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Abstract

Background Critically ill patients admitted to an intensive care unit (ICU) exhibit a high mortality rate irrespective of the ini-
tial cause of hospitalization. Neprilysin, a neutral endopeptidase degrading an array of vasoactive peptides became a drug tar-
get within the treatment of heart failure with reduced ejection fraction. The aim of this study was to analyse whether
circulating levels of neprilysin at ICU admission are associated with 30 day mortality.
Methods and results In this single-centre prospective observational study, 222 consecutive patients admitted to a tertiary
ICU at a university hospital were included. Blood was drawn at admission and soluble neprilysin levels were measured
using ELISA. In the total cohort, soluble neprilysin levels did not differ according to survival status after 30 days as well
as type of admission. However, in patients after surgery or heart valve intervention, 30 day survivors exhibited significantly
lower circulating neprilysin levels as compared to those who died within 30 days (660.2, IQR: 156.4–2512.5 pg/mL vs.
6532.6, IQR: 1840.1–10 000.0 pg/mL; P = 0.02). Soluble neprilysin predicted mortality independently from age, gender,
and commonly used scores of risk-prediction (EuroSCORE II, STS-score, and SAPS II score). Additionally, soluble neprilysin
was markedly elevated in patients with sepsis and septic shock (P < 0.05).
Conclusion At the time of ICU admission, circulating levels of neprilysin independently predicted 30 day mortality in patients
following cardiac surgery or heart valve intervention, but not in critically ill medical patients. Furthermore, patients suffering
from sepsis and septic shock displayed significantly increased circulating neprilysin levels.
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Introduction

Patients admitted to medical intensive care units (ICUs) dis-
play various underlying pathologies ranging from haemody-
namic instability over infections to severe organ
dysfunction. Despite the heterogeneity of mentioned condi-
tions, critically ill patients often exhibit similarities in
specific vital parameters or biomarkers throughout the
ICU stay.

Neprilysin is a metalloprotease that cleaves a broad spec-
trum of peptides and inactivates several peptide hormones
under physiologic conditions.1 It has been isolated from vari-
ous organs2–3 and although a membrane-bound occurrence
was assumed at first, a soluble form of neprilysin (sNEP)

was discovered within the circulation.4,5 The exact mecha-
nism behind the release of sNEP remains only partly under-
stood and might range from separate production of a non-
membrane-associated form to ectodomain-shedding or
transport via exosomes.6 From a cardiovascular point of view,
NEP plays a crucial role in modulating the activity of natri-
uretic peptides (NPs) by degrading them.7 Its physiologic role
and the occurrence of a soluble form of NEP constitutes it a
promising biomarker.8

In a large cohort of patients suffering from heart failure
(HF) with reduced ejection fraction, circulating levels of NEP
were significantly associated with the composite endpoint
of cardiovascular death and hospitalization due to heart
failure.9 Although their physiological effects seem to be
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intertwined, sNEP and NT-proBNP did not show a significant
correlation. Interestingly, sNEP was substantially less influ-
enced by comorbidities and remained an independent prog-
nostic factor in an applied multimarker strategy as
compared with NT-proBNP.10 Although NEP was examined
as a biomarker in different cohorts including HF and
non-cardiac collectives, data on its role in critically ill patients
are scarce, while due to its physiologic properties, it is prom-
ising. We therefore aimed to illuminate the prognostic prop-
erties of NEP in an unselected cohort of ICU patients
admitted to a medical ICU.

