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Circulating Concentrations of C-Type Natriuretic
Peptides Increase with Sacubitril/Valsartan Treatment

in Healthy Young Men
Simon Thonsgaard,a,b Timothy C.R. Prickett,c Lasse H. Hansen,d Nicolai J. Wewer Albrechtsen ,a,b,e

Ulrik Ø. Andersen,a Dijana Terzic,a Peter Plomgaard,a,f Finn Gustafsson ,f,g Jens P. Goetze,a,b and
Peter D. Marka,*

BACKGROUND: C-type natriuretic peptide (CNP) is a
cardioprotective peptide with high affinity for the
ectoenzyme neutral endopeptidase (neprilysin). We
aimed to determine whether angiotensin receptor-
neprilysin inhibitor treatment acutely affects circulating
concentrations of bioactive CNP and its molecular
amino-terminal precursor (NT-proCNP).

METHODS: We included 9 and 10 healthy young men
in 2 randomized crossover trials with sacubitril/valsar-
tan vs control (Trial 1) and sacubitril/valsartan and
sitagliptin vs sitagliptin (Trial 2). The participants
were randomized to a single dose of sacubitril/valsartan
(194/206 mg) or control at the first visit 30 min prior
to a standardized meal intake. We obtained blood sam-
ples at 12 time points over 5 h and measured plasma
concentrations of NT-proCNP in both trials and CNP
in Trial 2.

RESULTS: NT-proCNP concentrations increased 3.5 h
after sacubitril/valsartan treatment, and at 4.5 h
concentrations were 42% and 65% higher compared
with control in Trial 1 and Trial 2, respectively. The
total area under the curve (tAUC)15–270 min was 22%
higher (P¼ 0.007) in Trial 1 and 17% higher with
treatment (P¼ 0.017) in Trial 2. Concentrations of
bioactive CNP followed a similar temporal pattern
with an increase of 93% at 4.5 h and a 31% higher
tAUC15–270 min compared with control (P¼ 0.001) in
Trial 2.

CONCLUSIONS: Sacubitril/valsartan augments circulating
concentrations of both bioactive CNP and NT-proCNP
in healthy young men. The increase in bioactive CNP is

most likely caused by de novo synthesis and secretion
rather than diminished breakdown through neprilysin
inhibition.

ClinicalTrials.gov registration number NCT03717688

Introduction

Treatment with angiotensin receptor-neprilysin inhibi-
tor (ARNI), sacubitril/valsartan, in patients with heart
failure and reduced ejection fraction (HFrEF) lowers
mortality and hospitalization rates (1). While the effect
of ARNI treatment on plasma concentrations of A-type
and B-type natriuretic peptides (ANP and BNP) has
been reported in several studies (2–6), it remains elusive
whether circulating concentrations of the third natri-
uretic peptide, C-type natriuretic peptide (CNP), are af-
fected (5). Given the recognition of the role of CNP in
cardiovascular homeostasis (7) and its superior affinity
for the ectoenzyme neutral endopeptidase (neprilysin)
(8), the effect of ARNI treatment on plasma concentra-
tions of CNP needs to be addressed.

Preclinical investigations have shown that CNP and
its receptors exert protective functions in both vascular and
cardiac tissues. Experiments on transgenic mice have
recently demonstrated key functions of CNP including a
vasodilatory capacity in the microcirculation (9), promo-
tion of angiogenesis and vascular remodeling (10), and a
regulatory role in preserving cardiac structure and function
(11). Moreover, CNP is reported to counteract fibrosis
and hypertrophy of the heart (12, 13) as well as atheroscle-
rosis and hypertension (14, 15). Collectively, these
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cardiovascular effects assigned to CNP are, conceivably,
beneficial in patients with heart failure. Clinical studies
have also shown an independent prognostic value of mea-
surement of C-type natriuretic peptides in patients with
heart failure, suggesting a compensatory upregulation of
CNP expression (16, 17). Hence, the improved outcome
for patients with HFrEF from ARNI treatment could be
partly mediated via the cardiovascular protective capabili-
ties of CNP.

