
                 1                                                                           2/11/19 

 

 

 

 

 

 

 

Mechanism(s) Underlying Cardiovascular Effects of ARB/NEP 
Inhibition – Aim 1 

 

 

Nancy J. Brown, M.D. 
D-3100 Medical Center North 

Vanderbilt University Medical Center 
Nashville, TN, 37232 

 

 

 

 

 

 

 

 

 

 

 

 



                 2                                                                           2/11/19 

 

 

 

Table of Contents: 
 
Study Schema 
1.0 Background 
2.0 Rationale and Specific Aims 
3.0 Animal Studies and Previous Human Studies 
4.0 Inclusion/Exclusion Criteria 
5.0 Enrollment/Randomization 
6.0 Study Procedures 
7.0 Risks of Investigational Agents/Devices (side effects) 
8.0 Reporting of Adverse Events or Unanticipated Problems involving Risk to 

Participants or Others 
9.0 Study Withdrawal/Discontinuation 
10.0 Statistical Considerations 
11.0 Privacy/Confidentiality Issues 
12.0 Follow-up and Record Retention 
13.0 Standard Techniques 
 

 

 

 

 

 

 

 

 

 

 

 

 



                 3                                                                           2/11/19 

1.0      Background 
 

The lifetime risk of developing heart failure (HF) in the United States exceeds 20%.1 Despite 
beneficial effects of angiotensin receptor blockers (ARB)s, angiotensin converting enzyme 
inhibitors (ACEi)s, beta blockers, and mineralocorticoid receptor (MR) antagonists on mortality, 
the five-year life expectancy of a patient with HF is 50%.1 The combined ARB/neutral 
endopeptidase (NEP)i LCZ696 was approved by the FDA after the Prospective Comparison of 
ARNi with ACEi to Determine Impact on Global Mortality and Morbidity in Heart Failure 
(PARADIGM-HF) showed a beneficial effect on mortality compared to enalapril in patients with 
HF and reduced ejection fraction (EF).2, 3 Nevertheless, many questions regarding the treatment of 
patients with an ARB/NEPi remain to be answered.4 

 
Beneficial effects of combined ARB/NEP inhibition have been attributed to potentiation of 
the vasodilatory, natriuretic, sympatholytic, antiproliferative, and antihypertrophic effects 
of natriuretic peptides (Figure 1).5 In HF, decreased sensitivity to the natriuretic peptides results 
from altered processing of proBNP to BNP, as well as altered clearance.6-8 LCZ696 decreases NT-
proBNP, but increases BNP,2, 9, 10 providing indirect evidence that BNP degradation is decreased; 
unfortunately commercially available assays cross-react with degradation fragments,11 leaving 
interpretation of these data open. 
 
 

 
Studies using exogenous natriuretic peptides in humans provide conflicting evidence 
regarding potentiation by NEP inhibition, however. For example, the NEPi thiorphan does not 
alter the vasodilator response to intra-arterial atrial natriuretic peptide (ANP) in HF patients taking 
an ACEi, but potentiates the response to bradykinin.12 NEP inhibition enhances the effects of 
intravenous BNP on plasma cGMP and blood pressure, but does not alter urinary cGMP or sodium 
excretion in patients with left ventricular impairment.13 In general, C-type natriuretic peptide 
(CNP) has minimal effect on vasodilation or natriuresis in humans.14-18 Dalzell reported no effect 
of thiorphan, captopril, or omapatrilat on a weak vasodilator response to CNP in small resistance 
arteries from patients with CAD;19 in one study, thiorphan potentiated the effect of intra-arterial 
CNP in healthy non-smokers.20 In this study, we will investigate the effects of NEP inhibition on 
the vasodilator response to intra-arterial BNP based on 1) our prior data showing a significant 
vasodilator response to BNP,21 2) indirect evidence for decreased degradation of BNP in HF 
patients taking LCZ696 mentioned earlier,9, 10 and 3) the potential for interaction between NEP 
and a dipeptidyl peptidase-4 (DPP4)i,22 used in the treatment of diabetes, on the degradation of 
BNP (Figure 2). 

 

Figure 1: LCZ696 inhibits neprilysin 
(NEP) and blocks the angiotensin type 1 
receptor (AT1R). Ang I indicates 
angiotensin I; Ang II, angiotensin II; 
ARB, angiotensin receptor blocker; ACE, 
angiotensin-converting enzyme; APP, 
aminopeptidase P; ANP, atrial natriuretic 
peptide; BNP, brain natriuretic peptide; 
CNP, C-type natriuretic peptide; DPP4, 
dipeptidyl peptidase 4 
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In addition to cleaving the natriuretic peptides, NEP cleaves peptides such as bradykinin, 
substance P, vasoactive intestinal peptide, glucagon, neurotensin, adrenomedullin, and 
amyloid β peptide.23 In fact, the Kcat/Km (a measure of catalytic efficiency) of NEP for 
bradykinin or substance P (69 and 158.7 min-1 µM-1, respectively)24 is significantly higher than 
those for ANP, BNP, and CNP (5.1, 0.53, and 7.58 min-1 µM-1, respectively).25 In small resistance 
arteries from patients with CAD and preserved EF, captopril, thiorphan, and omapatrilat all 
significantly potentiated the vasodilator response to bradykinin.19 The response to substance P was 
not potentiated by ACE, NEP, or combined ACE/NEP inhibition in this study, but NEP inhibition 
potentiates effects of substance P in human vascular smooth muscle cells in vitro.26 Patients given 
LCZ696 should not be taking an ACEi, but could be taking a DPP4i for the treatment of diabetes. 
As illustrated in Figure 2, there is potential for an interactive effect of NEP inhibition and DPP4 
inhibition on the degradation of substance P and/or BNP.  

