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Aims Adrenomedullin is a vasodilatory peptide with a role in microcirculatory and endothelial homeostasis. Adrenomedullin
is a substrate for neprilysin and may therefore play a role in beneficial effects of sacubitril/valsartan (Sac/Val) treatment.
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Methods
and results

Mid-regional pro-adrenomedullin (MR-proADM) was measured in 156 patients with heart failure with reduced
ejection fraction (HFrEF) treated with Sac/Val and 264 patients with heart failure with preserved ejection fraction
(HFpEF) randomized to treatment with Sac/Val or valsartan. Echocardiography and Kansas City Cardiomyopathy
Questionnaire results were collected at baseline and after 6 and 12 months in the HFrEF cohort. Median (Q1–Q3)
baseline MR-proADM concentrations were 0.80 (0.59–0.99) nmol/L in HFrEF and 0.88 (0.68–1.20) nmol/L in
HFpEF. After 12 weeks of treatment with Sac/Val, MR-proADM increased by median 49% in HFrEF and 60% in
HFpEF, while there were no significant changes in valsartan-treated patients (median 2%). Greater increases in
MR-proADM were associated with higher Sac/Val doses. Changes in MR-proADM correlated weakly with changes in
N-terminal pro-B-type natriuretic peptide, cardiac troponin T and urinary cyclic guanosine monophosphate. Increases
in MR-proADM were associated with decreases in blood pressure, but not significantly associated with changes in
echocardiographic parameters or health status.
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Conclusions MR-proAD concentrations rise substantially following treatment with Sac/Val, in contrast to no change from valsartan.
Change in MR-proADM from neprilysin inhibition did not correlate with improvements in cardiac structure and
function or health status. More data are needed regarding the role of adrenomedullin and its related peptides in the
treatment of heart failure.
Clinical Trial Registration: PROVE-HF ClinicalTrials.gov Identifier: NCT02887183, PARAMOUNT ClinicalTrials.gov
Identifier: NCT00887588.
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Introduction
Adrenomedullin is a 52-amino acid vasodilatory peptide with
important actions in the microcirculation and endothelium.1,2

Adrenomedullin plays a key role in vascular homeostasis in heart
failure (HF), where higher circulating concentrations of the pep-
tide are hypothesized to maintain endothelium integrity and reduce
vascular leakage.3 Infusion of synthetic human adrenomedullin
increases left ventricular (LV) systolic function and cardiac index,
reduces vascular resistance and improves atrial function.4 Because
of its role in HF pathophysiology, measurement of adrenomedullin
has been pursued to better understand HF and its complica-
tions. However, measurement of adrenomedullin is complicated
by several analytical issues, such as short half-life, fast metabolism,
low concentrations, rapid degradation by proteases and bind-
ing to complement factor H. To circumvent these issues, atten-
tion has been focused on the measurement of a 48-amino
acid mid-regional pro-peptide (MR-proADM) co-secreted with
adrenomedullin. MR-proADM is biologically inactive, has a substan-
tially longer half-life and is stable in human plasma.5,6

In patients with HF, concentrations of MR-proADM are fre-
quently elevated.7 Higher MR-proADM levels associate with worse
LV structure and function in the general population8 and concentra-
tions of MR-proADM provide incremental prognostic information
to natriuretic peptides in patients with HF.9 Thus, measurement of
MR-proADM has been suggested as an indirect means to assess
adrenomedullin.

Although direct infusion of adrenomedullin has been explored as
a treatment for HF,4 other means by which to enhance its effects
have not been specifically tested. Adrenomedullin is a substrate for
neprilysin and small observational studies have reported increased
levels of both biologically active adrenomedullin (bio-ADM) and
MR-proADM after treatment with angiotensin receptor–neprilysin
inhibitors (ARNI).10 This rise might be partially associated with
direct or indirect benefit from ARNI treatment. The trajectory
of MR-proADM during treatment with ARNI and its association
with changes in cardiac structure, function and health status is
not known. We aimed to assess changes in MR-proADM following
treatment with sacubitril/valsartan (Sac/Val) in patients with HF and
reduced ejection fraction (HFrEF) from the Prospective Study of
Biomarkers, Symptom Improvement and Ventricular Remodeling
During Entresto Therapy for Heart Failure (PROVE-HF) study, and
to correlate those changes with changes in cardiac structure and
function, haemodynamics, and health status. We compared those
results to MR-proADM changes in patients treated with Sac/Val in
the Prospective Comparison of ARNI with ARB on Management
of Heart Failure with Preserved Ejection Fraction (PARAMOUNT)
trial in patients with HF and preserved ejection fraction (HFpEF)
that included a control arm treated with valsartan.