Materials and methods

Subjects and study design

For this single-centre prospective observational study, we
included all consecutive patients admitted to the medical
ICU of the Department of Internal Medicine II (Medical Uni-
versity of Vienna) between August 2012 and August 2013.
Patients under the age of 18 years, as well as all patients
with active HIV or HCV infection, were not included to min-
imize the risk of transmission. The study was approved by
the local ethics committee of the Medical University of
Vienna (EK 1101/2012) and complies with the Declaration
of Helsinki. Conscious patients had to give informed con-
sent, while for unconscious patients, the need for informed
consent was waived by the ethics committee. Our centre is
a tertiary care medical ICU, assigned to treat the entire
spectrum of critical illness with a focus on acute cardiovas-
cular diseases. In addition to medical patients, we are pro-
vided with patients undergoing major heart and thoracic
surgery as well as patients after catheter-based valve inter-
ventions. At the time of admission, baseline demographics,
the primary cause of admission, clinical history, laboratory
values, and vital parameters were recorded. Additionally,
major interventions preceding ICU admission or taking
place within the first 72 h of the ICU stay were recorded
and included; mechanical ventilation, major surgery, extra-
corporeal renal replacement therapy, extracorporeal mem-
brane oxygenation, and the use of catecholamines. The
simplified acute physiology score II (SAPS II) and the se-
quential organ failure assessment score (SOFA) were used
to assess the severity of disease.11–13

Additionally, the EuroSCORE II as well as the STS score (So-
ciety of Thoracic Surgeons Score) were calculated to evaluate
procedural risk.14–15 Data regarding 30 day mortality was col-
lected. A total of 233 patients were included; for 222 patients
sNEP levels were available. All further analyses were con-
ducted within the available patients. No patients were lost
to follow-up.

Blood sampling

Blood was drawn at the time of admission (24 h time win-
dow) from an arterial or central venous line. A serum separa-
tor tube, an EDTA-tube and a 3.8% sodium citrate vacuette
tube (Greiner Bio-One, Austria) were used for collection after
discarding the initial 3 mL of blood to ensure stable sampling
conditions. Consecutively, samples were centrifuged at 4°C
and 3000 RPM for 15 min and stored at �80°C for later anal-
ysis. Standard laboratory values including NT-proBNP were
carried out by the department of laboratory medicine of
the Vienna general hospital.

Soluble neprilysin measurement

Soluble neprilysin was measured using commercially avail-
able ELISA-kits (Human Neprilysin DuoSet ELISA, R&D Sys-
tems, USA) according to the manufacturer’s instructions.
Optical density was determined using a microplate reader
set to 450 nm.

Statistical analysis

Sample size calculation revealed that in a cohort with an es-
timated mortality rate of 25%, given a power of 0.8 and a sig-
nificance level of 0.05, 218 patients would be required to
detect a difference of 50% in sNEP levels between survivors
and non-survivors. Categorical variables are summarized as
counts and percentages. They are compared by the χ2 or by
Fisher’s exact test as appropriate. Continuous variables (de-
termined by the Kolmogorov–Smirnov test) are displayed as
median and interquartile range (IQR). Data were compared
by the Mann–Whitney U test; multiple groups were com-
pared by Kruskal–Wallis one-way analysis of variance.
Kaplan–Meier analysis (log-rank test) was applied to verify
the time-dependent discriminative power of sNEP values
above and below the median of the observed population.
Cox proportional hazard regression analysis was used to as-
sess the independent prognostic value of sNEP on mortality.
Two-sided P values of <0.05 were considered statistically sig-
nificant. SPSS 26.0 (IBM Corporation, USA) was used for all
statistical analyses.

Results

Baseline characteristics

The demographic and clinical characteristics of the 222 in-
cluded patients at baseline are given in Table 1.
Seventy-one patients underwent cardiac surgery or heart
valve intervention (Table 2), while 151 patients were
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admitted for medical reasons (Table 3). The 30 day mortality
of medical patients was 35.1%; surgical patients and patients
after heart valve intervention displayed a mortality rate of
7.1%.

