
Systolic
BP

0.54 �2.56 3.64 0.73 1.18

eGFR �0.14 �4.64 4.93 0.95 1.36
HFpEF 248.3 44.9 451.6 0.0171.41
AF 325.1 140.8 509.4 0.0011.16

AF, atrial fibrillation; ANP, atrial natriuretic peptide; BNP, brain na-
triuretic peptide; BP, blood pressure; CI, confidence interval; eGFR,
estimated glomerular filtration rate; HFpEF, heart failure with pre-
served ejection fraction; VIF, variance inflation factor.
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reflect an aspect of ANP deficiency in ADHF, there were cer-
tain patients who did not gain the greater diuretic effect of
exogenous ANP regardless of their lower ANP levels (Figure
1). Several factors previously shown to contribute to the di-
uretic effect in patients with ADHF, such as renal function,
blood pressure, and prior use of diuretics,10,21 were not ob-
served to do so in the present study. Further research is war-
ranted to investigate the other pathophysiologic basis that is
associated with the diuretic response to exogenous ANP in
patients with ADHF.

Heart failure with preserved ejection fraction and
atrial natriuretic peptide replacement therapy

Given that serum BNP levels in patients with HFpEF are rela-
tively low as compared with levels in patients with HFrEF5,6

and that the synthesis and clearance of ANP and BNP are me-
diated by similar pathways,7,8 the presence of HFpEF may
contribute to a lack of elevation in circulating ANP levels, sim-
ilar to the effect on BNP. Indeed, our data suggested that pa-
tients with HFpEF had significantly lower ANP levels as
compared with patients with HFrEF, which was similar to
their relative BNP levels. In addition, we found that HFpEF
was a strong predictor of a greater diuretic effect of exoge-
nous ANP. These data suggest that this phenotype of HF
may be associated with a state of ANP deficiency and support
the beneficial therapeutic use of exogenous ANP in these
patients.

Other subtypes of heart failure and atrial
natriuretic peptide replacement therapy

As noted above, age, gender, renal function, obesity, and AF
independently influence serum natriuretic peptide levels in
patients with HF.2,3 Obesity is known to contribute to defi-
ciency in circulating natriuretic peptide,22 although obesity
did not influence the diuretic effect of exogenous ANP in
our study. As shown in Figure 3B and Table 4, AF did predict
a greater diuretic response to exogenous ANP, independently
of lower ANP concentrations and the presence of HFpEF.

Furthermore, when we divided the individuals into four
groups according to the presence of HFpEF and AF, the urine
volume at 6 h was significantly greater in HFpEF patients with
AF than in patients with the other subtypes of HF (Figure 4).
Because patients with AF had similar ANP levels as compared
with patients with sinus rhythm, our current findings do not
suggest why patients with AF experienced a greater diuretic
effect of exogenous ANP. This may have been a result of
the multifactorial causes of the diuretic effect of exogenous
ANP in the setting of ADHF in addition to baseline ANP levels.
However, these easily determined criteria—that is, the pres-
ence of HFpEF and AF—are more applicable to daily clinical
practice than the measurement of ANP levels and could im-
prove the management of HF using an ANP‐based drug. Fu-
ture research should focus on other pathophysiological
bases including the hypothesis that a deficiency in circulating
ANP caused by atrial endocrine dysfunction subsequent to LA
marked fibrosis in patients with AF may be associated with di-
uretic effects of exogenous ANP.3

Figure 4 Comparison of median values of urine volume at 6 h across the four patient groups (HFrEF with sinus rhythm vs. HFrEF with AF vs. HFpEF with
sinus rhythm vs. HFpEF with AF). Significant comparisons are as follows: †, significantly different from HFrEF with sinus rhythm; ‡, significantly different
from HFrEF with AF; *, significantly different from HFpEF with sinus rhythm.
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Clinical perspectives

The results of this study were consistent with the emerging
concept that modulating natriuretic peptide concentrations
is a beneficial therapeutic target in HF. Recently, studies of
LCZ696, which consists of sacubitril/valsartan, have suggested
its clinical benefit in the management of chronic HF.9,23 As
ANP is the principal natriuretic peptide elevated by LCZ696,3

the relative deficiency of ANP should be the focus of addi-
tional studies, along with analysis of ANP replacement ther-
apy for HF. Furthermore, as both ANP and BNP bind to
natriuretic peptide receptor‐A (NPR‐A),24,25 exogenous BNP
(nesiritide) may be a promising drug in patients with relative
ANP or BNP deficiency. Further studies are needed to deter-
mine whether the use of exogenous BNP in place of ANP
could have an effect similar to the results of our study.