Methods
Patient population
The design of the PROVE-HF study has previously been published.11 It
was a prospective, observational, multicentre, open-label, single-arm ..
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.. study that enrolled 794 patients ≥18 years with chronic HFrEF, an
LV ejection fraction (LVEF) ≤40% and New York Heart Association
(NYHA) class II–IV who were initiated on Sac/Val at the baseline visit.
Follow-up study visits in PROVE-HF, that included biomarker sampling,
were scheduled for 2, 4, 6, 8, 12, 26, 36, and 52 weeks. Patients were
initiated on Sac/Val according to the US Prescribing Information and
study drug was titrated approximately every 2 weeks through day 60,
with a goal dose of Sac/Val of 97/103 mg twice daily (or highest toler-
ated dose). The PROVE HF labile biomarker substudy was performed at
sites with access to equipment to ensure optimal blood samples with-
out degradation and included 144 (18%) study participants. Patients
who were included in the biomarker substudy had comparable base-
line characteristics to the total PROVE-HF participants, as previously
described.12

PARAMOUNT was a phase II, randomized, double-blind, parallel
group, active control trial in 290 patients ≥18 years with a documented
history of HF with associated signs or symptoms and an LVEF ≥45%,
as previously described.13 Patients were randomized 1:1 to Sac/Val
titrated to 97/103 mg twice daily versus valsartan titrated to 160 mg
twice daily and followed for 12 weeks in the core study. Biomarkers
were collected at baseline and 12 weeks and MR-proADM was analysed
in 264 (88%) PARAMOUNT participants at baseline.

The PROVE-HF and PARAMOUNT study protocols were approved
by the relevant institutional review boards. All participants were
required to sign informed consent prior to enrolment.

Laboratory analysis
In PROVE-HF blood samples were collected at baseline and after
2, 4, 6, 8, 12, 26, 36, and 52 weeks and in PARAMOUNT blood
samples were collected at baseline and after 52 weeks, by venipuncture
with different collection tubes and sample handling used in the two
studies. In PROVE-HF, blood for MR-proADM testing was collected in
tubes containing EDTA and a proprietary protease inhibitor cocktail
(P100, BD Biosciences, Franklin Lakes, NJ, USA) that is known to
inhibit proteolytic degradation and modification during and after blood
collection. Samples were centrifuged cold, and plasma was immediately
shipped on dry ice to the central laboratory for storage at −70∘C
until batch analysed (Clinical Reference Laboratory, Lenexa, KS, USA).
In PARAMOUNT, blood for MR-proADM testing was collected in
EDTA tubes, centrifuged at room temperature, stored at −20∘C for
2–4 weeks, then shipped on dry ice to the central laboratory for
storage at −70∘C until batch analysed (Quest Diagnostics, Valencia,
CA, USA).

In both PROVE-HF and PARAMOUNT, MR-proADM was measured
by the B.R.A.H.M.S. KRYPTOR assay (Thermo Fisher Scientific Inc.,
Hennigsdorf, Germany) with a measuring range (with automatic dilu-
tion) of 0.05 nmol/L to 100 nmol/L and inter-run coefficient of varia-
tion <3.8%. N-terminal pro-B-type natriuretic peptide (NT-proBNP)
and high-sensitivity troponin T (hsTnT) were measured with the
Cobas proBNP II and Troponin T immunoassays, respectively (Roche
Diagnostics, Indianapolis, IN, USA), as previously described.14 Atrial
natriuretic peptide (ANP) was measured with testing performed at
the Mayo Clinic in Rochester, MN, by a sensitive radioimmunoassay
(Phoenix Pharmaceuticals, Mountain View, CA, USA), with a measur-
ing range of 0.8–1250 pg/ml as previously described.12 Cyclic guano-
sine monophosphate (cGMP) was measured in spot urine using the
R&D Systems Parameter immunoassay (Minneapolis, MN, USA) with a
measuring range of 3.2 and 500 pmol/ml. cGMP concentrations were
indexed to creatinine (CREP2 enzymatic assay, Roche Diagnostics).

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1398 P.L. Myhreet al.

Echocardiography and Kansas City
Cardiomyopathy Questionnaire
In PROVE-HF, measurements of cardiac structure and function
were performed by echocardiography at baseline and again at 6 and
12 months of follow-up. The echocardiograms were analysed at a core
laboratory after study procedures had completed by readers who
were blinded to study drug and biomarker data and were blinded
temporally to the study visit. Quantification and indexation of param-
eters were performed according to current recommendations.15 The
Kansas City Cardiomyopathy Questionnaire (KCCQ) was used in
PROVE-HF to collect self-reported health status at baseline and after
6 and 12 months of follow-up. Participant responses were scaled into
the overall summary score and clinical summary score.