Soluble neprilysin levels at admission and
primary diagnosis

The sNEP levels at admission did not differ between medical
and surgical patients (551.1, IQR: 237.1–3185.0 pg/mL vs.
972.6, IQR: 234.4–3012.3 pg/mL; P = 0.75; Figure 1A). There
was also no difference in sNEP levels in patients after cardiac
surgery (1040.8, IQR: 312.3–2689.6 pg/mL; n = 45) and heart
valve intervention (785.8, IQR: 71.7–7520.8; n = 26; P = 0.63;
Figure 1B). Figure 1C shows sNEP levels of medical patients
according cause of ICU admission. Interestingly, patients with
acute heart failure and cardiogenic shock did not show ele-
vated sNEP levels as compared with medical patients without
heart failure. In contrast, sNEP was markedly elevated in pa-
tients with sepsis and septic shock (P < 0.05). sNEP did not
correlate with the cardiac markers NT-proBNP (R = 0.06;
P = 0.42) and troponin T (R = �0.04; P = 0.53). Medical

patients displayed significantly higher NT-proBNP levels
(4402 pg/mL, IQR: 1370.5–15765.0 pg/ml vs. 2032 pg/mL,
IQR: 818.0–4415.0 pg/mL; P < 0.001, data not shown) as
compared with surgical/interventional patients. Patients re-
quiring extracorporeal membrane oxygenation (ECMO)
displayed significantly higher levels of sNEP compared with
patients without ECMO (1818.6, IQR: 701.8–10 000 pg/mL
vs. 551.1, IQR: 206.6–2893.3 pg/mL, P = 0.02). In addition,
sNEP was not associated with renal function (serum creati-
nine: R = 0.12; P = 0.08; blood urea nitrogen: R = 0.05;
P = 0.47) or the inflammatory parameters C-reactive protein
(R = �0.02; P = 0.77), procalcitonin (R = 0.11; P = 0.11) or leu-
cocyte count (R = �0.04; P = 0.56). In contrast, sNEP corre-
lated with serum lactate (R = 0.20; P = 0.004) at ICU
admission.

Neprilysin predicts mortality in surgical but not in
medical patients

In the total cohort, sNEP levels did not differ between 30 day
survivors and non-survivors (669.5, IQR: 235.8–3098.7 pg/mL
vs. 599.0, IQR: 252.8–2919.9 pg/mL; P = 0.83; Figure 2A).
However, in surgical patients and patients after
catheter-based valve interventions, sNEP levels were signifi-
cantly lower in survivors than non-survivors (660.2, IQR:

Table 1 Clinical and demographic baseline characteristics of the study population

Total (n = 222) Medical (n = 151) Cardiac surgery and valve intervention (n = 71) P value

Age (years) 67.0 (54.9–76.7) 65 (52.7–75.9) 69.6 (59.2–77.5) 0.14
Male gender, n (%) 133 (59.9%) 100 (66.2%) 37 (52.1%) 0.53
Vasopressor use, n (%) 130 (58.6%) 85 (56.3%) 45 (63.4%) <0.001
Mechanical ventilation, n (%) 130 (58.6%) 89 (58.9%) 41 (57.7%) 0.013
ECMO, n (%) 13 (5.9%) 9 (6%) 4 (5.6%) 1.00
Creatinine (mg/dL) 1.2 (0.9–2.0) 1.1 (0.9–1.7) 1.7 (1.2–2.8) <0.001
Bilirubin (mg/dL) 0.9 (0.5–1.5) 0.8 (0.5–1.3) 1.1 (0.6–1.8) 0.03
Lactate (mmol/L) 1.9 (1.2–3.2) 1.7 (1.2–2.7) 2.8 (1.3–6.7) 0.002
C-reactive protein (mg/dL) 3.9 (1.2–10.7) 3.5 (0.9–10.6) 4.8 (2.2–10.9) 0.14
Procalcitonin (ng/mL) 0.4 (0.1–1.8) 0.3 (0.1–1.0) 1.3 (0.4–5.0) <0.001
Leucocytes (G/L) 9.2 (7.0–13.5) 8.9 (7.1–13.4) 10.3 (6.5–15) 0.35
SAPS II score 44 (31–57) 49 (38–63) 32 (27–42) <0.001
STS score — — 2.56 (1.42–6.05) vs. 3.63 (2.50–5.64) 0.164
EuroSCORE II — — 2.82 (1.43–6.21) vs. 5.26 (2.04–10.62) 0.140

ECMO, extracorporeal membrane oxygenation; SAPSII, Simplified Acute Physiology Score; STS score, Society of Thoracic Surgeons Score.
Numbers are given as total count (n) and percentages (%) or as median and interquartile range. STS score is given for survivors vs.
non-survivors as median and interquartile range.