There were a couple of limitations to this study. Given the
small sample size of this study, the number of patients was
statistically insufficient to evaluate any association between
ANP deficiency and each clinical endpoint such as
in‐hospital death (there were only 10 in‐hospital deaths
among these patients, and there were no significant associa-
tions between in‐hospital deaths and either ANP concentra-
tion or the presence of HFpEF; data not shown). Similarly,
we may need more participants to evaluate clinical impacts
of obesity (<10% of patients had a BMI ≥ 30 in our cohort)
(Table 1). Next, although the measurement of circulating
ANP may be challenging, we did not present the reference
for validation of ANP analysis. Further research is warranted
to confirm whether the results of this study are reproducible
in a larger cohort. In addition, because this study did not in-
clude long‐term follow‐up after discharge, the impact of ANP
deficiency on long‐term clinical outcomes remains unclear.
The marginal change in haemodynamic status during the first
6 h after the administration of exogenous ANP was not mea-
sured, and thus we could not assess the associations between
changes in haemodynamic parameters and the diuretic effect
of exogenous ANP. We analysed the association between the
baseline ANP levels and the efficacy of exogenous ANP in the
setting of ADHF, and thus it remains unclear whether these re-
sults can be generalized to stabilized ambulatory patients with
chronic HF. In addition, we focused on only synthesis dysfunc-
tion with respect to the regulation of circulating ANP. Patients
with HF have impaired ANP activity according to several key
mechanisms, such as the down‐regulation of NPR‐A and renal
cyclic guanosine monophosphate dysfunction, both of which
induce a reduced natriuretic response to acute volume
expansion.26 Furthermore, clearance of ANP, which also has
a key role in regulating circulating ANP,8 was not evaluated
in this study. Finally, the most important limitation of this

study was that it did not fully clarify the reason why patients
with HFpEF had lower ANP levels than patients with HFrEF,
in addition to reduced BNP levels. These limitations should
be considered in future research.

Conclusions

HFpEF was significantly associated with lower ANP concentra-
tions and the greater diuretic effect of exogenous ANP inADHF;
that is, this HF phenotype may have an aspect of deficiency of
circulating ANP. The current study supports the emerging con-
cept that relative natriuretic peptide deficiency is a promising
therapeutic target in HF and the hypothesis that HFpEF is a
compatible phenotype with response to treatment to modu-
late the level of circulating natriuretic peptide. Furthermore,
the presence of AF is also a considerable predictor of the
greater diuretic effect of exogenousANP inpatientswithADHF.

Acknowledgements

The authors would like to acknowledge Dr. John J.V.
McMurray (University of Glasgow) for helpful discussions
and financial support from Daiichi‐Sankyo.

Conflict of Interest

Yuji Ikari has received a research grant from Daiichi‐Sankyo,
and Takanori Ikeda has received a research grant and remu-
neration from Daiichi‐Sankyo. The other authors have no con-
flict of interest.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Distribution of baseline serum ANP concentration
among the patients in this study.
Figure S2. Comparison of median urine volume at 6 hours be-
tween patients classified as non‐obese and obese (i.e., BMI ≥
30).
Table S1. Comparisons of univariate linear and nonlinear
(fractional polynomial regression) models predicting the
log‐transformed urine volume during the initial 6 hours after
administration of exogenous ANP.

Relative deficiency of ANP and replacement therapy 4179

ESC Heart Failure 2020; 7: 4172–4181
DOI: 10.1002/ehf2.13042



References

1. Burnett JC Jr, Kao PC, Hu DC, Heser DW,
Heublein D, Granger JP, Opgenorth TJ,
Reeder GS. Atrial natriuretic peptide ele-
vation in congestive heart failure in the
human. Science 1986; 231: 1145–1147.

2. Wang TJ. Natriuretic peptide deficiency
—when there is too little of a good
thing. JAMA Cardiol 2018; 3: 7–9.

3. Triposkiadis F, Pieske B, Butler J, Parissis
J, Giamouzis G, Skoularigis J, Brutsaert
D, Boudoulas H. Global left atrial failure
in heart failure. Eur J Heart Fail 2016;
18: 1307–1320.

4. Chirinos JA, Sardana M, Oldland G,
Ansari B, Lee J, Hussain A, Mustafa A,
Akers SR, Wei W, Lakatta EG, Fedorova
OV. Association of arginine vasopressin
with low atrial natriuretic peptide levels,
left ventricular remodelling, and out-
comes in adults with and without heart
failure. ESC Heart Fail 2018; 5: 911–919.