Statistical analysis
Continuous variables are presented as mean± standard deviation
for parametric variables and median (Q1–Q3) for non-parametric
variables such as MR-proADM concentrations. Relative changes in
MR-proADM were calculated as ratio by dividing the follow-up con-
centration with the baseline concentration, and absolute changes by
subtracting the baseline sample from the follow-up sample. Quartiles
of MR-proADM at baseline and quartiles of change from baseline
were generated, and baseline characteristics and outcome variables
(echocardiographic measures of cardiac structure/function, blood pres-
sure and change in KCCQ scores) are presented across these quartiles
with p for trend using regression and Cuzick’s test. We also used lin-
ear mixed models and latent growth curve modelling (a longitudinal
approach allowing for assessment of intercept and slope of change)
of trajectories of MR-proADM over time. MR-proADM was analysed
continuously using linear regression analyses and restricted cubic spline
with log-transformed concentrations as the dependent variable in
unadjusted and adjusted models including the following a priori selected
covariates: age, sex, race, NYHA class, body mass index (BMI), LVEF,
hypertension, diabetes mellitus, myocardial infarction (MI), coronary
artery disease, coronary revascularization, atrial fibrillation, ischaemic
HF aetiology, months since HF diagnosis, estimated glomerular fil-
tration rate (eGFR), systolic blood pressure and heart rate, in addi-
tion to baseline MR-proADM. The association between MR-proADM,
NT-proBNP, ANP and urinary cGMP (baseline and changes) were anal-
ysed using Spearman correlation and linear regression analyses with
log-transformed values. P-values are 2-sided, and with values less than
0.05 considered significant. All analysis were performed using R version
3.5 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Clinical characteristics by baseline
MR-proADM concentrations
In the PROVE-HF study of patients with HFrEF, a total of 156
biomarker substudy patients had available MR-proADM concen-
trations at baseline; these patients were aged mean 64± 12 years,
75% were men and the median NT-proBNP concentration was
548 (Q1–Q3: 246–1367) pg/ml. The median concentration
of MR-proADM was 0.80 (Q1–Q3: 0.59–0.99) nmol/L, and
patients in the higher quartiles of MR-proADM were older, with
lower eGFR, lower diastolic blood pressure and more frequently ..
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.. had hypertension, atrial fibrillation/flutter and an ischaemic HF
aetiology (Table 1). Higher quartiles of MR-proADM were associ-
ated with the presence of peripheral oedema, but not with jugular
venous distension, paroxysmal nocturnal dyspnoea, pulmonary
rales, third heart sound or NYHA functional class.

In the PARAMOUNT study of patients with HFpEF, a total of
264 patients had available MR-proADM at baseline. The patients
were aged mean 71± 9 years, 42% were men and the median
NT-proBNP concentration was 833 (Q1–Q3: 485–1377) pg/ml.
The median concentration of MR-proADM was 0.88 (Q1–Q3:
0.68–1.20) nmol/L. Similar to PROVE-HF, patients in the higher
quartiles of MR-proADM were older, with lower eGFR, lower
diastolic blood pressure and higher BMI (online supplementary
Table S1).

Cross-sectional association between
MR-proADM and cardiac structure,
function and health status at baseline
At baseline in PROVE-HF, the median (Q1–Q3) LVEF was 31

(26–34) %, LV end-diastolic volume index (LVEDVi) was 83.1
(75.5–94.6) ml/m2 and the KCCQ overall summary score was
67.2 (46.7–81.9) points. E/e’ was higher in the higher quartiles of
MR-proADM, while there was a U-shaped association with LVEF
and no association with indexed LV volume, indexed LV mass,
indexed left atrial volume or mitral regurgitation severity (Table 2).
Patients in the higher quartiles of MR-proADM had worse health
status as measured by KCCQ overall summary score and clinical
summary score.

At baseline in PARAMOUNT, higher quartiles of MR-proADM
were associated with higher LVEF and lower LV mass index, while
there were no significant association with LV volume, left atrial
volume or E/e’ (online supplementary Table S1).

Trajectories of MR-proADM
concentrations after initiation
of sacubitril/valsartan
Mid-regional pro-adrenomedullin increased rapidly after initiation
of Sac/Val in PROVE-HF (Figure 1; online supplementary Table S2).
After 2 weeks, the median MR-proADM concentration was 1.06
(0.11–1.43) nmol/L, corresponding to a 37% increase from base-
line. The highest median concentration was 1.21 (0.87–1.62)
nmol/L, observed at week 36, that was 57% greater than baseline.
Eighty-five (57%) patients that reached the target dose of Sac/Val
(97/103 mg bid) at 12 weeks had greater increases in MR-proADM
than patients who remained on the lowest dose (24/26 mg bid)
(median 56% [39–74] vs. 35% [26–52], p= 0.003) (online sup-
plementary Table S3). The distribution of change in MR-proADM
through the full follow-up (from baseline to 12 months) is pre-
sented in online supplementary Figure S1. There were no signifi-
cant differences in age, sex, race, BMI, baseline LVEF, renal function,
comorbidities or medical therapy at baseline across quartiles of
change in MR-proADM from baseline to 12 months (online sup-
plementary Table S4).