 

 
Decreased degradation of bradykinin and substance P by 
NEP could lead to beneficial effects on vascular relaxation 
and fibrinolysis. Studies from our group and others using the pharmacological bradykinin B2 
receptor blocker icatibant have shown that endogenous bradykinin contributes to the beneficial 
effects of ACEis on blood pressure (BP) and on endothelial fibrinolysis.27-29 Substance P also 
causes vasodilation and tissue-plasminogen activator (t-PA) release from the vascular 
endothelium, and administration of a substance P (NK1) receptor antagonist blocks these effects 
in humans.30, 31 Substance P also increases sympathetic activation,30 an effect that may be 
detrimental in HF patients.32  

 
ARB/NEPi use may be associated with angioedema.  

Treatment with the combined ACE/NEPi omapatrilat results in a three-fold increase in 
angioedema compared to ACE inhibition.33 The increased rate of angioedema has been attributed 
to simultaneous inhibition of two pathways involved in the degradation of bradykinin and 
substance P, major effectors of angioedema.34 Bradykinin is inactivated primarily by ACE, but 
also by NEP and aminopeptidase P (APP), while substance P is inactivated by ACE, NEP, and 
DPP4 (Figure 2).24, 35, 36 Consistent with a role for NEP in the pathogenesis of angioedema, a 
polymorphism in the gene encoding for NEP is associated with ACEi-associated angioedema.37 
Because LCZ696 inhibits NEP without inhibiting ACE, it has been suggested that the incidence 
of angioedema will be lower than that observed with omapatrilat.   

 
In PARADIGM-HF, there were 19 confirmed cases of angioedema in patients treated with 

LCZ696 compared to ten cases in patients treated enalapril (an incidence of 0.45% versus 0.23%, 
p=0.13).2 The PARADIGM-HF trial likely underestimates the risk of angioedema in patients 
taking LCZ696 in the real world setting. Seventy-seven percent of patients enrolled in the trial 
were previously treated with an ACEi, and all were exposed to enalapril and LCZ696 during a 
single-blind, run-in period. Including a high proportion of patients who tolerated exposure to an 
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Figure 2: Cleavage of bradykinin, substance P, and brain natriuretic 
peptide (BNP) by neprilysin (NEP), angiotensin-converting enzyme (ACE), 
aminopeptidase P (APP), dipeptidyl peptidase-4 (DPP4), and insulin-
degrading enzyme (IDE). The dotted arrow indicates that bradykinin must 
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ACEi may have led to a decreased incidence of angioedema. Moreover, just 5% of patients in 
PARADIGM were African American, a group at increased risk of ACEi- and vasopeptidase 
inhibitor-associated angioedema.2, 33, 38, 39 

 
Summary  

The prevalence of HF is increasing with the aging of the population, and mortality remains 
unacceptably high. A newly approved ARB/NEPi reduced mortality in a single trial, but its 
mechanism of action has been inadequately studied. NEP cleaves many vasoactive peptides in 
addition to the natriuretic peptides, including bradykinin and substance P, two peptides that 
contribute to beneficial and adverse effects of ACEis.  Understanding the mechanism of action of 
the ARB/NEPi will enable us to target its use appropriately and may lead to the development of 
new drugs for the treatment of HF. 

 
2.0      Rationale and Specific Aims 

 
HF affects approximately 5.7 million people in the United States, and the number is expected 

to grow to more than eight million by 2030.1 ACEis, ARBs, beta blockers, and MR antagonists 
reduce mortality in patients with HF with reduced EF.40-44  Still mortality from HF remains high, 
and approximately 50% of individuals with HF die within five years of diagnosis.1   

 
In 2015, the FDA approved LCZ696, a molecular complex of the ARB valsartan with an 

inhibitor of NEP (neutral endopeptidase-24.11) sacubitril,45 after the PARADIGM-HF trial 
demonstrated a mortality benefit over enalapril in patients with HF, reduced EF, and increased 
circulating brain natriuretic peptide (BNP) or N-terminal pro-BNP (NT-proBNP) concentrations.2, 

3 This combined ARB/NEPi targets at least two pathophysiological mechanisms underlying HF - 
activation of the renin-angiotensin-aldosterone system (RAAS) and decreased sensitivity to the 
natriuretic peptides. 

 
In addition to degrading natriuretic peptides, NEP degrades other vasoactive peptides including 

angiotensins (Ang) I and II, endothelins, bradykinin, and substance P (Figure 1). Indeed, 
observations that NEP inhibition increases endogenous Ang II and the pressor response to 
exogenous Ang II provided the rationale for combining NEPi with RAAS inhibitors.46, 47 Increased 
angioedema during combined ACE and NEP inhibition (vasopeptidase inhibition),33 presumably 
due to decreased degradation of bradykinin and substance P through two pathways,48 led to 
development of the ARB/NEPi. Studies in isolated resistance vessels from patients with coronary 
artery disease (CAD) and preserved left ventricular function suggest that NEP inhibition alone (or 
with ACE inhibition) potentiates vasodilator effects of bradykinin, however.19 NEP inhibition 
could potentiate bradykinin either by preventing its degradation or by enhancing effects at the B2 
receptor.49 Increased bradykinin can lead to decreased afterload, increased natriuresis, and 
enhanced fibrinolysis.27, 28, 50, 51 

 
Bradykinin could also contribute to angioedema in patients taking an ARB/NEPi. We have 

reported the association of a polymorphism in the gene encoding NEP (MME) with ACEi-
associated angioedema.37 In addition to increasing vascular permeability directly, bradykinin 
induces the release of the NEP substrate substance P from nerve terminals.52 Both bradykinin and 
substance P have been implicated in the pathogenesis of angioedema.53, 54 In the PARADIGM-HF 
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trial the incidence of angioedema was 0.45% during combined ARB/NEPi versus 0.23% during 
ACEi (p=0.13).2 While the incidence of angioedema was statistically comparable, the numerical 
differences raise concerns described below. 