5. van Veldhuisen DJ, Linssen GC, Jaarsma
T, van Gilst WH, Hoes AW, Tijssen JG,
Paulus WJ, Voors AA, Hillege HL. B‐type
natriuretic peptide and prognosis in
heart failure patients with preserved
and reduced ejection fraction. J Am Coll
Cardiol 2013; 61: 1498–1506.

6. Cheng RK, Cox M, Neely ML,
Heidenreich PA, Bhatt DL, Eapen ZJ,
Hernandez AF, Butler J, Yancy CW,
Fonarow GC. Outcomes in patients with
heart failure with preserved, borderline,
and reduced ejection fraction in the
Medicare population. Am Heart J 2014;
168: 721–730.

7. Fu S, Ping P, Wang F, Luo L. Synthesis,
secretion, function, metabolism and ap-
plication of natriuretic peptides in heart
failure. J Biol Eng 2018; 12: 2.

8. Potter LR. Natriuretic peptide metabo-
lism, clearance and degradation. FEBS J
2011; 278: 1808–1817.

9. McMurray JJ, Packer M, Desai AS, Gong
J, Lefkowitz MP, Rizkala AR, Rouleau JL,
Shi VC, Solomon SD, Swedberg K, Zile
MR, Investigators P‐H. Committees.
Angiotensin‐neprilysin inhibition versus
enalapril in heart failure. N Engl J Med
2014; 371: 993–1004.

10. Voors AA, Davison BA, Teerlink JR,
Felker GM, Cotter G, Filippatos G,
Greenberg BH, Pang PS, Levin B, Hua
TA, Severin T, Ponikowski P, Metra M,
Investigators R‐A. Diuretic response in
patients with acute decompensated
heart failure: characteristics and clinical
outcome—an analysis from RELAX‐AHF.
Eur J Heart Fail 2014; 16: 1230–1240.

11. ter Maaten JM, Valente MA, Metra M,
Bruno N, O’Connor CM, Ponikowski P,
Teerlink JR, Cotter G, Davison B, Cleland
JG, Givertz MM, Bloomfield DM,
Dittrich HC, van Veldhuisen DJ, Hillege
HL, Damman K, Voors AA. A combined
clinical and biomarker approach to

predict diuretic response in acute heart
failure. Clin Res Cardiol 2016; 105:
145–153.

12. Yancy CW, Jessup M, Bozkurt B, Butler
J, Casey DE Jr, Drazner MH, Fonarow
GC, Geraci SA, Horwich T, Januzzi JL,
Johnson MR, Kasper EK, Levy WC,
Masoudi FA, McBride PE, McMurray JJ,
Mitchell JE, Peterson PN, Riegel B, Sam
F, Stevenson LW, Tang WH, Tsai EJ,
Wilkoff BL, American College of Cardiol-
ogy F, American Heart Association Task
Force on Practice G. 2013 ACCF/AHA
guideline for the management of heart
failure: a report of the American College
of Cardiology Foundation/American
Heart Association Task Force on Practice
Guidelines. J Am Coll Cardiol 2013; 62:
e147–e239.

13. Yancy CW, Jessup M, Bozkurt B, Butler
J, Casey DE Jr, Colvin MM, Drazner
MH, Filippatos GS, Fonarow GC, Givertz
MM, Hollenberg SM, Lindenfeld J,
Masoudi FA, McBride PE, Peterson PN,
Stevenson LW, Westlake C. 2017
ACC/AHA/HFSA focused update of the
2013 ACCF/AHA guideline for the man-
agement of heart failure: a report of the
American College of
Cardiology/American Heart Association
Task Force on Clinical Practice Guide-
lines and the Heart Failure Society of
America. J Card Fail 2017; 23: 628–651.

14. Ponikowski P, Voors AA, Anker SD,
Bueno H, Cleland JGF, Coats AJS, Falk
V, Gonzalez‐Juanatey JR, Harjola VP,
Jankowska EA, Jessup M, Linde C,
Nihoyannopoulos P, Parissis JT, Pieske
B, Riley JP, Rosano GMC, Ruilope LM,
Ruschitzka F, Rutten FH, van der Meer
P. ESC guidelines for the diagnosis and
treatment of acute and chronic heart
failure. Rev Esp Cardiol (Engl Ed) 2016;
69: 1167.

15. Jefferies JL, Bartone C, Menon S,
Egnaczyk GF, O’Brien TM, Chung ES. Ul-
trafiltration in heart failure with pre-
served ejection fraction: comparison
with systolic heart failure patients. Circ
Heart Fail 2013; 6: 733–739.

