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Abstract

Aims Inhibition of neprilysin and angiotensin II receptor by sacubitril/valsartan (Val) (LCZ696) reduces mortality in heart fail-
ure (HF) patients compared with sole inhibition of renin–angiotensin system. Beneficial effects of increased natriuretic peptide
levels upon neprilysin inhibition have been proposed, whereas direct effects of sacubitrilat (Sac) (LBQ657) on myocardial Ca2+

cycling remain elusive.
Methods and results Confocal microscopy (Fluo-4 AM) was used to investigate pro-arrhythmogenic sarcoplasmic reticulum
(SR) Ca2+ leak in freshly isolated murine and human ventricular cardiomyocytes (CMs) upon Sac (40 μmol/L)/Val (13 μmol/L)
treatment. The concentrations of Sac and Val equalled plasma concentrations of LCZ696 treatment used in PARADIGM-HF trial.
Epifluorescence microscopy measurements (Fura-2 AM) were performed to investigate effects on systolic Ca2+ release, SR Ca2+

load, and Ca2+-transient kinetics in freshly isolated murine ventricular CMs. The impact of Sac on myocardial contractility was
evaluated using in toto-isolated, isometrically twitching ventricular trabeculae from human hearts with end-stage HF. Under
basal conditions, the combination of Sac/Val did not influence diastolic Ca2+-spark frequency (CaSpF) nor pro-arrhythmogenic
SR Ca2 leak in isolated murine ventricular CMs (n CMs/hearts = 80/7 vs. 100/7, P = 0.91/0.99). In contrast, Sac/Val treatment
reduced CaSpF by 35 ± 9% and SR Ca2+ leak by 45 ± 9% in CMs put under catecholaminergic stress (isoproterenol 30 nmol/L,
n = 81/7 vs. 62/7, P< 0.001 each). This could be attributed to Sac, as sole Sac treatment also reduced both parameters by similar
degrees (reduction of CaSpF by 57 ± 7% and SR Ca2+ leak by 76 ± 5%; n = 101/4 vs. 108/4, P< 0.01 each), whereas sole Val treat-
ment did not. Systolic Ca2+ release, SR Ca2+ load, and Ca2+-transient kinetics including SERCA activity (kSERCA) were not compro-
mised by Sac in isolated murine CMs (n = 41/6 vs. 39/6). Importantly, the combination of Sac/Val and Sac alone also reduced
diastolic CaSpF and SR Ca2+ leak (reduction by 74 ± 7%) in human left ventricular CMs from patients with end-stage HF
(n = 71/8 vs. 78/8, P< 0.05 each). Myocardial contractility of human ventricular trabeculae was not acutely affected by Sac treat-
ment as the developed force remained unchanged over a time course of 30 min (n trabeculae/hearts = 3/3 vs. 4/3).
Conclusion This study demonstrates that neprilysin inhibitor Sac directly improves Ca2+ homeostasis in human end-stage HF
by reducing pro-arrhythmogenic SR Ca2+ leak without acutely affecting systolic Ca2+ release and inotropy. These effects might
contribute to the mortality benefits observed in the PARADIGM-HF trial.
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Introduction