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Effect of ARNI on MR-proADM 1399

Table 1 Baseline characteristics of the PROVE-HF study population by quartiles of baseline mid-regional
pro-adrenomedullin concentrations

MR-proADM p-value
for trend. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Quartile 1

(n= 40)
Quartile 2
(n= 39)

Quartile 3
(n= 38)

Quartile 4
(n= 39)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MR-proADM range, nmol/L 0.25–0.58 0.59–0.80 0.81–0.99 0.99–2.49
Age, years 55.3 (13.1) 62.7 (9.4) 67.5 (9.7) 72.1 (11.3) <0.001

Male sex 29 (72.5) 34 (87.2) 26 (68.4) 28 (71.8) 0.23
Race 0.06

White 22 (55.0) 30 (76.9) 30 (78.9) 32 (82.1)
Black 13 (32.5) 9 (23.1) 8 (21.1) 6 (15.4)
Other 5 (12.5) 0 (0.0) 0 (0.0) 1 (2.6)

NYHA class III or IV 6 (15.0) 10 (25.6) 10 (26.3) 14 (35.9) 0.21

BMI, kg/m2 29.0 (5.4) 31.0 (6.4) 31.4 (5.8) 32.9 (7.4) 0.06
eGFR, ml/min/1.73 m2 78.9 (20.9) 68.2 (12.3) 57.6 (14.3) 54.4 (16.1) <0.001

Systolic blood pressure, mmHg 123 (12) 128 (15) 124 (14) 126 (13) 0.51

Diastolic blood pressure, mmHg 80 (9) 78 (7) 76 (13) 71 (9) 0.005
Pulse, bpm 73 (12) 73 (10) 71 (15) 69 (13) 0.42
Oedema 5 (12.5) 13 (33.3) 13 (34.2) 17 (43.6) 0.022
Jugular venous distension 1 (2.5) 3 (7.7) 1 (2.6) 6 (15.4) 0.143
Paroxysmal nocturnal dyspnoea 4 (13.8) 4 (12.9) 5 (14.7) 6 (16.2) 0.98
Past medical history, n (%)

Hypertension 30 (75.0) 30 (76.9) 36 (94.7) 36 (92.3) 0.025
Coronary revascularization 15 (37.5) 18 (46.2) 19 (50.0) 22 (56.4) 0.40
Diabetes mellitus 12 (30.0) 20 (51.3) 19 (50.0) 21 (53.8) 0.12
Myocardial infarction 12 (30.0) 15 (38.5) 16 (42.1) 17 (43.6) 0.60
Coronary artery disease 15 (37.5) 18 (46.2) 18 (47.4) 15 (38.5) 0.74
Atrial fibrillation/flutter 8 (20.0) 13 (33.3) 18 (47.4) 18 (46.2) 0.039
Non-ischaemic HF aetiology 25 (62.5) 16 (41.0) 14 (36.8) 13 (33.3) 0.04
Months since HF diagnosis 37 [11–82] 50 [15–100] 58 [17–138] 53 [11–159] 0.53

Baseline medications, n (%)
Beta-blocker 36 (90.0) 36 (92.3) 35 (92.1) 37 (94.9) 0.88
ACEi/ARB 33 (82.5) 32 (82.1) 34 (89.5) 27 (69.2) 0.15
MRA 14 (35.0) 16 (41.0) 10 (26.3) 10 (25.6) 0.41

Values are given as n (%), mean (standard deviation), or median [Q1–Q3].
ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; eGFR, estimated glomerular filtration rate; HF, heart failure; MRA,
mineralocorticoid receptor antagonist; MR-proADM, mid-regional pro-adrenomedullin; NYHA, New York Heart Association.

In PARAMOUNT, concentrations of MR-proADM after
12 weeks were available in 247 patients (94% of those at baseline).
In the Sac/Val group the relative increase in MR-proADM was
median (Q1–Q3) 60% (32–81%) from baseline to 12 weeks,
while it was 2% (−10% to 13%) in the valsartan group.

Changes in MR-proADM in association
with changes in established
cardiovascular biomarkers
In PROVE-HF, there were significant and direct associations
between concentrations of MR-proADM and NT-proBNP, ANP
and hsTnT at baseline (online supplementary Table S5). Changes
from baseline to 52 weeks in MR-proADM correlated weakly, but
significantly, with changes in NT-proBNP (rho= 0.20) and hsTnT
(rho= 0.25), while correlation with ANP was not statistically ..
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..
.. significant (rho= 0.18). There were also significant associations

between changes in MR-proADM and changes in urinary cGMP
(rho= 0.27).

