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 Angiotensin I (1-10)  

          Angiotensin 1–7 by neutral endopeptidase 

          Angiotensin 1–9 (intermmediate product)  angiotensin 1–7 by ACE and ACE2 
 

 Angiotensin 1–7 

           Angiotensin 1–5 by ACE 
 

 Angiotensin II (1-8): to angiotensin III (2-8) and IV (3-8) by aminopeptidase A and M.  

 

 Angiotensin II type 1 receptor: by angiotensin II and III  

 Angiotensin type 4 receptor: stimulation by angiotensin IV 

 

 Angiotensin II type 2 receptor : by angiotensin II, angiotensin 1–9, and angiotensin III  

 Mas receptor: by angiotensin 1–7 

Complex Network of the Renin-Angiotensin-Aldosterone System 

Unger T. Eur Heart J. 2011: 32, 2739–47 



Proposed Network Modeling: Angiotensin Peptide Processing 

bioactive peptides (red), undetected peptides (yellow), all other peptides (blue)  

black line: supported in literature 
Schwacke JH. Hypertension. 2013: 61, 690–700 

Final stimulatory signal 
 

: combined concentrations of a cocktail of Ang peptides 
  

and their corresponding receptors present locally 
 



Neutral Endopeptidase (NEP) 

 Also known as  

      neprilysin,  

      membrane metallo-endopeptidase (MME), 

      cluster of differentiation 10 (CD10),  

      common acute lymphoblastic leukemia antigen (CALLA) 
  

 Enzyme encoded by the MME gene (human) 

 NEP: zinc-dependent, membrane bound endopeptidase 
 

       -  hydrolyses peptides on the amino side of hydrophobic residues 

 

 Expression: widely expressed in mammals   
 

       -  kidney, lung, endothelial cells, vascular smooth muscle cells, cardiac myocytes,  

          fibroblasts, neutrophils, adipocytes, testes, brain  

        

//upload.wikimedia.org/wikipedia/commons/2/27/Neprilysin_1r1h.png


 Critical for the processing and catabolism  
 

        ① vasoactive peptides and peptides involved in diuresis, natriuresis 
  

             : natriuretic peptides (NPs), angiotensin I, bradykinin, endothelin-1 

 

       ② other substrates 

             opioid peptides  

             substance P  

             peptides involved in regulation of inflammation 

             amyloid -protein 

             gastrin 

Neutral Endopeptidase (NEP) 



Three major human endogenous natriuretic peptides (NP) 

Mangiafico S. Eur Heart J. 2013: 34, 2886–93 
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 ANP: mainly from cardiomyocytes in reponse to cardiac stretch  

            - secreted as the active hormone ANP1–28 

 

 BNP: mainly from cardiomyocytes in reponse to cardiac stretch 

            - secreted as 108 amino acid prohormone (proBNP1–108) in a glycosylated form 

              biologically active BNP1-32, inactive N-terminal (NT)-proBNP1-76  

 

 CNP : mostly from endothelial cells in response to cytokines and endothelium dependent 

                agonists such as Acetylcholine 

            - secreted as prohormone (pro-CNP1-103) 

              biologically active CNP1-22 and CNP 1-53 

 

 

 CNP : potent systemic cardiovascular actions 

            - vasorelaxation,  in venous return     cardiac filling pressures 

            - the most anti-fibrotic of the three NPs 

 

Natriuretic Peptide(NP) System 

Mangiafico S. Eur Heart J. 2013: 34, 2886–93 



Actions of the NPs through GC-A and GC-B activation 

Mangiafico S. Eur Heart J. 2013: 34, 2886–93 

Second messenger cGMP 

  ANP and BNP bind to GC-A  

  CNP binds to the GC-B 

cleared by NPR-C 

NEP 



 Biological properties  

         natriuresis 

         vasodilatation 

         inhibition of the RAS 

         positive lusitropism 

         inhibition of fibrosis 

Actions of the NPs  

 Modulation of NP for target-organ protection,  

                                      BP control, 

                                      optimal volume homeostasis, 

                                      inhibition or reversal of myocardial and renal remodeling 

 

                                    novel therapeutic opportunity 
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Selective Neutral Endopeptidase (NEP) Inhibition 

  Degradation of NPs by NEP 

        

  Many substrates for NEP : peptides with vasoactive and diuretic/natriuretic actions 

 

  NEP also degrades other vasoactive peptides with opposing physiological actions 

               

              - desirable vs  undesirable effects  

 

 NEP : ① hydrolyses  Ang I to angiotensin 1–7 (counteraction of vasoconstrictor Ang II) 

               ② catabolizes the potent vasoconstrictor ET-1 

                produces a potentially beneficial BP-lowering effect.    