 
This proposal tests the overarching hypothesis that bradykinin contributes to effects of 

combined ARB/NEP inhibition compared to ARB alone. Specifically, we will: 
 

Specific Aim 1: Test the hypothesis that ARB/NEP inhibition potentiates the effects of 
exogenous bradykinin, substance P, and BNP on forearm blood flow or endothelial t-PA 
release compared to ACE inhibition or ARB. We will compare LCZ696 to bioequivalent doses 
of valsartan to focus on the mechanistic effects of NEP inhibition in this aim. 
 
3.0      Animal Studies and Previous Human Studies 

 
Preliminary Studies 
 
Our group has experience studying the effect of peptidase inhibitors on responses to 
vasoactive peptides such as bradykinin, substance P, and BNP in the human forearm 
vasculature. For instance, we and others have shown that bradykinin causes vasodilation and 
stimulates t-PA release from the forearm vasculature,55 through the bradykinin B2 receptor,56 that 
risk factors for CAD are associated with diminished bradykinin- and substance P-stimulated 
endothelial t-PA release,57-59 and that forearm vascular t-PA release correlates with coronary t-PA 
release and predicts future coronary events.60, 61 We have also found that 1) blocking the B2 
receptor attenuates the BP response to ACE inhibition in patients with hypertension,27  2) that ACE 
inhibition increases endothelial t-PA release via the B2 receptor,28 3) that bradykinin contributes 
to hypotension following protamine in patients undergoing cardiopulmonary bypass,62 and 4) that 
bradykinin contributes to inflammation during hemodialysis.63 Relevant to the actions of LCZ696, 
bradykinin does not contribute to the BP response to valsartan alone.64   

 
More recently, we have studied the effects of the DPP4i sitagliptin on responses to vasoactive 
peptides. We have reported that there is no effect of DPP4 inhibition on vasodilator responses to 
bradykinin or substance P (Figure 3), whereas DPP4 inhibition reduces substance P-stimulated 
endothelial t-PA release and increases norepinephrine release (from 212.5±60.7 pg/mL during 
placebo to 331.9±228.5 pg/mL during combined inhibition, p=0.02).30 (Data are provided as mean 
± SD unless indicated.) We found no effect of DPP4 inhibition alone on the vasodilator response 
to intra-arterial BNP.21 
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4.0      Inclusion/Exclusion Criteria 
 
Inclusion criteria 

1) Patients with essential hypertension defined as having 
a) untreated, seated systolic BP (SBP) of 130 mmHg or greater on three separate 

occasions, or 
b) untreated, seated diastolic BP (DBP) of 80 or greater on three separate 

occasions, or 
c) taken anti-hypertensive agent(s) for a minimum of six months. 

 
2) For female subjects, the following conditions must be met: 

a) postmenopausal status for at least one year, or 
b) status post-surgical sterilization, or 
c) if of childbearing potential, utilization of adequate birth control and willingness 

to undergo urine beta-hCG testing prior to drug treatment and on every study 
day. 

 
3) Age 18 to 60 years of age 
 

 

Figure 3: Effect of angiotensin-converting enzyme inhibition (Enalaprilat , enal) and dipeptidyl peptidase 4 
inhibition (sitagliptin 200 mg) on forearm blood flow (FBF) and tissue-plasminogen activator (t-PA) release in 
response to exogenous intra-arterial bradykinin and substance P.30 *P<0.05 versus placebo, †P<0.05 versus 

sitagliptin alone. Data are mean ± SEM. 

0 50 75 10025
0
2
4
6
8

10
12
14
16
18
20

*†

*†

*†

*

*

*

bradykinin (pmol/min)

FB
F 

(m
L/

m
in

/1
00

m
L)

0 25 50 75 100
0

25
50
75

100
125
150
175
200

*†

*†

*
*

*

bradykinin (pmol/min)

t-P
A 

re
le

as
e 

(n
g/

m
in

/1
00

m
L)

0 2 4 6 8 10
0
2
4
6
8

10
12
14
16
18
20

substance P (pmol/min)

FB
F 

(m
L/

m
in

/1
00

m
L)

0 2 4 6 8 10

0

20

40

60

80

100

120

*

†

†

substance  P (pmol/min)

t-P
A 

re
le

as
e 

(n
g/

m
in

/1
00

m
L)

Placebo Placebo+EnalSitagliptin Sitagliptin+Enal

ACEi w
ith

dra
wan

ch
ron

ic 
ACEi

M10
02

40
 2.

5 m
g/d

Plac
eb

o

Vals
art

an
 16

0 m
g/d

Ram
ipr

il 5
 m

g/d
0

50

100

150

200

250

br
ad

yk
in

in
 (f

m
ol

/m
L)

ACEi w
ith

dra
wn

ch
ron

ic 
ACEi

M10
02

40
 2.

