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Neprilysin

Neprilysin (NEP) was more or less unrecognised by the cardiovascular 

community until 2014 when the Prospective Comparison of ARNi With 

ACEi to Determine Impact on Global Mortality and Morbidity in Heart 

Failure (PARADIGM-HF) study reported impressive clinical benefits 

resulting from the combination of an angiotensin receptor blocker 

(ARB) with a neprilysin inhibitor (angiotensin receptor neprilysin 

inhibitor [ARNi]) over angiotensin-converting enzyme (ACE) inhibition in 

heart failure with reduced ejection fraction (HFrEF).1 The study was 

stopped prematurely due to the positive results. The first ARNi holds a 

class IB recommendation for stable systolic heart failure (HF) with a left 

ventricular ejection fraction (LVEF) of ≤35% in individuals who remain 

symptomatic on recommended doses of ACE inhibitors/ARBs and have 

elevated natriuretic peptide levels according to current treatment 

guidelines.2 

More recent data suggest that an extended spectrum of HFrEF patients, 

including those with moderately-to-mildly reduced LVEF, might also 

benefit from the therapy. Although the Efficacy and Safety of LCZ696 

Compared to Valsartan on Morbidity and Mortality in Heart Failure 

Patients with Preserved Ejection Fraction (PARAGON-HF) study, which 

tested ARNi in HF patients with LVEF 45% or higher, missed its primary 

endpoint, subgroup analysis implied it had a beneficial effect in patients 

with lower LVEF and, interestingly, women.3 

The Comparison of Sacubitril/Valsartan Versus Enalapril on Effect on 

NT-proBNP in Patients Stabilized from an Acute Heart Failure Episode 

(PIONEER-HF) and Comparison of Pre- and Post-discharge Initiation of 

LCZ696 Therapy in HFrEF Patients After an Acute Decompensation 

Event (TRANSITION) studies imply that initiation in decompensated HF 

patients is safe and effective.4,5 The new guidelines of the European 

Society of Cardiology are egarely awaited, especially concerning a 

potential upvaluation of ARNi within the therapeutic algorithm for 

treating HF. 

The success of this new therapeutic strategy has encouraged research 

into the role of NEP in HF, the regulation NEP and the mechanism of 

action of NEP inhibition. Understanding NEP regulation would probably 

enable the assessment of an individual patient’s NEP status, which is 

potentially useful for risk stratification and therapy guidance, and may 

reveal previously unrecognised pathomechanisms of HF, paving the 

way for novel therapies.

Biology of Neprilysin 
The human genome covers about 686 putative peptidases that regulate 

the breakdown of bioactive peptides involved in key biological processes.6 

The zinc-dependent metallopeptidases form a large group of enzymes 

that includes NEP, ACE, carboxypeptidases and collagenases, among 

others.7 Human endopeptidase NEP shows a highly conserved sequence 

homology with other species, including rodents and pigs.8 It consists of 

749 amino acid residues and, as a type II integral membrane protein, is 

located in the plasma membrane with the active site facing the 

extracellular space. This multisubstrate-metabolizing enzyme generally 
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hydrolyses peptides of up to about 50 amino acids long, preferring the 

amino-terminal side of hydrophobic residues; it sometimes acts more 

efficiently as a dipeptidyl carboxypeptidase than a true endopeptidase.7 

Given the diverse range of substrates, NEP has been discovered in many 

different enzymatic contexts in the past, resulting in it having multiple 

names, including membrane metalloendopeptidase EC 3.4.24.11, neutral 

endopeptidase 24.11, endoprotease 24.11, common acute lymphoblastic 

leukaemia antigen (CALLA), neutrophil antigen cluster differentiation 

antigen 10 (CD10) and enkephalinase. 

NEP is believed to be involved in the degradation of natriuretic peptides, 

including atrial natriuretic peptide (ANP) and B-type natriuretic peptide 

(BNP), adrenomedullin, endothelin-1 and angiotensin II, as well as 

primarily non-vasoactive peptides, such as glucagon, glucagon-like 

peptide, enkephalins and somatostatin.9 The specificity of NEP is 

determined by the length and subsites of the substrate and the 

dissociation rate of the two metabolites formed on release from the 

active site.7 Although the affinity of NEP towards its putative substrates 

may be predicted to some degree, and turnover rates have been 

investigated for some peptides, its singular functional relevance is 

difficult to forecast in vivo. Moreover, NEP is a fairly ubiquitous enzyme. 

It is found in the highest concentrations within the kidneys, followed by 

the gastrointestinal tract, liver, male genital organs, lungs and adipose 

tissue, and has also been detected in the brain and heart.10 NEP is 

expressed on a variety of cells, including epithelial cells, endothelial 

cells, fibroblasts, smooth muscle cells and cardiac myocytes.11

Neprilysin Inhibition by Sacubitril/Valsartan
PARADIGM-HF was the first study definitively proving that NEP inhibition 

is beneficial in HFrEF, after decades of research investigating the effects 

of different NEP inhibitors in animal models, as well as human HF and 

hypertension. NEP inhibition consistently resulted in an increase in 

circulating natriuretic peptides (ANP and BNP), and was related to 

natriuretic peptide effects via elevated cyclic guanosine monophosphate 

concentrations, vasodilation and natriuresis.12–15 The enhanced activity 

of bradykinin, another substrate of NEP, might contribute to the beneficial 

effects, but this effect is still to be investigated in combination with an 

ARB/ARNi.16 NEP inhibition was regarded to primarily affect the 

natriuretic peptide system, whereas simultaneously activated the renin–

angiotensin system (RAS). The inhibition of NEP was subsequently 

discussed as a beneficial cardiovascular target alongside the use of ACE 

inhibitors, which again alleviate the non-desirable activation of RAS. 