Table 2 Type of valve intervention and cardiac surgery (n = 71)

Heart valve intervention N = 26 (%)

TAVI 21 (80.8%)
Edge-to-edge mitral valve repair 5 (19.2%)
Cardiac surgery N = 45 (%)
Acute surgery 11 (24.44%)
CABG 15 (33.33%)
Valve surgery 11 (24.44%)
CABG + valve surgery 10 (22.22%)
Other 9 (20.0%)

CABG, coronary artery bypass grafting; TAVI, transcatheter aortic
valve implantation. Numbers are given as total count (n) and per-
centages (%).

Table 3 Primary diagnosis of medical patients admitted to the
intensive care unit (n = 151)

Primary diagnosis: N = 151 (100%)

Cardiopulmonary resuscitation 49 (32.45%)
Heart failure or cardiogenic shock 48 (31.79%)
Sepsis 19 (12.58%)
Pulmonary disease 16 (10.60%)
Other 19 (12.58%)

Numbers are given as total count (n) and percentages (%).
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156.4–2512.5 pg/ml vs. 6532.6, IQR: 1840.1–10000.0 pg/mL;
P = 0.02; Figure 2B). Conversely, sNEP was not associated
with survival in medical patients (survivors: 698.9,
IQR: 237.1–3263.3 pg/mL; non-survivors: 548.5, IQR:
224.1–1290.7 pg/mL; P = 0.32; Figure 2C). sNEP levels above

the median were significantly associated with mortality in pa-
tients after cardiac surgery or valve intervention (P < 0.05)
but not in medical patients (Figure 3). Cox-regression re-
vealed that sNEP predicted mortality independent from age,
gender, and the EuroSCORE II (hazard ratio for one standard

Figure 1 Neprilysin levels at admission to the intensive care unit. Soluble neprilysin levels of medical vs. surgical and valve intervention patients, at
time of admission to the intensive care unit (A); levels of neprilysin in patients after cardiac surgery or heart valve intervention (B); neprilysin levels in
medical patients according to primary diagnosis (C); *P < 0.05.

Figure 2 Neprilysin levels and 30 day survival. Serum levels of neprilysin in 30 day survivors and non-survivors in the total cohort (A), in patients that
were admitted due to cardiac surgery or heart valve intervention (B) and medical patients (C); *P < 0.05.

Figure 3 Survival according to neprilysin levels above or below the median. Survival according to neprilysin levels above (red line) or below (blue line)
the median in the total cohort (A), in patients that were admitted due to cardiac surgery or heart valve intervention (B) and in medical patients (C).
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deviation increase of neprilysin: 2.65, 95% confidence inter-
val 1.04–6.753; P = 0.041). Similar results were found using
sNEP, age, gender, and the STS-score (hazard ratio for one
standard deviation increase of neprilysin: 4.52, 95% confi-
dence interval 1.379–14.821; P = 0.013) or the SAPS II score
(hazard ratio for one standard deviation increase of
neprilysin: 2.35, 95% confidence interval 1.02–5.41;
P = 0.044).

Discussion

Within this single-centre, prospective observational study in-
cluding 222 critically ill patients we were able to elucidate the
prognostic value of sNEP in an unselected cohort of patients
admitted to a tertiary intensive care unit. Within the total
population, sNEP levels at admission displayed no prognostic
merit regarding 30 day mortality. Considering the heteroge-
neous causes of admission, patients were assigned into two
groups for further analyses: medical patients and patients un-
dergoing cardiac surgery or heart valve intervention. At the
time of admission, sNEP levels did not differ between the
two described groups. However, patients undergoing cardiac
surgery or heart valve intervention showed significantly in-
creased circulating levels in 30 day-non-survivors. Further-
more, sNEP-levels above the median of the observed
population were significantly associated with mortality. Addi-
tionally, sNEP was found to be a predictor of mortality inde-
pendent of age, gender, and commonly used scores of risk
prediction (EuroSCORE II, STS-score, and SAPS II score).