5 m
g/d

0
20
40
60
80

100
120

BK
1-

5 
(fm

ol
/m

L)

Figure 4: Bradykinin and BK1-5 concentrations measured 
prior to cardiac surgery in patients whose chronic ACE 
inhibitor was stopped 48 hours prior to surgery (ACEi 
withdrawn, N=12) or continued (chronic ACEi, N=19),62  as 
well as in healthy volunteers treated daily with an ACE/NEPi 
for a week (M10024, N=8), and dialysis patients treated daily 
with placebo, valsartan, or ramipril for one week (N=13).69 
Mean ± SEM 
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Exclusion criteria 
1) Presence of secondary form of hypertension 
2) Symptomatic hypertension and/or SBP>170 mmHg or DBP>110 mmHg, relevant to 

the washout period 
3) History of hypersensitivity or allergy to any of the study drugs, drugs of similar 

chemical classes, ACEi, ARBs, or NEPi, as well as known or suspected 
contraindications to the study drugs 

4) History of angioedema 
5) History of pancreatitis or known pancreatic lesions 
6) History of significant cardiovascular disease (other than essential hypertension and LV 

hypertrophy) 
7) Symptomatic hypotension and/or a SBP<100 mmHg at screening or <95 mmHg 

during the study 
8) Serum potassium >5.2 mmol/L at screening or >5.4 mmol/L during the study 
9) Individuals using oral contraceptives and smokers in order to reduce the risk of 

thrombosis following arterial line placement 
10) History of serious neurologic disease such as cerebral hemorrhage, stroke, seizure, or 

transient ischemic attack within six months 
11) Presence of significant pulmonary disorders 
12) Type 1 diabetes 
13) Poorly controlled type 2 diabetes mellitus (T2DM), defined as a HgbA1c >9% 
14) Hematocrit <35%  
15) Impaired renal function (eGFR of <30mL/min/1.73 m2) as determined by the four-

variable Modification of Diet in Renal Disease (MDRD) equation, where serum 
creatinine (Scr) is expressed in mg/dL and age in years: eGFR (mL/min/1.73m2)=175 
• Scr-1.154 • age-0.203 • (1.212 if Black) • (0.742 if female)  

16) Use of hormone-replacement therapy 
17) Breast feeding and pregnancy 
18) History or presence of immunological or hematological disorders 
19) History of malignancy other than non-melanoma skin cancer 
20) Diagnosis of asthma requiring use of inhaled beta agonist more than once a week 
21) Clinically significant gastrointestinal impairment that could interfere with drug 

absorption 
22) Impaired hepatic function [aspartate amino transaminase (AST) and/or alanine amino 

transaminase (ALT) >3.0 x upper limit of normal range] 
23) Any underlying or acute disease requiring regular medication which could possibly 

pose a threat to the subject or make implementation of the protocol or interpretation of 
the study results difficult, such as arthritis treated with non-steroidal anti-inflammatory 
drugs 

24) Treatment with chronic systemic glucocorticoid therapy within the last year 
25) Treatment with lithium salts 
26) History of alcohol or drug abuse 
27) Treatment with any investigational drug in the one month preceding the study 
28) Mental conditions rendering the subject unable to understand the nature, scope, and 

possible consequences of the study 
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29) Inability to comply with the protocol, e.g., uncooperative attitude, inability to return 
for follow-up visits, and unlikelihood of completing the study 

 
5.0      Enrollment/Randomization 
 

Written advertisements which have been approved by the Vanderbilt Institutional Review 
Board (IRB) and which give the name and phone number of a contact research nurse will also be 
placed on Vanderbilt clinic bulletin boards. A description of the study will also be placed on the 
Vanderbilt patient portal. Potential participants who call for information will be given a brief 
description of the study protocol and, if interested, will be invited to the Vanderbilt CRC for 
more information. In addition, the research nurse will make himself available to talk with 
patients at the Vanderbilt Heart and Vascular Institute and at other clinics where a high number 
of potential subjects have been identified using Subject Locator. During meetings with potential 
subjects, the research nurse or investigator will describe the study protocol in detail. Interested 
participants will be invited to read and sign an IRB-approved consent form and will be given a 
copy of the consent form to take with them. 

 
Assignment to treatment will be randomized and blinded to the investigators and subjects. 

Dr. Yu, study biostatistician, will provide an allocation schedule. The Vanderbilt Investigational 
Drug Service will be responsible for the storage, preparation, and labeling of all investigational 
agents and for maintaining accurate drug storage and dispensing logs. The Clinical Research 
Pharmacist will devise standard operating procedures for the pharmacy to follow with regard to 
preparing, labeling, blinding, and dispensing study drug.  

 
After subjects have been consented and screened, the investigator or research nurse will fax a 

copy of the consent form and a prescription containing check boxes for the inclusion and 
exclusion criteria to the Vanderbilt Investigational Drug Service. The pharmacist will confirm 
that consent was obtained and the subject met entry criteria, assign the subject a randomization 
number, and will provide the investigator with labeled study drug as indicated in the protocol. 
An extra label containing the randomization number will be attached to each study drug. The 
investigator will affix this extra label to the subject’s records. The Investigational Drug Service 

will retain a secure set of sealed envelopes containing the treatment assignment. These will be 
opened in the event of a clinical scenario which necessitates unblinding, as determined by the PI 
and the Data and Safety Monitoring Committee. Subjects randomized who do not complete the 
whole protocol for any reason will be replaced. 
 
6.0      Study Procedures 

 
Specific Aim 1: Test the hypothesis that ARB/NEP inhibition potentiates the effects of 
exogenous bradykinin, substance P, and BNP on forearm blood flow or endothelial t-PA 
release compared to ARB. 

 
Rationale 

NEP efficiently catalyzes the degradation of bradykinin and substance P (Kcat/Km 69 and 
158.7 min-1 µM-1, respectively).24 In small resistance arteries, NEP inhibition potentiates the 
vasodilator response to bradykinin.19 NEP hydrolyzes substance P in human vascular smooth 
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muscle cells.26 NEP inhibition has variable effects on the vasodilator response to exogenous 
natriuretic peptides in prior studies,12, 13, 19 but LCZ696 increases the ratio of BNP to NT-proBNP 
in HF patients.9, 10 Potentiation of bradykinin-, substance P-, or BNP-mediated vasodilation could 
contribute to beneficial effects of LCZ696 on BP and afterload reduction. Potentiation of t-PA 
release could reduce thrombotic events in patients taking LCZ696. Conversely potentiation of 
bradykinin or substance P could contribute to angioedema.66 

 
Thirty-five percent of the patients with HF and reduced EF in PARADIGM-HF had known 

diabetes, and another 13% had undiagnosed diabetes.2, 67 DPP4 inhibitors are often used to treat 
diabetes. Substance P and BNP are substrates common to NEP and DPP4 (Figure 2).22, 36 For 
this reason, we will also test the novel hypothesis that the LCZ696 and the DPP4i sitagliptin 
interact to potentiate effects of substance P and/or BNP. 