 

 NEP:  ① hydrolyses NPs  

               ② hydrolyses BK to the inactivated BK 1–7 

  



 In humans, 

       -  dose-dependent  increase in plasma ANP, natriuresis, cGMP  

          also increased Ang II level 

  

 Candoxatril’s effects on BP in hypertensive patients were not consistently impressive  

       -  candoxatril 200 mg, twice/day for 28 days, compared with placebo in essential HT       

           no relevant BP decrease occurred despite significantly increased ANP levels 

Candoxatril : one of the first NEP inhibitor   

 

NEP inhibition in HT  

   - produces the competing effects of increased pressors and increased vasodilators 

   - an insignificant BP-lowering 
 

 In human HF 

       -  increased ANP and BNP, diuresis and natriuresis, and decreased ANP clearance 

       -  systemic and pulmonary vascular resistances were not affected 

 

 In small studies of chronic HF patients 

      -  increased levels of the vasoconstrictor ET-1 as well as ANP levels 

      -  dose-dependent increase in systemic vascular resistance, decrease in cardiac index 



Lesson from inhibition of NEP only 

  

 NEP inhibition alone  

     - increase in circulating levels of both vasodilators as well as vasoconstrictors 
 

 

 Inhibition both NEP and ACE, and vasopeptidase inhibitors 
  

  

New strategy 
 

     -  NEP inhibition: increases endogenous NP levels 

     -  ACE inhibition attenuates the Ang II increases seen with NEP inhition alone 
 

 In preclinical studies, these compounds showed promise for HT, HF, and renal disease  

     however, their side effect profile in clinical trials stunted development 
 

 Of particular concern was the high incidence of angioedema 



  Omapatrilat : VPI in the most advanced stage of development 

 

  IMPRESS trial: N= 573 (289 vs 284) for 24 wks,  compared with lisinopril in HF patients             

       -  positive in composite of death, admission, or study treatment discontinuation for 

           worsening HF, improvement of NYHA class (p=0·035; 0·52 [0·28–0·96]) 

                                                                          
 

  OVERTURE trial: N=5770, for 14.5 months 

           Omapatrilat (n:2886) vs enalapril (n:2884) in chronic HF patients 

        -  no superiority of omapatrilat over enalapril with respect to the primary endpoint    

           (combined risk of death or hospitalization for HF requiring intravenous treatment) 
 

 
 

 Safety database: relatively high occurrence of severe angioedema in African-Americans 

Dual inhibition of NEP and ACE: Omapatrilat 

Rouleau JL. Lancet. 2000: 356, 615–20 

McMurray JJ. Circulation. 2002;106:920-926 



  OCTAVE trial, large (n= 25,302), randomized, active controlled, multicenter trial  

        -  omapatrilat vs enalapril for 6 months in HT patients 

    

        -  omapatrilat : started at a low dose and titrated up 

         

        -  by 8 wks, reduced systolic BP 3.6 mmHg more than enalapril 

           by 24 wks, less adjunctive anti-HT therapy than enalapril  
 

                                                                                                                                        Kostis JB. Am J Hypertens 2004;17:103–111 

 

  Higher incidence of angioedema (2.17% for omapatrilat vs. 0.68% for enalapril)  

        -  occurred early in the course of therapy 
  

  Angioedema development with VPIs remains a persistent concern 

Dual inhibition of NEP and ACE: Omapatrilat 

 Inhibition of aminopeptidase P (APP), which was also potently inhibited by omapatrilat, 

is an important consideration. 

 

 Aminopeptidase P has a role both in BK degradation when ACE is inhibited and in the 

inactivation of the pro-inflammatory BK metabolite, des-Arg9-BK 



Lesson form dual inhibition of NEP and ACE 

  

     -  NEP inhibition: increases endogenous NP levels 

     -  ACE inhibition attenuates the Ang II increases seen with NEP inhibition alone 

    

 “ angioedema” - mainly bradykinin 
 

  

     -  NEP inhibition: increases endogenous NP levels 

     -  ARB inhibition attenuates the Ang II increases seen with NEP inhibition alone 
  

        ARB: do not disrupt BK metabolism as much as ACE-inhibitors                             
 



 ARB : not disrupt BK metabolism as much as ACE-inhibitors 

 

 Novel class of drug: ARB and neutral endopeptidase inhibition (ARNi). 