This study in healthy young men aimed to examine
whether sacubitril/valsartan in addition to meal intake
acutely affects the plasma concentrations of bioactive
CNP and its amino-terminal molecular precursor, NT-
proCNP. We hypothesized that CNP concentrations in-
crease after a single-dose intake of sacubitril/valsartan,
whereas NT-proCNP, a proxy of the synthesis and release
of CNP, would remain unaffected by the treatment. We
measured NT-proCNP in 2 trials with and without dipep-
tidyl peptidase 4 (DPP-4) inhibition, respectively, to inves-
tigate a potential interaction of sacubitril/valsartan and
sitagliptin. The trial including DPP4 inhibition was origi-
nally conducted to examine concentrations of peptides of
glucagon-like peptide-1 (GLP-1) (18).

Materials and Methods

ETHICAL APPROVAL

The study protocol (H-18000360) was approved by the lo-
cal ethical committee of the Capital Region of Denmark
and was registered with the Danish Data Protection Agency
(VD-2018-131) and ClinicalTrials.gov (NCT03717688).
Both oral and written informed consent was acquired from
all participants beforehand and the study was conducted in
accordance with the Declaration of Helsinki. All visits were
conducted at the Department of Clinical Biochemistry,
Rigshospitalet, Copenhagen, Denmark.

PARTICIPANTS

We recruited 9 and 10 healthy men between the ages of
19 and 30 years in Trial 1 and Trial 2, respectively, as
previously reported, where 3 individuals were included
in both trials (18). All subjects underwent a screening
visit with a general health examination with measure-
ment of height, weight, and blood pressure as well as
routine blood samples. Exclusion criteria were acute ill-
ness within the past 2 weeks, chronic diseases, drug or
alcohol abuse, current history of smoking, donation of
blood within the past 3 months, or weight loss >10%
within the past 3 months.

STUDY DESIGN

The study design, which has previously been published
(18), consisted of 2 open-labelled randomized crossover
clinical trials (Trial 1 and Trial 2) with 2 visits of each

trial conducted over a 3-month period and at least 12
days between each visit (Fig. 1). In Trial 2 the partici-
pants ingested 2 � 100 mg sitagliptin (a DPP-4 inhibi-
tor) before each visit (100 mg the night before and
100 mg 2 h before first blood sample). Trial 2 was origi-
nally designed and conducted to examine the effect on
GLP-1 peptides in plasma. Trial 1 and Trial 2 were
identical in all other aspects of study design. Before
each visit the participants had been fasting for a mini-
mum of 11 h including abstinence from liquids. The
participants were randomized to receive a single dose
of sacubitril/valsartan (194/206 mg) or control on the
first visit at t¼ 0 min. At each visit at t¼ 30 min,
participants ingested a standardized meal (42 g/34%
carbohydrates, 25 g/45% fat, 26 g/21% protein, total
caloric content of 2106 kJ). We obtained blood
samples through a cannula inserted into a cubital vein
at 12 time points over 5 h: t ¼ �30, 0, 15, 30, 45,
60, 75, 90, 120, 150, 210, and 270 min, where we
also measured blood pressure and heart rate. Blood
was collected into EDTA and lithium heparin-con-
taining tubes and centrifuged (3000g at 4 �C for
15 min). Plasma was stored at –80 �C.

BIOCHEMICAL AND HEMODYNAMIC MEASUREMENTS

In Trial 1, plasma concentrations of NT-proCNP were
measured by a commercially available ELISA (Biomedica
Medizinprodukte; product code BI-20812), where
plasma volumes of only 50 mL were required for analyses
(limited plasma sample volumes were available from
Trial 1). In Trial 2, NT-proCNP (amino acid 3–15)
and bioactive CNP were measured by radioimmunoas-
says in Christchurch, New Zealand, after extraction
over SepPac cartridges (Waters) as previously described
(19). A comparison of the 2 different methods of NT-
proCNP measurement in Trial 1 and Trial 2 has previ-
ously shown excellent agreement (20). Processing -inde-
pendent analysis (PIA) of proCNP (amino acid 11-27)
concentration was measured in Trial 2 by a previously
reported radioimmunoassay (21, 22). Moreover, we
measured CNP in Trial 2 in unextracted plasma with a
commercially available radioimmunoassay (Phoenix
Pharmaceuticals; G-012-03) for comparison with mea-
sured CNP concentrations in extracted plasma (see
online Supplemental Material (Supplemental Fig. 1) for
results). Plasma creatinine concentrations were measured
in Trial 2 using creatinine plus version 2 (CREP2) for
Cobas (Roche, Basel, Switzerland). Inter-assay coefficients
of variation were 8.3% for CNP at 1.8 pmol/L, 6.7% for
NT-proCNP at 74 pmol/L (Trial 1), 8.9% for NT-
proCNP at 18 pmol/L (Trial 2), and 6.4% for proCNP
at 40 pmol/L. We obtained mean arterial pressure (MAP)
and heart rate (HR) with a EDAN M3A Vital signs mon-
itor (Edan Instruments).
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PROTEOLYTIC DEGRADATION ASSAY