 
Subjects   

 We will study patients with essential hypertension. Thirty-four non-smoking hypertensive 
subjects, age 18 to 60 years of age (50% Black, 50% female) will participate in this randomized, 
double-blind, placebo-controlled, crossover study. Subjects will be defined as hypertensive if 
they have an untreated, seated systolic blood pressure (SBP) of 140 mmHg or greater on three 
separate occasions; have an untreated, seated diastolic blood pressure (DBP) of 90 mmHg or 
greater on three separate occasions; or have taken anti-hypertensive agent(s) for a minimum of 
six months. Subjects with secondary forms of hypertension, significant cardiovascular disease 
(other than essential hypertension and LV hypertrophy), pulmonary and neurological disorders, 
diabetes, anemia, and renal insufficiency will be excluded. Pregnancy will be excluded in women 
of child-bearing potential by urine beta-hCG, and women will be studied during the follicular 
phase of the menstrual cycle.  

 
 
 

Protocol 
Figure 5 illustrates the study protocol. After informed consent is obtained, subjects will 

undergo a screening history and physical exam, and anti-hypertensive medications will be 
withdrawn. If appropriate, as in the case of beta-blockers and clonidine or other medications for 
which there may be rebound hypertension if they are discontinued suddenly, medications will be 
tapered. During this period, BP will be measured every one to three days. If at any time the 
seated SBP is >170 mmHg, or seated DBP >110 mmHg, or if a subject develops symptoms of 
high BP regardless of BP, the subject will be discontinued, and his or her anti-hypertensives 
restarted. In our experience, about three percent of subjects may be excluded during washout. 
Excluded subjects will be replaced. 
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After subjects have been off anti-hypertensive medications for three weeks (four for 

spironolactone), they will be randomized to four-week treatment with valsartan 160 mg bid (80 
mg bid for one week, then 160 mg bid) or LCZ696 200 bid (100 mg bid for one week, then 200 
mg bid) in a double-blind fashion. Valsartan bioavailability is enhanced when administered as 
LCZ696, and these doses of valsartan and LCZ696 give equivalent serum concentrations of 
valsartan.68 The doses of LCZ696 is that used in PARADIGM. On the morning of the 28th day 
of study drug, subjects will report to the Vanderbilt Clinical Research Center (CRC) after an 
overnight fast. Subjects will be studied in the supine position in a temperature-controlled room. 
They will be instrumented for intra-arterial infusions, as described below. Subjects will be given 
their last dose of study drug. One hour after drug administration, we will measure forearm blood 
flow (FBF) and give bradykinin, substance P, or BNP. The order of bradykinin and substance P 
will be randomized. BNP will be given third because it has a half-life of 18 minutes (versus 
seconds for the other peptides) and requires a longer washout period to avoid carryover effects.21 
Each peptide will be infused in three graded doses for five minutes. After administration of all 
three peptides, subjects will be allowed to rest for an hour. Then they will be given a single oral 
dose of sitagliptin 200 mg and be allowed to rest for 90 minutes. This dose of sitagliptin achieves 
complete inhibition of DPP4 comparable to 100 mg but with an earlier (one hour) and more 
sustained maximal response.69 We will repeat baseline measurements and the peptide infusions 
with an intervening rest period. The four-week study treatment and protocol will be repeated 
after a three-week washout, until subjects complete both arms. 
 
Anticipated Results 

We do not expect an effect of valsartan alone on the responses to bradykinin (or substance P 
or BNP) based on prior studies.64 We anticipate that LCZ696 will increase vasodilator and t-PA 
responses to bradykinin and may increase vasodilator and t-PA responses to substance P, as well 
as the vasodilator response to BNP compared to during valsartan. We will compare the effect of 
valsartan and LCZ696 on the responses to exogenous bradykinin, substance P, and BNP. We 
hypothesize that effects of LCZ696 on responses to BNP or substance P will be enhanced by 
concurrent inhibition of DPP4.  In the case of substance P, there may also be an effect on 
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Figure 5: Study Protocol. Valsartan 160 mg and LCZ696 200 mg provide similar valsartan concentrations 
due to increased bioavailability of valsartan when administered as LCZ696.64 The LCZ696 dose is that used 
in PARADIGM-HF. 
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norepinephrine release, as we observed in an earlier study of combined ACE and DPP4 
inhibition.30 

 
Sample Size Calculation and Statistical Analysis 

 The primary endpoints are FBF and net release of t-PA. Net norepinephrine release is a 
secondary endpoint. The primary analyses will focus on the LCZ696 versus valsartan 
comparisons on the primary and secondary endpoints. The secondary analysis will focus on the 
comparison of LCZ696 during sitagliptin versus LCZ696 alone on the primary and secondary 
endpoints. 