 LCZ696 (sucabitril valsartan sodium hydrate) 

       - 1:1 ratio blockade of AT1R (valsartan moiety) and NEP inh (AHU377 prodrug moiety)     

          AHU377 prodrug : LBQ657 active moiety 

Dual inhibition of NEP and ARB: LCZ696 



Mechanism of LCZ696 on RAS and natriuretic peptides 

Waeber B, Lancet 2010 375: 1228-9 
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 In an 8-week, randomized, double-blind, Phase II trial in HT patients 

        - various doses of LCZ696 vs comparable doses of valsartan. 

 

 Result 

       -  greater reductions in sitting SBP and DBP than valsartan-treated subjects.  

       -  200 mg LCZ696, (mid range dose) vs. 160 mg valsartan 

          400 mg LCZ696 (highest dose) vs. 320 mg valsartan 

       -  in a separate group treated with AHU377 alone  

        

 Angioedema did not occurs with 8% of the ARNi-treated subjects being black 

Dual inhibition of NEP and ARB: LCZ696 in HT 



 Ongoing trial: LCZ696 in chronic HF and in chronic HF with preserved EF 

 

 PARADIGM-HF trial  

        - Phase III study in symptomatic HF 

          LCZ696 vs enalapril : first occurrence of HF hospitalization or CV mortality 

 

 Paramount HF trial 

        -  Phase II, HF with preserved EF 

        -  NYHA class II–III HF, LV EF 45% or higher, NT-proBNP greater than 400 pg/mL 

        -  LCZ696 vs  valsartan: actions on neurohormones and on EchoCG findings  

Dual inhibition of NEP and ARB: LCZ696 in HF  



Ruilope LM, Lancet  2010, 375: 1255-66 

Angiotensin II receptor and neprilysin inhibitor LCZ696 in HT 



 N = 1328, aged 18-75 years, ucomplicated mild-to moderate essential HT 

                     mean sitting DBP 90-109 mm Hg after antihypertensive washout 

                                              or 95-109 mm Hg for untreated pts 
 

 8 weeks’ treatment 

     8 groups: LCZ 696  - 100 mg (n=156), 200 mg (n=169), or 400 mg (n=172)  

                     Valsartan -   80 mg (n=163), 160 mg (n=166), or 320 mg (n=164) 

                     AHU377  -  200 mg (n=165) 

                     placebo (n=173)  
 

 primary endpoint :   

         mean sitting DBP difference across: three single-dose pair LCZ696 vs valsartan  

                                                                 (100 vs 80 mg, 200 s 160 mg, and 400 s 320 mg) 

Results 

 N= 1328  1215 pts completed 8-week treatment.  

     - average reduction in mean sitting DBP in LCZ696 vs comparator dose of valsartan 

        : significantly greater reductions (mean reduction: -2.17 mmHg, p<0·0001). 

          200 mg LCZ696 vs 160 mg valsartan (-2.97 mmHg, p=0·0023) 

          400 mg LCZ696 vs 320 mg valsartan (-2.70 mmHg, p=0·0055) 

 

     - LCZ696 was well tolerated and no cases of angio-oedema were reported 



Ruilope LM, Lancet  2010, 375: 1255-66 



Change in placebo-subtracted mean sitting SBP and DBP 

 - during the 8-week treatment period 

Mean sitting systolic blood pressure Mean sitting diastolic blood pressure 

Ruilope LM, Lancet  2010, 375: 1255-66 



Change in 24-h Ambulatory Blood Pressure 



Change in daytime and night-time Ambulatory Blood Pressure 



Change in placebo-subtracted sitting, ambulatory pulse pressure 

 - during the 8-week treatment period 

Mean sitting pulse pressure Mean ambulatory pulse pressure 

Ruilope LM, Lancet  2010, 375: 1255-66 



Neurohormonal and Biomarker measurements for the 8-week 

ANP 

cGMP 

Renin 



Neurohormonal and Biomarker measurements for the 8-week 

aldosterone 

hsCRP 



Adverse Events 



Kario K, Hypertension  2014:63:00–00 

Angiotensin receptor neprilysin inhibitor LCZ696 in HFpEF 





Phase III study in symptomatic HF 

N= 8436, 1:1 

First occurrence of HF hospitalization or CV mortality 

event-driven trial until 2410 pts have event 

McMurray J, Eur J Heart Fail  2013, 15: 1066-73 



 Phase 2, randomised, parallel-group, double-blind multicenter trial  

 

 Patients with NYHA class II–III HF, LV EF 45% or higher, NT-proBNP greater than 400 pg/mL. 