To assess whether N-terminal fragments of proCNP in-
cluding fragments 1–10, 11–27, and 1–30 (Schafer-N)
were potential substrates of neprilysin, we assayed in vitro
cleavage activity as previously described (23) by adding
10 ng of neprilysin (R&D Systems) and/or 10 ng of DPP-
4 (R&D Systems) to 1mg of peptide substrate in a total
volume of 10mL. We performed reactions in 50 mM Tris,
0.5 g/L (0.05%) Brij-35, pH 9 and incubated at 37 �C.
We also assayed the activity of in vitro cleavage with
neprilysin and DPP-4 in combination to assess a potential
interaction of the 2 enzymes upon cleavage of each frag-
ment. Product development was monitored after 15 min,
30 min, and 60 min by matrix-assisted laser desorption
ionization time-of-flight mass spectroscopy (MALDI-TOF
MS) analysis. ANP and neuropeptide Y (SynPeptide,
Shanghai, China) were used as positive controls for nepri-
lysin and DPP-4 cleavage, respectively. Human insulin
C-chain (Schafer-N) was used as negative control for both
enzymes.

STATISTICAL ANALYSIS

Biochemical results were based on absolute concentra-
tions for both bioactive CNP and NT-proCNP, and
delta concentrations for proCNP and creatinine. A delta
concentration was defined as the absolute difference in

concentration between a given time point and t¼ 0 min
(per definition all delta concentrations at t¼ 0 min are
0). Total area under the curve (tAUC) using the trape-
zoidal rule was calculated to assess the integrated effect
of treatment on different analytes from 15 to 270 min
(15 min is the first time point after treatment is given).
Paired t-tests with post hoc correction (Bonferroni) were
applied to test differences in concentrations at each time
point from 15 to 270 min (all 10 time points after sacu-
bitril/valsartan treatment is ingested) between the 2 trial
days, where a P< 0.005 (0.05/10) is indicated in Fig. 2.
We applied a two-way repeated measures ANOVA to
test the effect of treatment and time from 15 to 270 min
on MAP and HR and on analyte concentrations, when
tAUC analysis displayed inconclusive results. Statistical
analyses were performed with R (version 3.6.1) (24).
Illustrations were made in GraphPad Prism version
8.4.3 for windows (GraphPad Software). All data are
shown as mean values (SE) unless otherwise specified.

Results

PREEXAMINATION

No participants had diabetes according to WHO crite-
ria and all were normotensive defined as a systolic
blood pressure < 140 mmHg and a diastolic blood

Fig. 1. The randomized cross-over design of Trial 1 and Trial 2, respectively, and the timing of interventions and hemodynamic
measurements/blood sampling on each visit.

Effect of Sacubitril/Valsartan on CNP
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Fig. 2. Plasma concentrations and hemodynamic changes after treatment with sacubitril/valsartan: NT-proCNP in Trial 1 (A), and
NT-proCNP (B), CNP (C), delta proCNP (D), delta creatinine (E), mean arterial pressure (F) and heart rate (G) in Trial 2.

Results are shown as mean 6 SE. * indicates a statistic test of P< 0.005 (a Bonferroni-adjusted cutoff value) when each time point from
15 to 270 min of the two trial visits are compared.
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pressure < 90 mmHg. We found no differences in age,
measures of body size and proportion, or biochemical
measurements between participants of Trial 1 and
Trial 2 as previously reported (18).