 
Sample Size and Power Calculation:  
In our study of the effect of ACE inhibition on responses to bradykinin, enalaprilat increased the 
FBF response to a 94.3 pmol/min dose of bradykinin from 10.57±3.24 (mean±SD) to 16.32±6.34 
mL/min/100 mL, with a SD of the difference of 4.07 mL/min/100 mL and a within-subject 
correlation of 0.85. Substance P increased FBF from 2.29±0.51 to 14.79±4.86 mL/min/100 mL 
at the highest dose proposed, and the within-subject correlation was 0.76. BNP increased FBF 
from 2.54±0.84 mL/min/100 mL at baseline to 6.15±1.95 mL/min/100 mL at the 720 pmol/min 
dose, and the within-subject correlation was 0.71. With 16 subjects in this crossover study we 
would have excellent (>90%) power to detect an increase in FBF similar in magnitude during 
LCZ696 versus valsartan or LCZ696/sitagliptin versus LCZ696 alone (Table 2). We will study 
32 subjects so we will have adequate power to detect this magnitude of difference within either 
racial or gender group alone. We also have power to stratify women on menopause status. If half 
of the 16 women are pre-menopausal, we would have >90% power to detect the difference 
observed with bradykinin. In our most recent study, enalaprilat increased the t-PA response to 
bradykinin (94.3 pmol/min) from 21.8±14.0 to 114.3±110.9 ng/mL/100mL, and the within-
subject correlation was 0.80. An N of 13 would be required to provide 85% power to detect this 
magnitude of change between LCZ696 and valsartan. 

Table 2: Expected FBF results.  For substance P and BNP, we conservatively projected LCZ696 
would increase the FBF response 30 percent.  

Infusion  valsartan LCZ696, increase of the magnitude of enalapril  

  Mean ± SD Correlation Increase±SD N for 85% 
power 

Power for 
N=16 

Bradykinin  10.57±3.24 16.32±6.34 0.85 5.75±3.97 7 >99% 

Substance P 14.79±4.86 19.23±6.32 0.76 4.44±4.46 11 96 

BNP  6.15±1.95 8.00±2.53 0.71 1.85±1.79 11 97 

 
 

Data Analysis Plan: 

We will use standard graphing and screening techniques to detect outliers and to ensure data 
accuracy. We will  use non-parametric analysis methods due to the relatively small sample size. 
We will provide summary statistics for both numerical and categorical variables by study arm. 
We will assess comparability among randomization groups.  
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We are using a two-by-two crossover design in this study. Although we have designed the 
study with a prolonged three-week washout to avoid carryover of any ARB or NEPi effect, we 
will take additional baseline measurements of key study endpoints right before study subjects 
take study medication (valsartan or LCZ696) in the two treatment periods. These data will allow 
us to estimate directly any residual carryover effect using within-subject comparisons or the 
mixed effects models. In the mixed-effects models with a random subject effect, we will code the 
appropriate first-order carryover effect. For example, if a subject receives treatments valsartan 
and LCZ696 in the two periods, then the model has carryover effect null, CV,  in the two 
periods. (CV denotes potential carryover effect due to valsartan in the prior period.) Since we are 
going to use the baseline measures for this evaluation, the main effect of the treatments will not 
be in the model.  If they are not significant, the carryover effects will not be included in the 
model when we estimate the main treatment effects in the following. We will use an 
autoregressive model of order 1 (AR1) or other plausible covariance structures for the error 
covariance. We will use a similar approach to evaluate for potential carryover of bradykinin, 
substance P, or BNP effects. 

 
We will use mixed-effects models with a random subject effect and with treatment factor one 

(valsartan or LCZ696) and treatment factor two (absence or presence of sitagliptin) as fixed 
effects. We will evaluate treatment effects and interactions using properly set up contrasts in the 
mixed-effects models. We will include sex and race as covariates and will conduct stratified 
analyses if appropriate. (We and others have observed racial differences in vasodilator responses 
to bradykinin.70, 71 ACE inhibition increases t-PA response to bradykinin to a greater extent in 
women than in men.72) In addition to evaluating treatment effects and interactions using 
regression analyses, we will calculate within-subject mean differences and 95% confidence 
intervals for specific effects of interest and test for treatment effects using  signed rank test. We 
will test all hypotheses at the level of α=0.05. We will use SPSS (version 23.0, SPSS, Chicago, 

IL) and the open-source statistical package R (version 3.1.0, R Core Team, 2014) for analyses. 
 
Subjects who drop out will be replaced. For this reason and based on prior experience, 

missing data will be unusual. Nevertheless, if data are missing for a particular time point, mixed-
effects models are robust in that subjects with missing data at some time points can be included 
to estimate effects of interest. In addition, we will conservatively impute missing data to perform 
corroborative analyses with and without missing data. 

 
Limitations and Future Directions 

We will study people with hypertension rather than HF in this aim because the study is 
invasive and to permit safe washout of vasoactive drugs. Because LCZ696 increases urine cGMP 
similarly in patients with hypertension and with HF,10, 73 we expect findings will be applicable 
across groups.  

 
We are studying effects of four-week treatment with LCZ696 and valsartan. Prior studies 

indicate that hemodynamic effects of valsartan and LCZ696 are at steady state by four weeks.73 
  
We have designed the study to avoid carryover effects. We know from many other studies 

that three weeks provides adequate washout for the effects of ARBs and ACEis,74, 75 and studies 
using LCZ696 suggest that this duration is adequate for NEP inhibition.2 As noted in Data 
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Analysis Plan, we will test for carryover and also use repeated baseline measurements to allow 
us to estimate any residual carryover effect.  

 
Bradykinin, substance P, and BNP are just three substrates of NEP that may have 

cardiovascular effects. Adrenomedullin is another candidate NEP substrate that causes 
vasodilation and natriuresis.76 NEP inhibition enhances the vasodilator response to intravenous 
adrenomedullin in sheep;77 omapatrilat (but not thiorphan) potentiates the vasodilator response to 
adrenomedullin in resistance arteries from patients with CAD.19 If we do not see an effect of 
NEP inhibition or NEP inhibition + DPP4 inhibition on the response to any one of the peptides, 
we will consider substituting adrenomedullin as one of the peptides. Likewise, it may be 
necessary to complete studies using ANP or CNP. 