In PARAMOUNT, changes in MR-proADM from baseline
to week 12 correlated weakly with changes in NT-proBNP
(rho= 0.09), troponin (rho= 0.15) and urinary cGMP (rho= 0.11).

Changes in MR-proADM in association
with changes in cardiac structure,
function and health status in PROVE-HF
After 12 months of treatment with Sac/Val in PROVE-HF, there
were improvements in measures of cardiac structure and func-
tion, including a median (Q1–Q3) overall absolute increase in LVEF
of 9.9 (6.4–14.8) % and a decrease in LVEDVi of 12.9 (7.7–17.8)
ml/m2. KCCQ scores also improved overall to 12 months, from

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1400 P.L. Myhreet al.

Table 2 Measures of cardiac structure and function (by echocardiography) and measures of health status (by Kansas
City Cardiomyopathy Questionnaire) by quartiles of mid-regional pro-adrenomedullin concentrations at baseline in
the PROVE-HF study

MR-proADM p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Quartile 1 (n= 40) Quartile 2 (n= 39) Quartile 3 (n= 38) Quartile 4 (n= 39)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Echocardiography
LVEF, % 32.1 [28.9–36.3] 27.5 [25.5–33.5] 28.4 [24.5–31.8] 30.8 [22.6–33.3] 0.033
LVEDVi, ml/m2 81.5 [74.0–93.0] 87.5 [74.8–102.6] 80.3 [75.5–94.4] 83.4 [77.6–93.2] 0.64
LVESVi, ml/m2 55.4 [49.2–63.9] 60.5 [52.0–75.0] 54.8 [51.2–69.8] 59.2 [53.0–67.7] 0.33
LAVi, ml/m2 33.0 [26.8–40.8] 36.0 [28.9–44.9] 37.6 [29.3–46.9] 36.9 [32.8–44.9] 0.17
E/e’ ratio 9.1 [7.0–12.7] 9.4 [7.6–13.1] 10.6 [9.0–13.9] 13.0 [10.4–17.2] 0.015
LVMi, g/m2 113.2 [89.9–132.1] 122.5 [104.1–141.4] 106.5 [98.7–128.0] 119.6 [110.7–133.7] 0.28
MR severity 3–4+ 2 (5.9) 2 (5.3) 2 (5.4) 4 (11.4) 0.69

Health status
KCCQ overall summary score 73.6 [64.3–84.1] 67.7 [50.9–82.9] 57.9 [45.2–83.8] 58.9 [27.2–72.9] 0.02
KCCQ clinical summary score 78.9 [66.2–90.7] 72.4 [59.9–89.1] 67.2 [50.5–84.4] 65.2 [41.6–76.0] 0.01

Values are given as median [Q1–Q3] and p-value is for trend across quartiles.
KCCQ, Kansas City Cardiomyopathy Questionnaire; LAVi, left atrial volume index; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction;
LVESVi, left ventricular end-systolic volume index; LVMi, left ventricular mass index; MR, mitral regurgitation; MR-proADM, mid-regional pro-adrenomedullin.

Figure 1 Trajectory of mid-regional pro-adrenomedullin (MR-proADM), B-type natriuretic peptide (BNP), and N-terminal pro-B-type
natriuretic peptide (NT-proBNP) concentrations before (baseline) and during exposure to sacubitril/valsartan in PROVE-HF. Presented as
median (Q1–Q3) of the concentration at each time point.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Effect of ARNI on MR-proADM 1401

Table 3 Changes in measures of cardiac structure and function (by echocardiography), blood pressure and measures
of health status (by Kansas City Cardiomyopathy Questionnaire) and side effects by quartiles of relative change in
mid-regional pro-adrenomedullin concentrations from baseline to 52 weeks in the PROVE-HF study

MR-proADM change p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Quartile 1 (n= 32) Quartile 2 (n= 32) Quartile 3 (n= 32) Quartile 4 (n= 31)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Change in MR-proADM (range) −18% to 32% 32–58% 58–82% 82–279%
Changes in echocardiography from baseline to 12 months

LVEDVi, ml/m2 −11.7 [−7.6, −15.9] −15.5 [−9.1, −17.4] −10.6 [−5.3, −13.4] −16.7 [−9.3, −21.2] 0.03
LVMi, g/m2 −12.4 [−8.9, −21.5] −12.5 [2.7, −29.5] −6.4 [8.5, −27.5] −22.0 [−5.8, −30.4] 0.51

LVEF, % 9.3 [4.7, 14.7] 10.4 [7.3, 15.5] 10.7 [6.8, 15.8] 8.6 [4.5, 15.7] 0.72
LAVi, ml/m2 −6.1 [−3.3, −12.3] −8.5 [−3.8, −12.4] −5.8 [−4.3, −9.7] −6.9 [−3.7, −8.7] 0.53
E/e’, ratio −0.3 [−3.4, 1.7] −1.1 [−2.1, 3.9] 0.0 [−1.9, 1.4] −2.0 [−3.0, −0.7] 0.14