Encouraging preclinical data have led to the NEP inhibitor omapatrilat 

being tested in HF. 

In the Inhibition of Metalloprotease by omapatrilat in a Randomized 

Exercise Symptoms Study with heart failure (IMPRESS), omapatrilat reduced 

the composite endpoint compared to lisinopril in symptomatic HF patients 

already on an ACE inhibitor.17 However, when compared to enalapril in the 

Phase III Omapatrilat Versus Enalapril Randomized Trial of Utility in Reducing 

Events (OVERTURE), omapatrilat failed to show a reduction in the primary 

endpoint in symptomatic HF patients already on an ACE inhibitor.18 The 

increased risk of severe angioedema, probably due to excess bradykinin, 

led to the cessation of vasopetidase, that is, a NEP inhibitor plus an ACE 

inhibitor, development. This problem could be overcome by combining a 

NEP inhibitor with ARB instead of an ACE inhibitor in ARNi.

In healthy controls, the administration of sacubitril/valsartan results in 

dose-dependent increases in ANP, cyclic guanosine monophosphate, 

renin concentration and activity, as well as angiotensin II.19 An increase in 

renin and angiotensin II is also observed in HFrEF patients shortly after 

therapy initiation.20 Notably, angiotensin II actions are assumedly 

sufficiently blocked by the ARB component. Moreover, NEP inhibition in 

HFrEF leads to increased circulating levels of NEP substrates, such as ANP, 

glucagon-like peptide 1 and substance-P.21 Beyond these changes in 

plasma levels of bioactive peptides, which might be based on direct or 

indirect effects of NEP inhibition, more clinically apparent features of ARNi 

therapy have been described. ARNi results in a long-term improvement in 

echocardiographic parameters, might improve functional mitral 

regurgitation, exerts nephroprotective effects and improves glycaemic 

control.22–25 The precise mechanisms underlying these clinical features 

and, most interestingly, how NEP inhibition reduces cardiovascular 

mortality and HF hospitalisation remain elusive. Understanding NEP 

regulation in HF conditions and the effects during treatment with NEP 

inhibitors would grant profound insight into the pathophysiology of HFrEF, 

which is necessary for the progression of HF therapy.

Neprilysin as a Biomarker
Given the convincing clinical benefit of NEP inhibition in HFrEF, it should 

be assumed that individual NEP regulation is associated with disease 

severity, therapy response, the occurrence of side-effects and outcome. 

The precise determination of NEP regulation could therefore be of great 

importance, especially as the number of patients treated with the drug 

is growing rapidly. Biomarker-guided strategies might enable the 

monitoring and optimisation of therapies in individuals. NEP inhibition is 

excitingly successful in HF, but also seems to exert beneficial effects on 

other conditions, such as chronic kidney disease (CKD) and diabetes.1,23 

Understanding how NEP is regulated and the mechanisms involved in 

NEP inhibition might cast light on the pathomechanisms of HF and 

systemic disease, possibly pointing to novel therapeutic targets.

To date, the clinical utility of measuring circulating NEP, that is, NEP 

concentrations or activity or neutrophil NEP expression, is hypothetical. 

Establishing reliable analytical methods for determining NEP 

concentrations and actions are a prerequisite. Yet, the determination of 

NEP – or at least its concentration – seems to be challenging. 

Circulating Neprilysin 
Circulating plasma biomarkers represent the most convenient and feasible 

approach to addressing this issue. NEP, like many other membrane-bound 

metalloproteases, can be released from the cell surface by ectodomain 

shedding into the extracellular milieu, resulting in a non-membrane-

associated ‘soluble’ form containing the catalytically active site. The 

processes responsible for the externalisation of the enzyme are largely 

unknown. A disintegrin and metalloprotease 17 (ADAM-17) plays a role in 

NEP release.26 Endothelial cells and human adipose-derived mesenchymal 

stem cells may also secrete NEP-bound exosomes.26,27 NEP is not only 

ubiquitously expressed in various tissues but can also be found on 

peripheral blood cells (called CD10 here), primarily on neutrophils. Figure 1 

illustrates the relationship between tissue NEP and its mebrane and non-

membrane associated circulating forms. The following section summarises 

data on the possible use of different forms of circulating NEP as a 

biomarker, with a focus on cardiovascular diseases.

Non-membrane-associated Serum/
Plasma Neprilysin Concentrations
Non-membrane-associated NEP has been detected in serum/plasma in 

addition to urine, cerebrospinal and synovial fluid.28,29 Circulating NEP 

concentrations have been evaluated in several types of HF and some 

other cohorts. Table 1 summarises the studies investigating circulating 
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NEP in distinct diseases. Although there is a reasonable rationale as to 

why serum/plasma NEP might be related to disease states and 

prognosis in various cohorts, NEP levels were rarely observed to be 

associated with disease severity and outcomes. 