 
7.0      Risks of Investigational Agents/Devices (side effects) 

1) Frequent blood draws can lead to anemia. 
2) Withholding anti-hypertensive medications may result in elevation in BP. We will 

monitor BP every one to three days after stopping or decreasing these medications. If 
the BP is too high or if there are symptoms of high BP during the washout period, the 
study will be stopped and prior medications will be restarted. 

3) LCZ696 may cause angioedema, leading to swelling of the tongue, lips, or pharynx 
that can result in airway compromise. DPP4i use has also been associated with 
angioedema and can increase the risk of ACEi-associated angioedema.78, 79 We will 
exclude patients with a history of angioedema, and the duration of LCZ696 is short in 
each study. Subjects in Aim 1 will receive sitagliptin during LCZ696 only one time. 
We have not observed angioedema in studies of short-term sitagliptin and ACEi 
exposure. 

4) Valsartan or LCZ696 can cause hypotension or orthostasis. We are giving the first 
dose in the CRC to monitor BP. We will start at a lower dose and escalate after one 
week. We will monitor BP after the first dose and throughout the study.  

5) Valsartan or LCZ696 could cause hyperkalemia in patients with renal dysfunction. 
We are excluding patients with an eGFR less than 30 mL/min/1.73 m2. We will 
monitor potassium during the study. If potassium is >5.4 mmol/L, we will repeat the 
blood sample. If potassium is persistently >5.4 mmol/L we will withdraw the subject 
from the study. 

6) Insertion of brachial artery and venous catheters may cause bleeding, bruising, or 
infection. Insertion of a brachial artery catheter may cause damage to the artery or 
thrombosis. This is potentially serious and could result in loss of blood supply to the 
arm, requiring intra-arterial administration of fibrinolytic agents and/or surgery. 
Complications arising from arterial line insertion are usually seen in the setting of low 
flow and prolonged arterial line placement, neither of which occur in these protocols. 
We have conducted studies involving the insertion of brachial artery catheters safely 
in over 400 subjects.  

7) We will use lidocaine to numb the skin prior to the insertion of the brachial artery 
catheter. Lidocaine can cause numbness and burning and/or local rash or irritation in 
subjects who are allergic to it.   

8) Bradykinin (U-1080, Clinalfa, Bachem AG), substance P (U-1180, Clinalfa, Bachem 
AG, IND 110,721), and BNP are vasoactive substances that will be infused into the 
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brachial artery at doses that have no detectable effect on systemic BP or heart rate. 
Given at higher doses bradykinin, substance P, and BNP can lower BP and cause a 
compensatory tachycardia. We have not observed an effect on BP at the doses 
proposed in prior studies.  

9) DPP4 inhibitors can cause hypoglycemia. The risk of fasting hypoglycemia is lower 
than with non-incretin-based anti-diabetic agents due to the mechanism of action. We 
have not observed hypoglycemia in our prior studies using the dose of sitagliptin 
proposed in this study. 

 
8.0  Reporting of Adverse Events or Unanticipated Problems involving Risk to Participants 

or Others 
 
All protocols will be reviewed and approved by the Vanderbilt IRB before any subject is 

enrolled. The Principal Investigator will closely oversee the protocol in conjunction with the 
dedicated research nurse.  

 
A DSMC will provide objective review of treatment results as they relate to human safety 

and data quality. The committee will be comprised of Marie Griffin, MD, Professor of Health 
Policy; Ashish S. Shah, MD, Professor of Cardiac Surgery and Surgical Director of Vanderbilt 
Heart Transplant and Mechanical Circulatory Support; and Alan B. Storrow, MD, Professor and 
Vice Chairman for Research and Academic Affairs for the Department of Emergency Medicine. 
Dr. Storrow will chair the committee. An important aspect of the membership of the DSMC is 
that all three members are senior faculty who hold a primary appointment outside the 
Department of Medicine.  

 
The DSMC will meet at least three times, after the first one-third of the subjects have been 

enrolled, to receive reports of the progress of the study. These reports will provide information 
regarding recruiting, safety reporting, and data quality. No early stopping is planned. The 
committee will assess safety data including hypotension or hypertension, angioedema, 
hyperkalemia, common adverse events, hospitalizations, and other serious adverse events. 
Interim data will be provided to the committee by Drs. Brown and Yu. The randomization will 
be blinded and presented on a coded basis unless the Committee votes to receive unblinded data. 
The Committee will have the authority to modify the protocols or to terminate the study if it 
deems such actions to be warranted. The DSMC will provide summary reports to the 
investigators that will be submitted to the IRB. 
 

The DSMC will also receive quarterly reports of enrollment, protocol adherence, data 
quality, and adverse events via e-mail. The DSMC will review all serious adverse events. Any 
serious adverse event will be reported to the DSMC, IRB, and NIH (and FDA if appropriate) as 
soon as possible, but not more than 7 business days from the PI's notification of the event. Any 
untoward medical event will be classified as an adverse event, regardless of its causal 
relationship with the study. An adverse event will be classified as serious if it a) results in death, 
b) is life-threatening, c) requires inpatient hospitalization or prolongation of existing 
hospitalization, d) results in persistent or significant disability or incapacity, e) is a congenital 
anomaly or birth defect. The DSMC may choose to become unblinded; however, it is expected 
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that such unblinding would not occur without reasonable concern related either to patient safety 
or to data validity.   

 
Non-serious, unexpected adverse events and incidences of noncompliance with the protocol 

will be reported to the IRB at the time of annual review. If warranted, appropriate changes will 
be made to the consent form. Adverse events will be graded as mild (no limitation of usual 
activities), moderate (some limitation), or severe (inability to carry out usual activities) and 
attributed according to the relationship to the study drug and/or procedures as Not related, 
Unlikely, Possible, Probable, or Definite. Any instance of non-compliance with the protocol will 
be reported at the time of annual review. Summary reports will be submitted to the IRB at least 
annually and will contain a) the number of adverse events and an explanation of how each event 
was handled, b) the number of complaints and how each complaint was handled, c) the number 
of subject withdrawals and an explanation of why the subject withdrew or was withdrawn, and d) 
the number of instances of non-compliance with the protocol and how each was handled. 