In the medical cohort of this study, 30 day mortality was in-
dependent of circulating sNEP-levels. This might be due to
the heterogeneity of the observed population and the vary-
ing stages of critical illness. For individual pathologies, the
use of single natriuretic peptides as risk predictors seems to
be more feasible. NT-proBNP was proven to exert diagnostic
and prognostic value in cardiac dysfunction and hypoxic re-
spiratory failure.16 Pro-ANP was found to be a valuable prog-
nostic biomarker in severe sepsis and septic shock.17 In
critically ill patients, NT-proCNP was associated with inflam-
matory parameters and markers of organ dysfunction.18 Al-
though NEP is ramified in the clearance of all natriuretic
peptides, their individual pathophysiological involvement
could hinder NEPs merged prognostic merit. Furthermore,
the biological activity of sNEP as compared to the
membrane-bound form of NEP is still a topic of discussion.
Whether elevated levels of sNEP are caused by increased de-
mand of substrate-cleaving or by release during cellular stress
and/or damage remains unclear.

Patients undergoing cardiac surgery or catheter-based
valve intervention displayed significantly increased sNEP
levels in 30 day-non-survivors. As described previously, NEP
was reported to cleave a wide variety of substrates. Thus, a

key role in binding and clearing natriuretic peptides was al-
ready established for the membrane-bound form.19 A recent
study underlined the connection of cardiac endocrine re-
sponse and NEP in patients suffering from HF. After the im-
plantation of a total artificial heart, MR-proANP, BNP, and
sNEP levels were found drastically reduced.20 This might hint
towards a predominant cardiac regulation of sNEP. Given the
prior reports on the prognostic value of natriuretic peptides
for the survival of patients undergoing cardiac surgery and
catheter-based valve interventions, our data might align with
these findings, as the majority of the patients in this group
underwent valve and or bypass surgery. For aortic stenosis,
a link to elevated NEP content as well as NEP enzymatic activ-
ity was already established in cardiomyocytes.21 Elevated
peak postoperative BNP levels predicted long-term physical
function after primary CABG surgery.22 Again, as most of
the discussed findings are applicable for membrane-bound
NEP, the influence of NPs on sNEP remains likely, but un-
proven. Within a population undergoing major
surgery/interventions such as ours, the presence of signifi-
cant cellular stress as well as tissue damage and consequent
sNEP release seems likely. Following these assumptions, sNEP
could be indirectly affected by factors such as cardiac wall
stress, haemodynamic aspects, temporary ischemia, tissue
damage, and inflammatory involvement, circumstances as
they occur following cardiac surgery and catheter-based valve
interventions with worse outcome. Moreover, the procedures
themselves may directly cause the rise in sNEP. The described
prognostic properties within the surgical/interventional col-
lective may be caused by the homogeneous underlying pa-
thologies. Among the non-survivors in this study, a high
percentage (80%) of patients required postoperative ECMO
implantation and consecutively died from multiple organ fail-
ure. Whether these patients had initially high sNEP levels be-
fore surgery due to advanced cardiac disease, which leads to
a complicated periprocedural course requiring ECMO support
or whether periprocedural factors lead to an increase of sNEP
after surgery cannot be answered by our study. However, a
combined causality seems plausible.