Changes in blood pressure from baseline to 12 months
Systolic blood pressure −2.3 (15.8) −5.1 (17.1) −4.3 (15.4) −16.2 (16.3) 0.004
Diastolic blood pressure −2.8 (9.9) −3.7 (11.8) −4.6 (11.0) −8.5 (8.5) 0.16

Changes in KCCQ from baseline to 12 months
KCCQ overall summary score 11.0 [3.0, 23.3] 3.1 [−2.0, 12.5] 9.0 [0.4, 16.7] 2.6 [−7.8, 16.7] 0.10
KCCQ clinical summary score 5.7 [0, 18.9] 6.3 [−5.2, 16.1] 3.9 [−0.9, 14.2] 1.5 [−9.2, 15.6] 0.36

Adverse events
Dizziness 6 (18.8) 10 (31.2) 4 (12.5) 7 (22.6) 0.32
Hypotension 4 (12.5) 3 (9.4) 3 (9.4) 6 (19.4) 0.60
Hyperkalaemia 1 (3.1) 4 (12.5) 3 (9.4) 5 (16.1) 0.37
Worsening renal function 1 (3.1) 0 (0.0) 1 (3.1) 2 (6.5) 0.54

Values are given as median (Q1, Q3) and p-value is for trend across quartiles.
KCCQ, Kansas City Cardiomyopathy Questionnaire; LAVi, left atrial volume index; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction;
LVMi, left ventricular mass index; MR-proADM, mid-regional pro-adrenomedullin.

median 67.2 (46.7–81.9) points to 75.7 (58.8–90.3) for KCCQ
overall summary score. There was no significant association
between changes in MR-proADM and changes in cardiac structure
and function, i.e. the median increase in LVEF was 9.3%, 10.4%,
10.7% and 8.6% in quartiles 1–4 of change in MR-proADM, respec-
tively (p= 0.72 by quartiles, Table 3; p=1.00 continuously, Figure 2).
Of note, there was an association between change in LVEDVi
and quartiles of change in MR-proADM (p= 0.03), but this was
not present in the continuous analysis (p= 0.31 unadjusted and
p= 0.49 adjusted). There was no significant association between
changes in MR-proADM and changes in KCCQ scores, that is,
the median change in overall summary score was 11.0, 3.1, 9.0
and 2.6 points in quartiles 1–4 of change in MR-proADM, respec-
tively (p= 0.10 by quartiles, Table 3; p= 0.31 continuously, Figure 2).
Changes in MR-proADM were significantly associated with changes
in systolic blood pressure, that is, mean reduction of 2.3, 5.1,
4.3 and 16.2 mmHg in quartiles 1–4 of change in MR-proADM,
respectively (p= 0.004 by quartiles, Table 3; p< 0.001 continuously,
Figure 2). The association between changes in MR-proADM and sys-
tolic blood pressure remained significant after adjusting for poten-
tial confounders (p= 0.014; online supplementary Figure S2).

At 6 months, the changes in these parameters were intermediate
to that of 12 months, with similar associations to changes in
MR-proADM.

There were no differences in the frequency of known side-effects
from Sac/Val across quartiles of change in MR-proADM, including
hypotension, worsening renal function and dizziness (Table 3). ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
. These results were consistent when assessing absolute changes

(as opposed to relative changes used in the primary analysis)
in MR-proADM (online supplementary Table S6). The results
were also consistent when assessing latent growth trajectories of
MR-proADM (online supplementary Table S7), except that there
were no association between changes in blood pressure and tra-
jectories.

Discussion
In this analysis of two studies examining the role of Sac/Val
for treatment of HFrEF and HFpEF, ARNI therapy was shown
to cause a statically significant increase in MR-proADM in both
patients with HFrEF and patients with HFpEF. Moreover, we
made several observations that may improve our understanding
of MR-proADM and the mechanism of action of Sac/Val. First,
we demonstrate that MR-proADM concentrations prior to treat-
ment with Sac/Val associate with worse cardiac function and health
status in cross-sectional analysis. Second, we show that levels of
MR-proADM increase substantially (50–60%) following initiation of
Sac/Val in both patients with HFrEF and HFpEF, with an association
between higher Sac/Val dose and greater increase in MR-proADM.
In contrast, there were no significant changes in MR-proADM
from treatment with valsartan. Third, there was an association
between greater increases in MR-proADM and greater reductions
in blood pressure. Finally, we demonstrate that despite substantial
increases in MR-proADM owing to neprilysin inhibition, we found

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1402 P.L. Myhreet al.