NT-PROCNP AND CNP CONCENTRATIONS

There was insufficient sample remaining from Trial 1 to
measure both CNP and NT-proCNP, whereas suffi-
cient sample for both analytes was available in Trial 2.
Fig. 2, A and B show the plasma concentrations of NT-
proCNP in Trial 1 and Trial 2, respectively. The graphs
display comparable temporal profiles with an increase in
NT-proCNP after 150 min with sacubitril/valsartan
treatment. At 270 min the NT-proCNP concentrations
were 42% and 65% higher compared to no sacubitril/
valsartan in Trial 1 and Trial 2, respectively. We found
that tAUC15–270 min was 22% and 17% higher with
sacubitril/valsartan in Trial 1 and Trial 2, respectively
(Trial 1: 9086 6 815 vs 7436 6 555 min � pmol/L,
P¼ 0.007; Trial 2: 7618 6 430 vs 6517 6 369 min �
pmol/L, P¼ 0.017). Plasma concentrations of bioactive
CNP (Fig. 2, C) were also augmented after 150 min in
Trial 2 with a 93% increase compared with control at
270 min and tAUC15–270 min was 31% higher with sacu-
bitril/valsartan treatment (475 6 27 vs 362 6 18 min �
pmol/L, P¼ 0.001).

PROCESSING-INDEPENDENT ANALYSIS OF PROCNP

CONCENTRATIONS

Plasma concentrations of proCNP did not differ between
study days neither for tAUC15–270 min nor specific time
points (data not shown). When analyzed as absolute delta
proCNP concentrations (Fig. 2, D), we found a non-
significant tendency towards higher tAUC15–270 min

(205 6 219 vs �472 6 280 min � pmol/L, P¼ 0.11)
with sacubitril/valsartan. In a two-way ANOVA of
delta proCNP concentrations, we found a treatment
effect (F¼ 16.5, P< 0.001) and no effect of either
time (F¼ 0.3, P¼ 0.96) or treatment/time interaction
(F¼ 1.1, P¼ 0.35).

DELTA CREATININE CONCENTRATIONS

To investigate whether potential reduced renal clearance
of the measured peptides could explain the observed
increases, we measured delta creatinine concentrations
as a marker of change in glomerular filtration rate,
where a decrease in delta creatinine indicates an increase
in glomerular filtration rate and vice versa. Delta creati-
nine concentrations (Fig. 2, E) decreased over time in
both visits with a more pronounced decrease with sacu-
bitril/valsartan. The tAUC15–270 min for sacubitril/valsar-
tan vs control were �1088 6 217 vs �507 6 367 min
� mmol/L (P¼ 0.17). When analyzed in a two-way
ANOVA, we found an effect of time (F¼ 3.9,

P< 0.001) and treatment (F¼ 5.4, P¼ 0.02) and no
treatment/time interaction (F¼ 1.2, P¼ 0.29) indicat-
ing relatively lower delta creatinine concentrations (in-
creased glomerular filtration rate) with sacubitril/
valsartan.

HEMODYNAMIC RESPONSE

MAP and HR are displayed in Fig. 2, F and G, respec-
tively. From 15 min after meal intake (at 45 min), we
observed a decrease of approximately 8 mmHg in MAP
and an increase of approximately 4 beats per min (bpm)
in HR during the following postprandial phase irrespec-
tive of sacubitril/valsartan treatment. For MAP, a two-
way ANOVA showed an effect of time (F¼ 2.4,
P¼ 0.013), but no effect of treatment (F¼ 0.63,
P¼ 0.43) or treatment/time interaction (F¼ 0.49,
P¼ 0.88). For HR, the effects of time (F¼ 1.8,
P¼ 0.075) and treatment (F¼ 2.2, P¼ 0.14) were asso-
ciated with statistical uncertainty, and there was no
treatment/time interaction (F¼ 0.44, P¼ 0.91).