 

 Randomly assigned (1:1) by central interactive voice response system  

        LCZ696 titrated to 200 mg twice daily  

        or valsartan titrated to 160 mg twice daily, and treated for 36 weeks. 

 

  Primary endpoint was change in NTproBNP, a marker of left ventricular wall stress, from 

baseline to 12 weeks;  

PARAMOUNT: RCT, Phase 2 trial  



Solomon SD, Lancet 2012 380: 1387–95 



Solomon SD, Lancet 2012380: 1387–95 

NT-proBNP at baseline, 12 weeks, and 36 weeks 



Changes in EchoCG parameters at 12 and 36 weeks 



Changes in NYHA and Clinical Composite Assessment 

Solomon SD, Lancet 2012380: 1387–95 





 N=301, Phase 2, randomised, parallel-group, double-blind multicenter trial  
 

 Patients with NYHA class II–III HF, LV EF 45% or higher, NT-proBNP greater than 400 pg/mL. 

 

 Randomly assigned (1:1) by central interactive voice response system  

        LCZ696 titrated to 200 mg twice daily  

        or valsartan titrated to 160 mg twice daily, and treated for 36 weeks. 

 

 Primary endpoint: change in NTproBNP, a marker of LV wall stress, from baseline to 12 wks  

  

 Relationship b/t SBP lowering and LCZ696 on NT-proBNP, LA size, NYHA and eGFR 
 

         ① BP-lowering at 12 wks  - 9 /5 mmHg in LCZ696   vs 3/2mmHg in valsartan 
  

         ② change in NT-proBNP at 12 wks: poorly correlated with change in SBP 

              - after adjustment for change in SBP 

                 the ratio of change in NT-proBNP at 12wks for LCZ696 vs. valsartan 

                 : 0.76 (95% CI 0.63–0.93, P =0.008) 
 

        ③ reduction in LA volume index, improvement in NYHA class and eGFR at 36 wks  

               : all independent of the change in SBP        

PARAMOUNT: RCT, Phase 2 trial  

Jhund PS, Eur J Heart Fail  2014,  



Correlation between change in SBP and NT-proBNP at 12weeks 

valsartan LCZ696 

Change in log NT proBNP at 12 weeks 
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Fitted value Fitted value 

Jhund PS, Eur Heart Fail 2014 



Ratio of Change in NT-proBNP at 12 weeks : LCZ696 vs Vlasartan 

Jhund PS, Eur Heart Fail 2014 



Jhund PS, Eur Heart Fail 2014 

Change in LA diameter, LA volume and eGFR at 36 Weeks 



New York Heart Association (NYHA) class at 36 weeks 

Jhund PS, Eur Heart Fail 2014 



Summary I 

 Modulation of the RAS  

       - key approach to reduce deleterious properties of over-activated RAS in HT and CVD 

 

 Novel puzzle RAS: classical simplified RAS has turn to a very complex network  

       - promising drug targets. 

 

 One of promising targets is neutral endopeptidase (NEP)  

      - processing/ catabolism of vasoactive peptides and the peptides involved in diuresis  

        and natriuresis ( natriuretic peptides (NPs), angiotensin I, bradykinin, endothelin-1) 



Summary II 

 NPs : multiple biologic effects  

       - natriuresis, vasodilatation, inhibition of RAS and sympathetic nervous system,  

         inhibition of fibrosis  

 

 Omapatrilat : first dual antagonist of neprilysin (NEP) and ACE 

       -  significant SBP and pulse pressure-lowering effects than ACE inhibitor alone in HT 

       -  increased risk of angioedema  

 

 LCZ 696 (sucabitril valsartan sodium hydrate)  

       -  first-in-class dual AT1R and NEP antagonist 

       -  significant BP reduction than comparable to valsartan  

           in a phase II randomized double-blind trial in mild-to-moderate HT pts.  

         : After 8 wks, LCZ 696 (200, 400 mg) vs comparable doses of valsartan (160, 320 mg) 

           larger reduction in sitting SBP and DBP with no cases of angioedema 

           well tolerated in patients with HT 



Conclusion 

 Although clinical experience with LCZ696 is restricted in relative small  

number of HT, dual AT1R and NEP antagonism, LCZ696, suggests a 

promising strategy for HT control  

 

 More convincing data in large clinical trials including a sufficient proportion 

of black and elderly patients are need  