Figure 2 Association between changes in mid-regional pro-adrenomedullin (MR-proADM) with changes in measures of cardiac structure and
function, health status and blood pressure from baseline to 12 months using unadjusted restricted cubic splines in PROVE-HF. The changes
in MR-proADM are calculated as ratios and the changes in echocardiography parameters and Kansas City Cardiomyopathy Questionnaire
(KCCQ) are calculated as delta values. LA, left atrial; LAVi, left atrial volume index; LV, left ventricular; LVEDVi, left ventricular end-diastolic
volume index; LVEF, left ventricular ejection fraction; OSS, overall summary score.

no significant association between changes in MR-proADM and
changes in cardiac structure and function or health status during
treatment, suggesting that MR-proADM does not mediate the clin-
ical benefits from ARNI in HF.

Neprilysin is a circulating endopeptidase that is responsible for
the degradation of several vasoactive peptides. Through inhibi-
tion from Sac/Val, the biological effects of these peptides are aug-
mented. In PARADIGM-HF, treatment with Sac/Val, as compared to
enalapril, markedly improved outcomes in patients with HFrEF,16

but the exact pathways mediating the effect are only now being
clarified. Substantial increase in ANP (>100%) may explain a sub-
stantial amount of the reverse cardiac remodelling and health status
benefits of Sac/Val12; notably, B-type natriuretic peptide remains
close to unchanged after initiation of Sac/Val.12,17,18 This reflects
the difference in affinity to neprilysin and thus importance in medi-
ating the treatment effect from the drug. As it is not degraded by
neprilysin, reduction in NT-proBNP after treatment with Sac/Val
is a strong marker of benefit, reflecting changes in disease status,
and correlating with improvements in cardiac function and health
status.11

MR-proADM is elevated in HF and higher levels associate with
comorbidity burden and worse outcome.7,9 In our study, we found
comparable levels of baseline MR-proADM in chronic HFrEF
(median 0.80 nmol/L) and HFpEF (median 0.88 nmol/L). These
concentrations were higher than in a study of post-MI patients
with asymptomatic LV dysfunction (median 0.54 nmol/L) who also
had lower NT-proBNP.19 Interestingly, MR-proADM levels in our ..
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. study were similar to a cohort of patients with decompensated

HFrEF (median 0.78 nmol/L), despite that the decompensated
patients had substantially higher NT-proBNP.20 In agreement
with these previous studies, higher baseline concentrations of
MR-proADM were associated with older age, worse renal func-
tion and lower blood pressure. In HFrEF higher MR-proADM was
also associated with atrial fibrillation/flutter and a non-ischaemic
HF aetiology, while in HFpEF it was inversely associated with
previous MI. Thus, the aetiology of HF may play a role in the
expression of MR-proADM with seemingly lower levels in coro-
nary artery disease-associated HF. Among echocardiographic
parameters, higher E/e’ correlated with higher MR-proADM in
HFrEF, while higher LVEF correlated with higher MR-proADM
in HFpEF. Whether this addresses different biological processes
for MR-proADM up-regulation related to haemodynamics or a
consequence of how we categorize HF (by LVEF) is uncertain.

Higher baseline MR-proADM levels were associated with
worse health status in patients with HFrEF, which might imply an
association with more severe HF. Interestingly, however, there
was only an association with peripheral oedema at baseline, and
not with other signs of fluid overload such as jugular venous
distension and paroxysmal nocturnal dyspnoea. Moreover, changes
in MR-proADM did not correlate with changes in filling pressures
(E/e’) or KCCQ clinical summary score. Despite that patients
in this study had chronic HF and were well-treated, this contra-
dicts studies suggesting bio-ADM as a marker of congestion.21

The adrenomedullin gene encodes a preprohormone, which

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Effect of ARNI on MR-proADM 1403

after cleavage generates a pro-ADM peptide. In contrast to
MR-proADM, pro-ADM becomes glycine-extended and enzymat-
ically converted to bio-ADM. These different molecules derived
from adrenomedullin and various methods for quantification may
impact what they reflect clinically. For instance, adrenomedullin as
measured by the proximity extension assay technology, were one
of few biomarkers associated with E/e’, peak oxygen consumption
and treatment effect of spironolactone in the Aldo-DHF trial pro-
teomics study of patients with HFpEF.22 In contrast, we found no
association between MR-proADM and E/e’ in our HFpEF cohort,
and mineralocorticoid receptor antagonist use was not associated
with higher MR-proADM at baseline or changes in MR-proADM
in neither of our studies.