When comparing medical patients to those undergoing
cardiac surgery/heart valve intervention, several findings
warrant further discussion. Although medical patients
displayed significantly higher NT-proBNP levels, sNEP did
not differ between medical and surgical/interventional pa-
tients. This might hint towards a release during cellular stress
and/or damage rather than a regulation by NPs. However,
among NPs, BNP was reported to be relatively resilient to
the degradation exerted by NEP. Furthermore, medical pa-
tients showed significantly higher SAPS II scores on average.
It was previously described that BNP might even act as an en-
dogenous neprilysin inhibitor, marking low NEP levels in pa-
tients suffering from severe HF.23 This might be partially
applicable to our medical cohort comprised of critically ill pa-
tients with a variety of underlying heart diseases.
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In the total cohort, NEP was found to be associated with
serum lactate at the time of admission. Lactate levels are cru-
cially influenced by the general haemodynamic status and ox-
ygen supply. Given the previously discussed presumption of
holistically influenced sNEP levels, this finding might be ex-
plained. Interestingly, when comparing the primary diagnosis
leading to ICU admission, patients suffering from sepsis and
septic shock displayed significantly increased levels of sNEP.
Previous studies already demonstrated the occurrence of a
membrane-bound NEP-form (CD10) in human neutrophils.
The percentage of NEP (CD10) positive neutrophils was found
to be linked with the severity of infection and the clinical out-
come of the observed patients.24 In addition to reporting a
decreased NEP (CD10) expression in patients with septic
shock, the work of Martens et al. proposes a decrease
throughout the time of infection.25 An additional link be-
tween NEP and sepsis can be found in the regulation of
adrenomedullin (ADM). ADM regulates endothelial perme-
ability as well as vascular tone during sepsis. Within the
AdrenOSS-1 study associations between bio-ADM upon ad-
mission to the ICU and 28 day mortality as well as the SOFA
score were observed.26 Recently published, Arfsten et al. con-
nected ARNi-treatment to a significant increase of
MR-proADM and bio-ADM in patients suffering from heart
failure with reduced ejection fraction, indirectly confirming
an association of NEP and ADM.27 Connecting these findings
with our data, one could assume an association of decreasing
membrane-bound NEP on neutrophils and increased levels of
sNEP. Whether this is caused by ectodomain shedding, or cell
death remains speculative. Due to the nature of our study de-
sign, membrane-bound NEP was not measured, leaving a
clear answer to the balance of membrane-bound and soluble
NEP beyond the scope of this study.

Limitations

There are several limitations of this study. With a
single-centre study design, potential selection bias could
not be controlled for. In addition, the heterogeneity of the
study population can be seen as a limitation. Still, the nature
of an all-comer study might be the strength of our design as it
accurately reflects the patient population ICU physicians are
confronted with on a daily basis. Due to the nature of the
study with few exclusion criteria, a 24 h time window for
the sample collection was established, since collection and

analyses were not possible during the night-time. Although
most samples were collected in a rather timely manner, a po-
tential bias created by this 24 h window cannot be ruled out.
Initial sample size calculation was done for the total cohort,
leaving analyses in sub-groups potentially underpowered.
However, the fact that non-survivors in the
surgery/interventional groups displayed markedly elevated
sNEP levels (median 660.2 pg/mL vs. 6532.6 pg/mL) may sug-
gest biologic plausibility of the observed differences. Further-
more, due to the nature of an observational clinical study we
cannot conclude any functional insights to NEP activity. Fur-
ther studies are required to illuminate potential pathophysio-
logical mechanisms involving NEP.

Conclusions

In summary, the present study comprises three major find-
ings. First, within the total population, sNEP levels at the time
of admission had no prognostic value regarding 30 day mor-
tality. Second, patients undergoing cardiac surgery or
catheter-based valve intervention showed significantly in-
creased circulating levels of sNEP in 30 day non-survivors.
Third, patients suffering from sepsis or septic shock as pri-
mary cause of admission displayed significantly increased
levels of circulating NEP. These findings are in line with liter-
ature and could be explained through shedding by neutro-
phils. Our study might help in risk prediction for critically ill
surgical/interventional patients and to shed some light on
the involvement of sNEP in sepsis and septic shock.
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