To date, seven studies have been conducted in HF cohorts: four 

included stable HFrEF, one acute decompensated HF and two HF with 

preserved ejection fraction (HFpEF). The first and largest study, which 

included 1,069 HFrEF patients reported a significant direct association 

between serum NEP concentrations and cardiovascular mortality with 

NEP as a risk factor, but no correlation between serum NEP and HF 

disease severity, as assessed by left ventricular ejection fraction, New 

York Heart Association class or N-terminal pro hormone BNP 

(NT-proBNP) levels.30 The same group reported data in an equally large, 

mostly HFrEF population, where elevated circulating NEP concentrations 

were associated with increased all-cause and HF hospitalisations.31 

Again, circulating NEP concentrations were not related to HF severity 

or treatment.31 Circulating NEP concentrations were lower in 

decompensated HF than stable HF in another study.32 The initiation of 

ARNi therapy in HFrEF did not alter plasma NEP concentrations.21,33 For 

HFpEF, plasma NEP concentrations could not be associated with 

functional status or outcome.34,35 

With regard to non-HF cohorts, plasma NEP concentrations did not 

correlate with NT-proBNP, haemodynamic parameters or outcome in 

pulmonary hypertension.36 In ST-elevation MI patients, plasma NEP levels 

did not change significantly in the early phase or 1 month after reperfusion 

and there was no association with infarct size, inflammation or outcome at 

1 year.37 For patients with CKD, plasma NEP concentrations were not 

associated with hospitalisation for HF or atherosclerotic cardiovascular 

events.38 In contrast to these neutral results, elevated plasma NEP 

concentrations were associated with higher all-cause mortality in out-of-

hospital cardiac arrest patients, albeit NEP levels were not related to 

lactate.39 In a relatively large community-based population study including 

1,536 individuals, circulating NEP concentrations were not associated with 

natriuretic peptides or outcomes; however, a link between low NEP levels 

and an adverse cardiovascular risk profile was suggested.40 NEP is thought 

to play a major role in cancer development and progression.41 Nevertheless, 

there were no differences in plasma NEP concentrations for distinct 

tumour entities or stages, whereas it seemed to be a risk factor for 

mortality in myelodysplastic disease.42 

It seems that plasma NEP concentrations are poor predictors of 

outcomes in HF and other diseases and might not be ideal biomarkers. 

The major limitation in interpreting these data is the lack of consistency 

between the different immunoassays used, as also there are no data 

available on pre-analytics, constitution of NEP fragments and 

corresponding antibodies.16

Non-membrane-associated Circulating Neprilysin Activity
Circulating NEP retains some of its catalytic activity, as NEP activity is 

detectable in plasma. It has been suggested that plasma NEP activity 

Figure 1: Schematic Overview of Neprilysin (Content of Various Tissues, Location of the Enzyme and its Active Site,  
Mechanisms for Externalisation and Possible Forms of Circulating Neprilysin)
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might correlate with circulating concentrations of NEP fragments.43 

However, the study investigating chronic and decompensated acute HF 

patients found no correlation between plasma NEP concentrations and 

activity.32 Plasma NEP concentrations were not related to activity in 

CKD patients either.38 In contrast, NEP inhibition in HFrEF patients 

receiving ARNi therapy resulted in decreased plasma NEP activity.21 In 

CKD, higher plasma NEP activity, but not concentration, was associated 

with a lower incidence of hospitalisation for HF or cardiovascular 

events.38 Plasma NEP activity has also been implicated in other non-HF 

contexts. Plasma NEP activity increased with indices of metabolic 

syndrome, such as insulin resistance, homeostatic model assessment 

index and BMI, in 318 otherwise-healthy adults in a previously published 

study.44 In patients with juvenile idiopathic arthritis, plasma NEP activity 

was lower than in control subjects.45 

Membrane-associated and circulating NEP exhibit similar affinity for 

inhibitors, optimal pH and Km (Michaelis constant) range, although the 

maximum reaction rate of circulating NEP is lower than its membrane-

associated equivalent; therefore, in vivo NEP activity is believed to be 

predominantly tissue-based.46,47 In vivo measurement of tissue NEP activity 

has not been established and is not feasible. Circulating NEP activity might 

better reflect tissue NEP regulation, suggesting its superior ability as a 

biomarker when compared to circulating NEP concentrations. However, 

the contribution of different tissues to systemic NEP actions remains 

unclear. As NEP has a wide anatomical distribution and diverse biological 

functions, it can be assumed that its regulation is complex and that altered 

levels might be found in many disease types. Cardiac disease-specific 

changes might be difficult to outline.

Functional Membrane Neprilysin Expression on Neutrophils
As discussed, there are currently no data on the relationship between 