Although not biologically active, MR-proADM appears to
be a substrate for neprilysin. Concentrations of the peptide
increased significantly after treatment with Sac/Val and did so in
a dose-dependent fashion. We demonstrate that it is sacubitril
that causes the increase in MR-proADM, as patients treated with
valsartan in PARAMOUNT had stable levels. Interestingly, we did
not identify any baseline characteristic that was associated with
greater increases in MR-proADM, including demographics, comor-
bidities and baseline medication. The magnitude of MR-proADM
increase from Sac/Val was also remarkably consistent between
the studies (median 49% increase in PROVE-HF and 60% increase
in PARAMOUNT, both after 12 weeks). In contrast there was
a non-significant 2% increase in the valsartan-treated group in
PARAMOUNT, emphasizing that the changes in MR-proADM
we observed were mainly from inhibition of neprilysin. This is
consistent with data from post-MI patients without HF, but with
LVEF ≤40%, who increased in MR-proADM from 0.54 nmol/L to
0.89 nmol/L during 52 weeks of treatment with Sac/Val.19 Although
the rise in MR-proADM was less pronounced than that for ANP
in HF, the increase in MR-proADM was nonetheless substantial,
and changes were independent of other biomarkers. In fact,
changes in MR-proADM from Sac/Val correlated poorly with
changes in other biomarkers, including the natriuretic peptides.
The effects on MR-proADM represents a different biological
pathway than the natriuretic peptides: adrenomedullin functions
as a protective factor for blood vessels, exerting various vascular
actions against vascular damage and remodelling.3 In PROVE-HF,
higher MR-proADM at baseline was associated with the pres-
ence of ischaemic HF aetiology, suggesting an up-regulation from
ischaemia. Interestingly, in post-MI patients with asymptomatic
LV dysfunction, the increase in MR-proADM was more pro-
nounced than that for ANP (which is opposite to that observed
in PROVE-HF).19 In the Prospective ARNI versus ACE Inhibitor
Trial to Determine Superiority in Reducing Heart Failure Events
after Myocardial Infarction (PARADISE-MI), Sac/Val did not
significantly reduce the risk of incident HF or cardiovascular
mortality compared to ramipril.23 However, Sac/Val significantly
reduced the risk of new coronary events.24 Thus, augmentation of
adrenomedullin from Sac/Val treatment may improve the micro-
circulation and endothelial function, both of which are important
pathophysiologic aspects of MI and HF.25

The fact that we found no association between the rise in
MR-proADM after Sac/Val treatment and mechanistic benefits from ..
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.. the drug leaves more questions than answers. Interestingly, greater
increases in MR-proADM associated with a greater reduction in
blood pressure, which is in line with our biological understanding
of adrenomedullin as a potent vasodilator.4 Despite this there was
no significant association with changes in cardiac structure, func-
tion, or health status. It may be that MR-proADM does not mediate
the effect of Sac/Val in HF, despite considerable increases and estab-
lished cardioprotective effects. But it may also be that baseline ele-
vations – linked to risk and worse cardiac status – obscures benefit
from pharmacologic increase of MR-proADM after Sac/Val ther-
apy. We previously reported that ANP is more elevated in higher
risk individuals but the early increase in ANP from Sac/Val treat-
ment was nonetheless predictive of reverse cardiac remodelling.14

More data, including whether bio-ADM mediates any benefit of
Sac/Val, are needed to better understand the findings of the current
analyses.

Limitations
In contrast to the PARAMOUNT trial, there was no control group
treated with valsartan in PROVE-HF. However, as the baseline levels
of MR-proADM and the Sac/Val-related increases in MR-proADM
were similar between the studies, it seems reasonable to assume
that valsartan would have a neutral effect on MR-proADM lev-
els also in HFrEF. This was also demonstrated in asymptomatic
post-MI patients with LV dysfunction.19 There is a risk of selec-
tion bias, as this biomarker substudy was planned to only include
a subset of the total PROVE-HF population. However, sites were
selected based on equipment availability and not patient clinical
characteristics, and we have previously shown that the substudy
patients had comparable baseline characteristics as the full pop-
ulation of PROVE-HF.12 Biomarker measurements were not avail-
able at all visits in all patients, although a high proportion (81%)
had MR-proADM measured at the last visit. We did not measure
bio-ADM, but concentrations of MR-proADM are accepted as a
surrogate for this peptide; it is possible that a differential impact of
Sac/Val might be present between MR-proADM and bio-ADM.

Conclusion
Greater concentrations of MR-proADM associate with more
structural heart disease and worse health status, confirming the
role of this biomarker to severity of HF. MR-proADM concen-
trations rise substantially from treatment with Sac/Val in HFrEF
and HFpEF. These increases associated with decreases in blood
pressure, but not with changes in echocardiographic parame-
ters or KCCQ scores. Although this suggests that MR-proADM
does not mediate the clinical benefits from neprilysin inhibition,
more data are needed to better understand whether increases in
adrenomedullin after Sac/Val treatment participate in the benefit of
this drug.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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