16. Tavazzi L, Maggioni AP, Marchioli R,
Barlera S, Franzosi MG, Latini R, Lucci
D, Nicolosi GL, Porcu M, Tognoni G,
Gissi HFI. Effect of rosuvastatin in pa-
tients with chronic heart failure (the
GISSI‐HF trial): a randomised, double‐
blind, placebo‐controlled trial. Lancet
2008; 372: 1231–1239.

17. Lok DJ, Klip IT, Voors AA, Lok SI, de la
Porte PW B‐A, Hillege HL, Jaarsma T,
van Veldhuisen DJ, van der Meer P. Prog-
nostic value of N‐terminal pro C‐type na-
triuretic peptide in heart failure patients
with preserved and reduced ejection
fraction. Eur J Heart Fail 2014; 16:
958–966.

18. Lang RM, Badano LP, Mor‐Avi V, Afilalo
J, Armstrong A, Ernande L, Flachskampf
FA, Foster E, Goldstein SA, Kuznetsova
T, Lancellotti P, Muraru D, Picard MH,
Rietzschel ER, Rudski L, Spencer KT,
Tsang W, Voigt JU. Recommendations
for cardiac chamber quantification by
echocardiography in adults: an update
from the American Society of Echocardi-
ography and the European Association
of Cardiovascular Imaging. J Am Soc
Echocardiogr 2015; 28: 1–39 e14.

19. Chen HH. Heart failure: a state of brain
natriuretic peptide deficiency or resis-
tance or both! J Am Coll Cardiol 2007;
49: 1089–1091.

20. Reginauld SH, Cannone V, Iyer S, Scott
C, Bailey K, Schaefer J, Chen Y,
Sangaralingham SJ, Burnett JC Jr. Dif-
ferential regulation of ANP and BNP in
acute decompensated heart failure: defi-
ciency of ANP. JACC Heart Fail 2019; 7:
891–898.

21. Valente MA, Voors AA, Damman K, Van
Veldhuisen DJ, Massie BM, O’Connor
CM, Metra M, Ponikowski P, Teerlink
JR, Cotter G, Davison B, Cleland JG,
Givertz MM, Bloomfield DM, Fiuzat M,
Dittrich HC, Hillege HL. Diuretic re-
sponse in acute heart failure: clinical
characteristics and prognostic signifi-
cance. Eur Heart J 2014; 35: 1284–1293.

22. Wang TJ, Larson MG, Levy D, Benjamin
EJ, Leip EP, Wilson PW, Vasan RS. Im-
pact of obesity on plasma natriuretic
peptide levels. Circulation 2004; 109:
594–600.

23. Solomon SD, McMurray JJV, Anand IS,
Ge J, Lam CSP, Maggioni AP, Martinez
F, Packer M, Pfeffer MA, Pieske B,
Redfield MM, Rouleau JL, van
Veldhuisen DJ, Zannad F, Zile MR, Desai
AS, Claggett B, Jhund PS, Boytsov SA,
Comin‐Colet J, Cleland J, Dungen HD,
Goncalvesova E, Katova T, Kerr Saraiva
JF, Lelonek M, Merkely B, Senni M,
Shah SJ, Zhou J, Rizkala AR, Gong J,
Shi VC, Lefkowitz MP, Investigators P‐
H, Committees. Angiotensin‐neprilysin
inhibition in heart failure with pre-
served ejection fraction. N Engl J Med
2019; 381: 1609–1620.

24. Schulz S, Singh S, Bellet RA, Singh G,
Tubb DJ, Chin H, Garbers DL. The pri-
mary structure of a plasma membrane
guanylate cyclase demonstrates diver-
sity within this new receptor family. Cell
1989; 58: 1155–1162.

25. Bennett BD, Bennett GL, Vitangcol RV,
Jewett JR, Burnier J, Henzel W, Lowe
DG. Extracellular domain‐IgG fusion
proteins for three human natriuretic
peptide receptors. Hormone pharmacol-
ogy and application to solid phase
screening of synthetic peptide antisera.
J Biol Chem 1991; 266: 23060–23067.

4180 S. Matsumoto et al.

ESC Heart Failure 2020; 7: 4172–4181
DOI: 10.1002/ehf2.13042



26. McKie PM, Schirger JA, Costello‐
Boerrigter LC, Benike SL, Harstad LK,
Bailey KR, Hodge DO, Redfield MM,

Simari RD, Burnett JC Jr, Chen HH. Im-
paired natriuretic and renal endocrine
response to acute volume expansion in

pre‐clinical systolic and diastolic dys-
function. J Am Coll Cardiol 2011; 58:
2095–2103.

Relative deficiency of ANP and replacement therapy 4181

ESC Heart Failure 2020; 7: 4172–4181
DOI: 10.1002/ehf2.13042



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