tissue NEP activity and plasma NEP concentrations or activity. Based on 

the poor association of plasma NEP measures with clinically relevant 

parameters and the unknown mechanisms involved in enzyme release, 

it may be assumed that tissue NEP is not related to plasma NEP 

measures. Consequently, the assessment of functional, membrane-

associated NEP might be more reasonable. As discussed, NEP is 

ubiquitously expressed in various tissues and on peripheral blood cells 

(here called CD10), primarily on neutrophils. NEP on neutrophils may 

play a role in chemotaxis and neutrophil responsiveness to inflammatory 

stimuli.48,49 It has been shown to modulate neutrophil function by 

regulating concentrations of ANP and BNP.50 

NEP expression on neutrophils has rarely been investigated, and in 

different settings immunoreactive NEP expression on neutrophils was 

upregulated on the addition of stimulating agents and neutrophil NEP 

fluorescence was elevated in the early phase of acute MI, returning to 

normal values 7 days after the event.50,51 Patients with severe infections 

showed a marked decrease in neutrophil NEP expression; septic 

patients were characterised by decreased neutrophil CD10 expression 

capacity.51,52 NEP null mice appeared developmentally normal but were 

sensitive to endotoxic shock.53 A study of 99 patients with HFrEF 

confirmed the abundant expression of NEP on granulocytes.53 NEP 

fluorescence intensities were inversely correlated with HF disease 

severity, that is, NT-proBNP levels and New York Heart Association 

class, whereas higher expression levels seemed to be associated with 

better overall survival.54

In summary, against the background of beneficial effects of NEP 

inhibition, the association between increased NEP expression and 

better disease state seems counterintuitive. Interesingly, data from the 

PARADIGM study imply that more stable patients, who might be 

characterised by higher NEP expression, profit more from NEP inhibition 

than those with more advanced disease.55 Within this context, the role 

of neutrophil NEP expression and its possible relationship with 

proinflammatory state remains to be understood. Whether neutrophil 

NEP expression could be a surrogate for systemic tissue NEP activity or 

may be associated with HFrEF outcomes through its reflection of 

inflammatory predisposition needs to be investigated in future studies.

Urinary Neprilysin and Neprilysin in Cerebrospinal Fluid 
For the sake of completeness on non-tissue-based NEP measurements, 

determination of NEP in urine and cerebrospinal fluid will be discussed 

shortly. NEP expression is highest in the kidneys, yet the main location 

of the enzyme is within the brush border of the proximal tubule on the 

luminal site. Urinary NEP concentrations are increased in critically ill 

patients with acute kidney injury and in patients with diabetes, 

especially those with microalbuminuria, suggesting that urinary NEP 

might be an indicator of acute and chronic kidney injury.56,57 However, 

urinary concentrations are not correlated with plasma concentrations, 

resulting in questions about the contribution of kidney NEP regulation 

to plasma NEP levels.56 

NEP in cerebrospinal fluid has been investigated in Alzheimer’s disease. 

This disease is characterised by amyloid-beta deposits resulting from a 

disturbed balance between amyloid-beta biosynthesis and clearance.58 

NEP is a member of the amyloid degrading enzyme family and seems 

to be the major enzyme responsible for amyloid-beta breakdown in the 

brain.59 A meta-analysis showed that NEP expression and activity are 

reduced in the cortex of individuals with Alzheimer’s disease.60 

Accordingly, these patients have lower NEP activity levels in the 

cerebrospinal fluid compared to controls.61 NEP upregulation could 

therefore be a valuable therapeutic target in combatting Alzheimer’s 

disease. However, unselective upregulation of NEP might have 

deleterious effects on the cardiovascular system. The long-term effects 

of NEP inhibition by sacubitril/valsartan, with the potential promotion of 

amyloid accumulation in the brain, need to be fully assessed. 

Future Directions 
The utility of non-membrane-associated circulating NEP concentrations 

and activity as biomarkers of NEP regulation are limited, as the 

physiological actions of NEP are localised to the tissues. Further studies 

are needed to investigate tissue NEP regulation in HF and establish a 

relationship with HF disease states and outcomes. Membrane-

associated neutrophil NEP expression may be a surrogate for tissue 

NEP regulation or proinflammatory state. 

1.	 McMurray JJ, Packer M, Desai AS, et al. Angiotensin-neprilysin 
inhibition versus enalapril in heart failure. N Engl J Med 
2014;371:993–1004. https://doi.org/10.1056/NEJMoa1409077; 
PMID: 25176015.

2.	 Ponikowski P, Voors AA, Anker SD, et al. 2016 ESC guidelines 
for the diagnosis and treatment of acute and chronic heart 
failure: the Task Force for the Diagnosis and Treatment of 
Acute and Chronic Heart Failure of the European Society of 
Cardiology (ESC). Developed with the special contribution of 

the Heart Failure Association (HFA) of the ESC. Eur Heart J 
2016;37:2129–200. https://doi.org/10.1093/eurheartj/ehw128; 
PMID: 27206819.

3.	 Solomon SD, McMurray JJV, Anand IS, et al. Angiotensin-
neprilysin inhibition in heart failure with preserved ejection 
fraction. N Engl J Med 2019;381:1609–20. https://doi.
org/10.1056/NEJMoa1908655; PMID: 31475794.

4.	 Velazquez EJ, Morrow DA, DeVore AD, et al. Angiotensin-
neprilysin inhibition in acute decompensated heart failure. 

N Engl J Med 2019;380:539–48. https://doi.org/10.1056/
NEJMoa1812851; PMID: 30415601.

5.	 Wachter R, Senni M, Belohlavek J, et al. Initiation of sacubitril/
valsartan in haemodynamically stabilised heart failure patients 
in hospital or early after discharge: primary results of the 
randomised TRANSITION study. Eur J Heart Fail 2019;21:998–
1007. https://doi.org/10.1002/ejhf.1498; PMID: 31134724.

6.	 Rawlings ND, Barrett AJ, Thomas PD, et al. The MEROPS 
database of proteolytic enzymes, their substrates and 

https://doi.org/10.1056/NEJMoa1409077
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1056/NEJMoa1908655
https://doi.org/10.1056/NEJMoa1908655
https://doi.org/10.1056/NEJMoa1812851
https://doi.org/10.1056/NEJMoa1812851
https://doi.org/10.1002/ejhf.1498


Neprilysin as a Biomarker

CARDIAC FAILURE REVIEW

inhibitors in 2017 and a comparison with peptidases in the 
PANTHER database. Nucleic Acids Res 2018;46:D624–32. https://
doi.org/10.1093/nar/gkx1134; PMID: 29145643.