Pharmacological inhibition of neurohumoral pathways, such as
the renin–angiotensin–aldosterone system (RAAS), has become
a central point in the treatment of heart failure (HF) during the
last decades.1 Ever since, there has also been interest in the po-
tential benefit of an augmentation of endogenous natriuretic
peptides (NPs) as they have diuretic, natriuretic and vasodilating
effects and are able to inhibit RAAS and pathological growth
(e.g. hypertrophy and fibrosis) inHF.2As an administration of ex-
ogenous NPs failed to improve cardiovascular outcome,3 great
efforts have been made to inhibit the NP-degrading enzyme
neprilysin that acts as a membrane-bound neutral endopepti-
dase and can be found mainly in the kidney, myocardium, and
vascular endothelium.4 The pivotal PARADIGM-HF trial could
demonstrate that simultaneous blockage of neprilysin
(sacubitril) and angiotensin II receptors [valsartan (Val)] by
LCZ696 resulted in a 20% reduction of cardiovascular death
and a 16% reduction of all-cause mortality in patients with HF
with reduced ejection fraction (HFrEF) compared with enalapril
(sole angiotensin-converting enzyme inhibition).5 Conclusively,
the combined angiotensin receptor/neprilysin inhibitor (ARNI)
LCZ696 was implemented into the current European Society of
Cardiology guidelines for HF therapy.6 On the molecular level,
the NPs atrial natriuretic peptide (ANP) and brain natriuretic
peptide (BNP) exert their physiological function via binding to
the NP receptors type A and type B and consecutive activation
of cyclic guanosine monophosphate-dependent pathways.7 In
line with this, neprilysin inhibition was shown to result in an in-
crease of plasma and urinary cyclic guanosine monophosphate
levels and urinary atrial natriuretic peptide levels in HFrEF
patients.8 Therefore, mortality and morbidity reduction upon
neprilysin inhibition is currently mainly attributed to beneficial
circulatory effects of increased NP levels. Interestingly, it has re-
cently been reported that ARNI treatment also decreased ven-
tricular arrhythmias and appropriate implantable cardioverter
defibrillator (ICD) shocks in HFrEF patients with implantable car-
diac devices compared with sole angiotensin inhibition. Thus, an
antiarrhythmic effect of this treatment has been claimed.9 Nev-
ertheless, it is still unclear if this effect is indirectly caused by sys-
temic circulatory effects or by direct beneficial antiarrhythmic
effects of neprilysin inhibition on cardiomyocytes (CMs), which
could be of interest for the development of further therapeu-
tics. Therefore, this study is the first that aims at elucidating
the effects of neprilysin inhibition on ventricular Ca2+ cycling
and arrhythmogenic activity in murine and human CMs.

Methods

Myocyte isolation of murine ventricular
cardiomyocytes

Isolation of murine ventricular CMs from wild-type (WT) mice
(B6N) was performed as reported in previous publications of

our group.10,11 A Langendorff apparatus was used to retro-
gradely perfuse the explanted hearts with an initially Ca2+-
free Tyrode’s solution containing (in mmol/L) NaCl 113, KCl
4.7, KH2PO4 0.6, Na2HPO4·2H2O 0.6, MgSO4·7H2O 1.2,
NaHCO3 12, KHCO3 10, HEPES 10, taurine 30, BDM 10, glu-
cose 5.5, and phenol red 0.032 (37°C, pH 7.4). Then,
7.5 mg/mL of Liberase 1 (Roche Diagnostics, Mannheim,
Germany), trypsin 0.6% (Life Technologies, Carlsbad, CA,
USA), and 0.125 mmol/L of CaCl2 were added to the perfu-
sion solution. Once the tissue became flaccid, atrial and ven-
tricular myocardium was separated by cutting off the
ventricles beneath the atrioventricular valve level. The ven-
tricular myocardium was cut into small pieces and, again, dis-
persed in Tyrode’s solution. Concentration of Ca2+ was
stepwise increased every 3 min until target concentration
was reached (2 mmol/L). Cells were plated on
laminin-coated recording chambers and left for 15 min to en-
able settling.

Human myocardial tissue acquisition and
myocyte isolation

All procedures with respect to human myocardial tissue were
conducted in compliance with the local ethics committee,
and written informed consent was received from all partici-
pants prior to inclusion. In our study, left ventricular myocar-
dial tissue was taken from explanted hearts of 11 patients
with end-stage HF (New York Heart Association Heart Failure
Classification IV). Detailed patient characteristics are anno-
tated in Tables 1 and 2. As reported previously, the explanted
hearts were directly acquired in the operating room during
surgical procedure and immediately put in pre-cooled
cardioprotective solution (Custodiol®, Dr. Franz Köhler
Chemie, Bensheim, Germany; in mmol/L: NaCl 15, KCl 9,
MgCl2 4, histidine hydrochloride monohydrate 18, histidine
180, tryptophan 2, mannitol 30, CaCl2 0.015, and potassium
hydrogen 2-oxopentandiate 1).12,13 Afterwards, heart tissue
used for cell isolation of left ventricular CMs was resected
as described before.12,14 Human myocardium was rinsed,
cut into small pieces, and incubated at 37°C in a spinner flask
filled with Joklik-MEM solution (JMEM, pH 7.4, 37°C;
AppliChem, Darmstadt, Germany) containing 1.0 mg/mL of
collagenase (Worthington type 2, 250 U/mg) and trypsin
(2.5 g/L; Life Technologies). After 45 min, the supernatant
was discarded, and fresh JMEM solution containing only col-
lagenase was added. The solution was incubated for 10 min
until myocytes were disaggregated using a Pasteur pipette.
The supernatant containing disaggregated cells was removed
and centrifuged (500 r.p.m., 22 g, 5 min). Fresh JMEM with
collagenase was added to the remaining tissue. This proce-
dure was repeated 4–5 times. After every step, the centri-
fuged cells were resuspended in JMEM solution containing
10% bovine calf serum (pH 7.4, KOH, room temperature).
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Only cell solutions containing elongated, not granulated CMs
with cross-striations were selected for experiments, plated on
laminin-coated recording chambers, and left to settle for
30 min.