PROTEOLYTIC STABILITY OF N-TERMINAL FRAGMENTS OF

PROCNP TO NEPRILYSIN AND DPP-4
To evaluate whether N-terminal fragments of proCNP
were substrates of neprilysin, we performed an in vitro
degradation assay using carefully designed synthetic
proCNP fragments together with recombinant active
neprilysin and/or DPP-4. The results are summarized in
Fig. 3 and all data are shown in online Supplemental
Fig. 2, A to U. In contrast to CNP-22, neither
proCNP1–10, proCNP11–27, nor proCNP1–30 showed
any degradation when incubated with neprilysin. Both
proCNP1–10 and proCNP1–30 were degraded to
proCNP3–10 and proCNP3–30, respectively, when incu-
bated with DPP-4. No differences in cleavage activity
were found when combining neprilysin and DPP-4.

Discussion

Here, we showed that a single dose of sacubitril/valsar-
tan (194/206 mg) increased circulating concentrations
of bioactive CNP in healthy young men. In contrast to
our hypothesis, we observed a similar temporal profile
for NT-proCNP with an increase in plasma concentra-
tions from 3.5 h irrespective of DPP-4 inhibition. NT-
proCNP and CNP are synthesized and, presumably,
released in equimolar amounts from CNP-producing
cells (25). The NT-proCNP concentration in plasma,
however, is a more stable marker of the expression and
release of CNP since CNP is rapidly degraded with a
half-life of 2.6 min (26). Hence, the unexpected parallel
pattern of CNP and NT-proCNP most likely means
that the increase in CNP is predominantly due to de

Effect of Sacubitril/Valsartan on CNP
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novo synthesis and not diminished degradation through
neprilysin inhibition.

The late increase in CNP and NT-proCNP con-
centrations 3.5 h after sacubitril/valsartan treatment
supports an upregulation of CNP expression as a
causal explanation. We previously reported on aug-
mented plasma concentrations of several gastrointesti-
nal peptide hormones including GLP-1, where an
effect of sacubitril/valsartan commenced within 1 h of
treatment (18, 27, 28). Thus, an earlier rise in CNP
concentrations than we observed would be expected if
a direct effect of neprilysin inhibition were to explain
the difference between treatment and control. To
substantiate that increased NT-proCNP concentra-
tions were not an effect of diminished renal clearance
[the predominant mechanism of removal of
NT-proCNP from the bloodstream (26, 29)], we de-
termined delta creatinine concentrations. Sacubitril/
valsartan treatment was not associated with relatively
higher delta creatinine concentrations supporting
that the augmented concentrations of NT-proCNP
were independent of renal clearance. Moreover, our
in vitro experiments of the proteolytic stability of
N-terminal fragments of proCNP show that these are
not substrates of neprilysin. Taken together, our
findings corroborate that the parallel increases in
CNP and NT-proCNP concentrations after sacubi-
tril/valsartan most likely reflect a stimulation of de
novo proCNP synthesis. The overall effect size of this
apparent stimulation may be underestimated in our
study as the most pronounced effect was found at

the last time point, 4.5 h after sacubitril/valsartan
treatment. The duration and peak of increased con-
centrations of CNP and NT-proCNP were therefore
not determined.

In addition to the NT-proCNP epitope
(proCNP3–15), we measured another fragment of the
prohormone of CNP, proCNP11–27. This PIA proCNP
assay was developed to measure the synthesis and release
of a variety of proCNP-derived fragments regardless of
potential posttranslational modifications (21, 22), al-
though it has recently been discovered that proCNP11

(Thr) is subjected to O-linked glycosylation (23). We
found a different temporal profile for absolute proCNP
concentrations without a parallel increase beyond 2.5 h
after sacubitril/valsartan treatment. However, when ana-
lyzed as delta concentrations, we also found a positive
overall treatment effect on proCNP concentrations
(despite greater statistical uncertainty compared with
NT-proCNP), where the effect was more pronounced
from 3.5 to 4.5 h after treatment in accordance with
NT-proCNP and CNP concentrations. Collectively, the
positive effect of sacubitril/valsartan was, thus, shared
between the 3 different epitopes of the prohormone of
CNP measured in this study.

On both visits of each trial, the participants
ingested a standardized meal and, in accordance with
the literature, we found a hemodynamic response of a
decrease in MAP and an increase in HR in the early post-
prandial phase (30). We observed a visual trend towards
higher HR with sacubitril/valsartan from 2 to 4.5 h after
treatment, which was statistically inconclusive. To our

Fig. 3. Proteolytic in vitro analyses of C-type natriuretic peptides with neprilysin and/or DPP-4 measured by MALDI-TOF MS.