7.	 Roques BP, Noble F, Dauge V, et al. Neutral endopeptidase 
24.11: structure, inhibition, and experimental and clinical 
pharmacology. Pharmacol Rev 1993;45:87–146. PMID: 8475170.

8.	 Erdös EG, Skidgel RA. Neutral endopeptidase 24.11 
(enkephalinase) and related regulators of peptide hormones. 
FASEB J 1989;3:145–51. https://doi.org/10.1096/
fasebj.3.2.2521610; PMID: 2521610.

9.	 BRENDA: The Comprehensive Enzyme Information System. 
Available at: https://www.brenda-enzymes.org/enzyme.
php?ecno=3.4.24.11 (accessed 15 May 2020).

10.	 Arrigo M, Vodovar N, Nougue H, et al. The heart regulates the 
endocrine response to heart failure: cardiac contribution to 
circulating neprilysin. Eur Heart J 2018;39:1794–8. https://doi.
org/10.1093/eurheartj/ehx679; PMID: 29244074.

11.	 Kokkonen JO, Kuoppala A, Saarinen J, et al. Kallidin- 
and bradykinin-degrading pathways in human heart: 
degradation of kallidin by aminopeptidase M-like activity 
and bradykinin by neutral endopeptidase. Circulation 
1999;99:1984–90. https://doi.org/10.1161/01.cir.99.15.1984; 
PMID: 10209002.

12.	 Richards AM, Wittert GA, Crozier IG, et al. Chronic inhibition of 
endopeptidase 24.11 in essential hypertension: evidence for 
enhanced atrial natriuretic peptide and angiotensin II. J 
Hypertens 1993;11:407–16. https://doi.org/10.1097/00004872-
199304000-00011; PMID: 8390508.

13.	 Richards M, Espiner E, Frampton C, et al. Inhibition of 
endopeptidase EC 24.11 in humans. Renal and endocrine 
effects. Hypertension 1990;16:269–76. https://doi.
org/10.1161/01.hyp.16.3.269; PMID: 2144260.

14.	 Lainchbury JG, Richards AM, Nicholls MG, et al. Brain 
natriuretic peptide and neutral endopeptidase inhibition in left 
ventricular impairment. J Clin Endocrinol Metab 1999;84:723–9. 
https://doi.org/10.1210/jcem.84.2.5489; PMID: 10022444.

15.	 Florkowski CM, Richards AM, Espiner EA, et al. Low-dose brain 
natriuretic peptide infusion in normal men and the influence 
of endopeptidase inhibition. Clin Sci (Lond) 1997;92:255–60. 
https://doi.org/10.1042/cs0920255; PMID: 9093005.

16.	 Bayes-Genis A, Barallat J, Richards AM. A test in context: 
neprilysin: function, inhibition, and biomarker. J Am Coll Cardiol 
2016;68:639–53. https://doi.org/10.1016/j.jacc.2016.04.060. 
PMID: 27491909.

17.	 Rouleau JL, Pfeffer MA, Stewart DJ, et al. Comparison of 
vasopeptidase inhibitor, omapatrilat, and lisinopril on exercise 
tolerance and morbidity in patients with heart failure: IMPRESS 
randomised trial. Lancet 2000;356:615–20. https://doi.
org/10.1016/s0140-6736(00)02602-7; PMID: 10968433.

18.	 Packer M, Califf RM, Konstam MA, et al. Comparison of 
omapatrilat and enalapril in patients with chronic heart failure: 
the Omapatrilat Versus Enalapril Randomized Trial of Utility in 
Reducing Events (OVERTURE). Circulation 2002;106:920–6. 
https://doi.org/10.1161/01.cir.0000029801.86489.50; 
PMID: 12186794.

19.	 Ayalasomayajula S, Langenickel T, Pal P, et al. Clinical 
pharmacokinetics of sacubitril/valsartan (LCZ696): a novel 
angiotensin receptor-neprilysin inhibitor. Clin Pharmacokinet 
2017;56:1461–78. https://doi.org/10.1007/s40262-017-0543-3; 
PMID: 28417439.

20.	 Pavo N, Wurm R, Goliasch G, et al. Renin-angiotensin system 
fingerprints of heart failure with reduced ejection fraction. J 
Am Coll Cardiol 2016;68:2912–4. https://doi.org/10.1016/j.
jacc.2016.10.017; PMID: 28007153.

21.	 Nougue H, Pezel T, Picard F, et al. Effects of sacubitril/valsartan 
on neprilysin targets and the metabolism of natriuretic 
peptides in chronic heart failure: a mechanistic clinical study. 
Eur J Heart Fail 2019;21:598–605. https://doi.org/10.1002/
ejhf.1342; PMID: 30520545.

22.	 Kang DH, Park SJ, Shin SH, et al. Angiotensin receptor 
neprilysin inhibitor for functional mitral regurgitation. 
Circulation. 2019;139:1354–65. https://doi.org/10.1161/
CIRCULATIONAHA.118.037077; PMID: 30586756.