 
9.0      Study Withdrawal/Discontinuation 
 
If at any time during the study, a subject develops any symptoms related to study participation 
that subject will be withdrawn from the study. If, in the opinion of the investigator, a subject is 
non-compliant, that subject will be withdrawn from the study. Subjects who are withdrawn will 
be followed until symptoms have resolved.  
 
10.0 Statistical Considerations 
 
See above under protocol. 
 
11.0 Privacy/Confidentiality Issues 
 
A unique identification case number will be used to protect the confidentiality of the study 
participants. Only case numbers will be included in spreadsheets used for the statistical analysis.   

 
We will use the web-based Vanderbilt Research Electronic Data Capture (REDCap) system to 
design electronic data collection forms in all Aims. These forms will be pilot tested before use. 
Data will be input into a protected, web-based case report form (which can be readily 
downloaded into SAS, STATA, R, or SPSS). The form allows for direct data entry by 
investigators and is designed to minimize errors and erroneous values. Results from the 
Vanderbilt clinical laboratory can also be directly imported to REDCap, which further reduces 
typographical data entry errors. Expected ranges are pre-specified to prevent errors such as the 
shifting of decimal points. The program includes a computerized audit trail so that the identity of 
individuals entering or changing data and, in the case of changes, both original and revised data 
are saved. Data are backed up daily. Clinical data, including clinical laboratory, will be entered 
by the research nurse. Research laboratory data will be entered by a predoctoral student in the 
laboratory. 

 
12.0 Follow-up and Record Retention 
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All records will be retained for 7 years following publication of the data. After that time, records 
may be archived for an additional 5 years and then shredded. 

 
13.0 Standard Techniques 
 
BP Measurements: During screening, washout, and active treatment outpatient BP, HR, and MAP 
will be measured with an aneroid sphygmomanometer (Welch Allyn, Skaneateles Falls, NY), 
using the appearance and complete disappearance of the Korotokoff sounds (K1 and K5) as SBP 
and DBP. The mean of three supine measurements will be used. During study days, BP will be 
measured before and using an automated oscillometric recording device (Dinamap, Critikon, 
Carlsbad, CA). 
 
Instrumentation for intra-arterial infusions: An intravenous catheter will be placed in the 
antecubital vein of the nondominant arm.  After subdermal 1% lidocaine, an 18-gauge 
polyurethane catheter (Cook Inc., Bloomington, IN) will be inserted in the brachial artery of the 
same arm. Prior to the infusion of vasoactive peptides, arterial catheter patency will be maintained 
by infusion of 5% dextrose at rate of 1 mL/minute.  After study drug, a one-hour rest period, and 
measurement of basal FBF and blood sampling, peptides will be infused. We will infuse 
bradykinin (U-1080, Clinalfa, Bachem AG) at 23.6, 47.2, and 94.3 pmol/min. The highest dose 
increases FBF to 10.57±3.24 mL/min/100 mL forearm volume in the absence of ACE inhibition. 
We will give substance P (U-1180, Clinalfa, Bachem AG), at 2, 4, and 8 pmol/min to achieve 
similar vasodilation (Figure 3). We will give BNP (Nesiritide, Scios Inc., Mountain View, CA) at 
240, 480, and 720 pmol/min. These doses cause vasodilation comparable to the lower doses of the 
other agonists.21 Each dose will be infused for five minutes, and FBF will be measured during the 
last two minutes.  Drug concentrations in the infusate will be adjusted to maintain infusion volumes 
at one mL/minute. FBF will be measured using mercury-in-silastic strain-gauge plethysmography, 
as detailed elsewhere.28 
 
Forearm blood flow measurements: FBF will be measured using mercury-in-silastic strain-gauge 
plethysmography. The wrist will be supported to raise the forearm above the level of the atrium, 
and a strain gauge placed on the widest part of the forearm. The strain gauge will be connected to 
a plethysmograph (Model EC-4, D.E. Hokanson, Issaquah, WA), calibrated to measure percent 
change in volume and connected to a chart recorder to record flow measurements. For each 
measurement, a cuff around the upper arm will be inflated to 40 mmHg with a rapid cuff inflator 
(Model E-10, Hokanson) to occlude venous outflow from the extremity. The hand will be occluded 
from measurement of FBF by inflation of a pediatric sphygmomanometer cuff to 200 mmHg 
around the wrist. Flow measurements will be recorded for approximately 7 sec out of 15 sec, and 
the slope will be derived from the first 3-4 pulses; 7 readings will be obtained for each mean. 
 
Blood Sampling and Calculations: Following measurement of FBF, simultaneous arterial and 
venous samples will be obtained from the infused arm prior to and at the end of each dose of study 
drug for measurement of peptide concentrations, cGMP, t-PA (bradykinin and substance P), and 
norepinephrine.  We will also measure venous NEP activity and DPP4 activity at baseline. 
Infusions will be interrupted during arterial sampling. All samples will be obtained after the first 
three mL of blood are discarded. Blood samples will be collected on ice and centrifuged 
immediately. Arterio-venous concentration gradients will be calculated by subtracting the plasma 
level measured in simultaneously collected venous (CV) and arterial (CA) blood.  Forearm plasma 
flow (FPF) will be calculated from the FBF and arterial hematocrit corrected for 1% trapped 
plasma.  Thus, individual net release or uptake rates at each time point will be calculated: Net 
release = (CV-CA) x [FBF x ((101-hematocrit)/100)]. 
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