Amino acid sequences of each fragment are given at the bottom. Numbers in circles indicate cleavage sites of neprilysin and DPP-4 and
the corresponding m/z peaks that has have emerged after cleavage.
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knowledge, there is no evidence that meal intake affects
the plasma concentration of CNP, and we found that
CNP concentrations are largely unchanged during the
early postprandial phase (2 h after meal intake).
Nevertheless, ingestion of a meal leads to secretion of
multiple gastrointestinal hormones that serve as sub-
strates for neprilysin including glucagon-like peptide 1
(GLP-1), glucagon, gastrin, and cholecystokinin (18,
27, 28). These peptides potentially decrease the degra-
dation of CNP by augmented competitive binding of
neprilysin, particularly in the early postprandial phase.
Furthermore, insulin has been reported to suppress the
secretion of CNP from endothelial cells in vitro (31).
These aspects may partly explain why no difference in
CNP concentrations were observed within the first 2 h
of meal intake, where we expected a direct effect of
neprilysin inhibition on CNP concentrations. A limita-
tion to the present study is that no trial visits without
meal intake were included. Consequently, the sole effect
of the standardized meal cannot be evaluated. Still, as
sacubitril/valsartan is typically ingested in relation to
meal intake, our study design reflects the daily life of
patients with HFrEF. Another potential explanation for
the unaffected CNP concentrations in the early phase is
that tissue-specific effects of neprilysin inhibition may
not be reflected by plasma concentrations since CNP is
a paracrine peptide that circulates in low concentrations
in healthy adults (approximately 1 pmol/L) (29).

Our results lead to speculations about the mecha-
nistic explanation for the putative stimulation of de
novo synthesis of proCNP by sacubitril/valsartan
treatment. Apart from a possible stimulating effect of
sacubitril and/or valsartan per se, the wide range of
peptides being substrates of neprilysin may serve as
direct or indirect links to the upregulation of CNP ex-
pression. One of these peptides, GLP-1, has been
shown to harbor cardio-protective properties (32).
Taking the improved cardiovascular prognosis of
GLP-1 agonist treatment into consideration, some of
these actions could potentially be mediated by CNP if
GLP-1, in fact, stimulates CNP expression. There is
no reported data, however, on whether CNP expres-
sion is affected by GLP-1, and, if so, we would also
have expected an effect on CNP concentrations with
DPP-4 inhibition treatment alone. Other substrates
of neprilysin and plausible CNP-stimulators include
the endothelially-derived vasoconstrictor endothelin-
1 and vasodilatory peptides such as adrenomedullin
and bradykinin, which have been shown to exert am-
plified vasodilation with ARNI treatment in small hu-
man resistance arteries in-vitro (33). The vascular
endothelium is conceivably a prominent source of cir-
culating CNP, since endothelial expression levels of
CNP are high and reductions in plasma concentra-
tions of CNP of approximately 40% are found with

endothelial-specific knock-out of the CNP gene,
NPPC, in preclinical models (14, 15). Hence, poten-
tiated endothelial factors may enhance the synthesis
and release of CNP. Nevertheless, CNP is a widely
expressed paracrine peptide with regulatory functions
in various biological domains including skeletal and
reproductive tissues (26). There is, therefore, a need
of further investigations to dissect the mechanistic
link between ARNI treatment and increased concen-
trations of CNP and NT-proCNP, which also cap-
tures the cell-specific contributions to the circulating
concentrations. Furthermore, future studies should
thoroughly investigate the long-term effects of ARNI
treatment on circulating C-type natriuretic peptides
in patients with heart failure.

Conclusion

Our study shows that plasma concentrations of both
bioactive CNP and NT-proCNP are markedly increased
3.5 to 4.5 h after single-dose treatment with sacubitril/
valsartan (194/206 mg) in healthy young males. N-ter-
minal fragments of proCNP are not direct substrates of
neprilysin, and plasma concentrations of creatinine, as a
measure of renal clearance, are not relatively increased
with sacubitril/valsartan. We believe that the increase in
circulating CNP is most likely caused by de novo
proCNP synthesis and release rather than diminished
degradation by neprilysin.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.
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