23.	 Seferovic JP, Claggett B, Seidelmann SB, et al. Effect of 
sacubitril/valsartan versus enalapril on glycaemic control in 
patients with heart failure and diabetes: a post-hoc analysis 
from the PARADIGM-HF trial. Lancet Diabetes Endocrinol 
2017;5:333–40. https://doi.org/10.1016/S2213-8587(17)30087-
6; PMID: 28330649.

24.	 Packer M, Claggett B, Lefkowitz MP, et al. Effect of neprilysin 
inhibition on renal function in patients with type 2 diabetes 
and chronic heart failure who are receiving target doses of 
inhibitors of the renin-angiotensin system: a secondary 

analysis of the PARADIGM-HF trial. Lancet Diabetes Endocrinol 
2018;6:547–54. https://doi.org/10.1016/S2213-8587(18)30100-
1; PMID: 29661699.

25.	 Januzzi JL, Jr., Prescott MF, Butler J, et al. Association of change 
in N-terminal pro-B-type natriuretic peptide following initiation 
of sacubitril-valsartan treatment with cardiac structure and 
function in patients with heart failure with reduced ejection 
fraction. JAMA 2019;322:1085–95. https://doi.org/10.1001/
jama.2019.12821; PMID: 31475295.

26.	 Kuruppu S, Rajapakse NW, Minond D, et al. Production of 
soluble neprilysin by endothelial cells. Biochem Biophys Res 
Commun 2014;446:423–7. https://doi.org/10.1016/j.
bbrc.2014.01.158; PMID: 24495806.

27.	 Katsuda T, Tsuchiya R, Kosaka N, et al. Human adipose tissue-
derived mesenchymal stem cells secrete functional neprilysin-
bound exosomes. Sci Rep 2013;3:1197. https://doi.org/10.1038/
srep01197; PMID: 23378928.

28.	 Matucci-Cerinic M, Lombardi A, Leoncini G, et al. Neutral 
endopeptidase (3.4.24.11) in plasma and synovial fluid of 
patients with rheumatoid arthritis. A marker of disease activity 
or a regulator of pain and inflammation? Rheumatol Int 
1993;13:1–4. https://doi.org/10.1007/bf00290326; 
PMID: 8390712.

29.	 Spillantini MG, Geppetti P, Fanciullacci M, et al. In vivo 
‘enkephalinase’ inhibition by acetorphan in human plasma 
and CSF. Eur J Pharmacol 1986;125:147–50. https://doi.
org/10.1016/0014-2999(86)90094-4; PMID: 3015640.

30.	 Bayes-Genis A, Barallat J, Galan A, et al. Soluble neprilysin is 
predictive of cardiovascular death and heart failure 
hospitalization in heart failure patients. J Am Coll Cardiol 
2015;65:657–65. https://doi.org/10.1016/j.jacc.2014.11.048; 
PMID: 25677426.

31.	 Nunez J, Nunez E, Barallat J, et al. Serum neprilysin and 
recurrent admissions in patients with heart failure. J Am Heart 
Assoc 2017;6:e005712. https://doi.org/10.1161/
JAHA.117.005712; PMID: 28862951.

32.	 Vodovar N, Seronde MF, Laribi S, et al. Elevated plasma 
B-type natriuretic peptide concentrations directly inhibit 
circulating neprilysin activity in heart failure. JACC Heart Fail 
2015;3:629–36. https://doi.org/10.1016/j.jchf.2015.03.011; 
PMID: 26251090.

33.	 Revuelta-Lopez E, Nunez J, Gastelurrutia P, et al. Neprilysin 
inhibition, endorphin dynamics, and early symptomatic 
improvement in heart failure: a pilot study. ESC Heart Fail 
2020;7:559–66. https://doi.org/10.1002/ehf2.12607; 
PMID: 32045114.

34.	 Goliasch G, Pavo N, Zotter-Tufaro C, et al. Soluble neprilysin 
does not correlate with outcome in heart failure with 
preserved ejection fraction. Eur J Heart Fail 2016;18:89–93. 
https://doi.org/10.1002/ejhf.435; PMID: 26725876.

35.	 Lyle MA, Iyer SR, Redfield MM, et al. Circulating neprilysin in 
patients with heart failure and preserved ejection fraction. 
JACC Heart Fail 2020;8:70–80. https://doi.org/10.1016/j.
jchf.2019.07.005; PMID: 31392960.

36.	 Yoshihisa A, Yokokawa T, Misaka T, et al. Soluble neprilysin 
does not correlate with prognosis in pulmonary hypertension. 
ESC Heart Fail 2019;6:291–6. https://doi.org/10.1002/
ehf2.12404; PMID: 30681298.

37.	 Bernelin H, Mewton N, Si-Mohamed S, et al. Neprilysin levels 
at the acute phase of ST-elevation myocardial infarction. Clin 
Cardiol 2019;42:32–8. https://doi.org/10.1002/clc.23090; 
PMID: 30284298.

38.	 Emrich IE, Vodovar N, Feuer L, et al. Do plasma neprilysin 
activity and plasma neprilysin concentration predict cardiac 
events in chronic kidney disease patients? Nephrol Dial 
Transplant 2019;34:100–8. https://doi.org/10.1093/ndt/gfy066; 
PMID: 29635392.

39.	 Zelniker TA, Spaich S, Stiepak J, et al. Serum neprilysin and the 
risk of death in patients with out-of-hospital cardiac arrest of 
non-traumatic origin. Eur Heart J Acute Cardiovasc Care 
2018:2048872618815062. https://doi.org/10.1177/ 
2048872618815062; PMID: 30449136.

40.	 Reddy YNV, Iyer SR, Scott CG, et al. Soluble neprilysin in the 
general population: clinical determinants and its relationship 
to cardiovascular disease. J Am Heart Assoc 2019;8:e012943. 
https://doi.org/10.1161/JAHA.119.012943. PMID: 31345101.

41.	 Maguer-Satta V, Besancon R, Bachelard-Cascales E. Concise 
review: neutral endopeptidase (CD10): a multifaceted 
environment actor in stem cells, physiological mechanisms, 
and cancer. Stem Cells 2011;29:389–96. https://doi.org/10.1002/
stem.592; PMID: 21425402.

42.	 Pavo N, Arfsten H, Cho A, et al. The circulating form of 
neprilysin is not a general biomarker for overall survival in 

treatment-naive cancer patients. Sci Rep 2019;9:2554. https://
doi.org/10.1038/s41598-019-38867-2; PMID: 30796257.

43.	 Bayes-Genis A, Prickett TC, Richards AM, et al. Soluble 
neprilysin retains catalytic activity in heart failure. J Heart Lung 
Transplant 2016;35:684–5. https://doi.org/10.1016/j.
healun.2015.12.015; PMID: 26830756.

44.	 Standeven KF, Hess K, Carter AM, et al. Neprilysin, obesity and 
the metabolic syndrome. Int J Obes (Lond) 2011;35:1031–40. 
https://doi.org/10.1038/ijo.2010.227; PMID: 21042321.

45.	 Simonini G, Azzari C, Gelli AM, et al. Neprilysin levels in plasma 
and synovial fluid of juvenile idiopathic arthritis patients. 
Rheumatol Int 2005;25:336–40. https://doi.org/10.1007/s00296-
004-0447-z; PMID: 14997340.

46.	 Yandle T, Richards M, Smith M, et al. Assay of 
endopeptidase-24.11 activity in plasma applied to in vivo 
studies of endopeptidase inhibitors. Clin Chem 1992;38:1785–
91. https://doi.org/10.1093/clinchem/38.9.1785; 
PMID: 1526015.

47.	 Spillantini MG, Sicuteri F, Salmon S, et al. Characterization of 
endopeptidase 3.4.24.11 (“enkephalinase”) activity in human 
plasma and cerebrospinal fluid. Biochem Pharmacol 
1990;39:1353–6. https://doi.org/10.1016/0006-
2952(90)90012-a; PMID: 2322317.

48.	 McCormack RT, Nelson RD, LeBien TW. Structure/function 
studies of the common acute lymphoblastic leukemia antigen 
(CALLA/CD10) expressed on human neutrophils. J Immunol 
1986;137:1075–82. PMID: 2941484.

49.	 Shipp MA, Stefano GB, Switzer SN, et al. CD10 (CALLA)/neutral 
endopeptidase 24.11 modulates inflammatory peptide-
induced changes in neutrophil morphology, migration, and 
adhesion proteins and is itself regulated by neutrophil 
activation. Blood 1991;78:1834–41; PMID: 1717072.

50.	 Matsumura T, Kugiyama K, Sugiyama S, et al. Neutral 
endopeptidase 24.11 in neutrophils modulates protective 
effects of natriuretic peptides against neutrophils-induced 
endothelial cytotoxity. J Clin Invest 1996;97:2192–203. https://
doi.org/10.1172/JCI118660; PMID: 8636398.

51.	 Martens A, Eppink GJ, Woittiez AJ, et al. Neutrophil function 
capacity to express CD10 is decreased in patients with septic 
shock. Crit Care Med 1999;27:549–53. https://doi.
org/10.1097/00003246-199903000-00034; PMID: 10199535.

52.	 Morisaki T, Goya T, Ishimitsu T, et al. The increase of low 
density subpopulations and CD10 (CALLA) negative 
neutrophils in severely infected patients. Surg Today 
1992;22:322–7. https://doi.org/10.1007/bf00308740; 
PMID: 1392343.

53.	 Lu B, Gerard NP, Kolakowski LF Jr, et al. Neutral endopeptidase 
modulation of septic shock. J Exp Med 1995;181(6):2271-5.  
https://doi.org/10.1084/jem.181.6.2271; PMID: 7760013.

54.	 Pavo N, Gugerell A, Goliasch G, et al. Increased granulocyte 
membrane neprilysin (CD10) expression is associated with 
better prognosis in heart failure. Eur J Heart Fail 2019;21:537–9. 
https://doi.org/10.1002/ejhf.1441; PMID: 30828920.

55.	 Solomon SD, Claggett B, Packer M, et al. Efficacy of sacubitril/
valsartan relative to a prior decompensation: the PARADIGM-
HF trial. JACC Heart Fail 2016;4:816–22. https://doi.
org/10.1016/j.jchf.2016.05.002; PMID: 27395349.

56.	 Pajenda S, Mechtler K, Wagner L. Urinary neprilysin in the 
critically ill patient. BMC Nephrol 2017;18:172. https://doi.
org/10.1186/s12882-017-0587-5; PMID: 28545475.

57.	 Gutta S, Grobe N, Kumbaji M, et al. Increased urinary 
angiotensin converting enzyme 2 and neprilysin in patients 
with type 2 diabetes. Am J Physiol Renal Physiol 2018;315:F263–
74. https://doi.org/10.1152/ajprenal.00565.2017; 
PMID: 29561187.

58.	 Nalivaeva NN, Turner AJ. Targeting amyloid clearance in 
Alzheimer’s disease as a therapeutic strategy. Br J Pharmacol 
2019;176:3447–63. https://doi.org/10.1111/bph.14593; 
PMID: 30710367.

59.	 Iwata N, Tsubuki S, Takaki Y, et al. Identification of the major 
Abeta1-42-degrading catabolic pathway in brain parenchyma: 
suppression leads to biochemical and pathological deposition. 
Nat Med 2000;6:143–50. https://doi.org/10.1038/72237; 
PMID: 10655101.

60.	 Zhang H, Liu D, Wang Y, et al. Meta-analysis of expression and 
function of neprilysin in Alzheimer’s disease. Neurosci Lett 
2017;657:69–76. https://doi.org/10.1016/j.neulet.2017.07.060; 
PMID: 28778804.

61.	 Maruyama M, Higuchi M, Takaki Y, et al. Cerebrospinal fluid 
neprilysin is reduced in prodromal Alzheimer’s disease. Ann 
Neurol 2005;57:832–42. https://doi.org/10.1002/ana.20494; 
PMID: 15929037.

https://doi.org/10.1093/nar/gkx1134
https://doi.org/10.1093/nar/gkx1134
https://doi.org/10.1093/eurheartj/ehx679
https://doi.org/10.1093/eurheartj/ehx679
https://doi.org/10.1161/01.cir.99.15.1984
https://doi.org/10.1097/00004872-199304000-00011
https://doi.org/10.1097/00004872-199304000-00011
https://doi.org/10.1161/01.hyp.16.3.269
https://doi.org/10.1161/01.hyp.16.3.269
https://doi.org/10.1210/jcem.84.2.5489
https://doi.org/10.1042/cs0920255
https://doi.org/10.1016/j.jacc.2016.04.060
https://doi.org/10.1016/s0140-6736(00)02602-7
https://doi.org/10.1016/s0140-6736(00)02602-7
https://doi.org/10.1161/01.cir.0000029801.86489.50
https://doi.org/10.1007/s40262-017-0543-3
https://doi.org/10.1016/j.jacc.2016.10.017
https://doi.org/10.1016/j.jacc.2016.10.017
https://doi.org/10.1002/ejhf.1342
https://doi.org/10.1002/ejhf.1342
https://doi.org/10.1161/CIRCULATIONAHA.118.037077
https://doi.org/10.1161/CIRCULATIONAHA.118.037077
https://doi.org/10.1016/S2213-8587(17)30087-6
https://doi.org/10.1016/S2213-8587(17)30087-6
https://doi.org/10.1016/S2213-8587(18)30100-1
https://doi.org/10.1016/S2213-8587(18)30100-1
https://doi.org/10.1001/jama.2019.12821
https://doi.org/10.1001/jama.2019.12821
https://doi.org/10.1016/j.bbrc.2014.01.158
https://doi.org/10.1016/j.bbrc.2014.01.158
https://doi.org/10.1038/srep01197
https://doi.org/10.1038/srep01197
https://doi.org/10.1007/bf00290326
https://doi.org/10.1016/0014-2999(86)90094-4
https://doi.org/10.1016/0014-2999(86)90094-4
https://doi.org/10.1016/j.jacc.2014.11.048
https://doi.org/10.1161/JAHA.117.005712
https://doi.org/10.1161/JAHA.117.005712
https://doi.org/10.1016/j.jchf.2015.03.011
https://doi.org/10.1002/ehf2.12607
https://doi.org/10.1002/ejhf.435
https://doi.org/10.1016/j.jchf.2019.07.005
https://doi.org/10.1016/j.jchf.2019.07.005
https://doi.org/10.1002/ehf2.12404
https://doi.org/10.1002/ehf2.12404
https://doi.org/10.1002/clc.23090
https://doi.org/10.1093/ndt/gfy066
https://doi.org/10.1177/2048872618815062
https://doi.org/10.1177/2048872618815062
https://doi.org/10.1161/JAHA.119.012943
https://doi.org/10.1002/stem.592
https://doi.org/10.1002/stem.592
https://doi.org/10.1038/s41598-019-38867-2
https://doi.org/10.1038/s41598-019-38867-2
https://doi.org/10.1016/j.healun.2015.12.015
https://doi.org/10.1016/j.healun.2015.12.015
https://doi.org/10.1038/ijo.2010.227
https://doi.org/10.1007/s00296-004-0447-z
https://doi.org/10.1007/s00296-004-0447-z
https://doi.org/10.1016/0006-2952(90)90012-a
https://doi.org/10.1016/0006-2952(90)90012-a
https://doi.org/10.1172/JCI118660
https://doi.org/10.1172/JCI118660
https://doi.org/10.1097/00003246-199903000-00034
https://doi.org/10.1097/00003246-199903000-00034
https://doi.org/10.1007/bf00308740
https://doi.org/10.1002/ejhf.1441
https://doi.org/10.1016/j.jchf.2016.05.002
https://doi.org/10.1016/j.jchf.2016.05.002
https://doi.org/10.1186/s12882-017-0587-5
https://doi.org/10.1186/s12882-017-0587-5
https://doi.org/10.1152/ajprenal.00565.2017
https://doi.org/10.1111/bph.14593
https://doi.org/10.1038/72237
https://doi.org/10.1016/j.neulet.2017.07.060
https://doi.org/10.1002/ana.20494