Intracellular Ca2+ imaging

Confocal microscopy
Isolated CMs were incubated at room temperature for 15min
(murine CMs)/30 min (human CMs) with a Fluo-4 AM loading
buffer (10 μmol/L each; Molecular Probes, Eugene, OR, USA),
which contained no active agent (control group), LBQ657
[sacubitrilat (Sac) 40 μmol/L; AOBIOUS, Gloucester, MA,

USA], Val (13 μmol/L; Sigma-Aldrich, Steinheim, Germany),
or combination of Sac and Val (Sac/Val). Concentrations of
Sac and Val were chosen according to the plasma concentra-
tions measured under LCZ696 treatment (200 mg twice daily)
in the course of a pharmacokinetic study aiming at elucidat-
ing respective plasma concentrations in the PARADIGM-HF
trial.5,8 To ensure proper effect of neprilysin inhibition, the
active moiety Sac (LBQ657), which results upon
metabolization of the prodrug sacubitril (AHU377) via enzy-
matic cleavage of its ethyl ester group, was used for in vitro
experiments in our study.15 To increase basal sarcoplasmic re-
ticulum (SR) Ca2+ leak in experiments on murine WT CMs,
30 nmol/L of isoproterenol (Iso) was additionally added.

Experimental solution contained (mmol/L): KCl 4, NaCl 140,
MgCl2 1, HEPES 5, glucose 10, CaCl2 1 (human)/2 (murine),
and the respective active agents (pH 7.4, NaOH, room tem-
perature). To wash out the loading buffer and remove any ex-
tracellular dye as well as to allow enough time for complete
de-esterification of the fluorescent dye, cells were superfused
with experimental solution for 5 min before experiments
were started. Cells were continuously superfused during ex-
periments. Ca2+-spark measurements were performed with
a laser scanning confocal microscope (LSM 5 Pascal, Zeiss,
Jena, Germany) using a 40× oil immersion objective. Fluo-4
was excited by an argon ion laser (488 nm), and emitted fluo-
rescence was collected through a 505 nm long-pass emission
filter. Fluorescence images were recorded in the line-scan
mode with 512 pixels per line (width of each scanline:
38.4 μm) and a pixel time of 0.64 μs. One image consists of
10 000 unidirectional line scans, equating to a measurement
period of 7.68 s. Experiments were conducted at resting con-
ditions after loading the SR with Ca2+ by repetitive field stim-
ulation (30 beats at 3 Hz for murine CMs and 10 beats at 1 Hz
for human CMs; 20 V each). The Ca2+-spark frequency (CaSpF)
and dimensions of each CM were analysed with the program
SparkMaster for ImageJ.16 The mean spark frequency of the
respective cell (CaSpF) resulted from the number of sparks
normalized to cell width and scan rate (100 μm/s). Ca2+-spark
size was calculated as the product of spark amplitude (F/F0),
duration, and width. The average leak per cell was inferred
by multiplying Ca2+-spark size by CaSpF.

Epifluorescence microscopy
Cardiomyocytes were isolated and plated as described earlier
and incubated with a Fura-2 AM loading buffer (10 μmol/L;
Molecular Probes) for 15 min (murine CMs). In the interven-
tion groups, the loading buffer also contained the respective
active agents as described earlier for confocal microscopic
measurements. After staining, the CMs were incubated with
experimental solution for 15 min before measurements were
started to enable complete de-esterification of intracellular
Fura-2. During measurements, CMs were continuously
superfused with experimental solution. Measurements were
performed with a Motic AE32 microscope (Speed Fair Co.,

Table 1 Characteristics of patients whose myocardial tissue was
used for confocal microscopy measurements

Human HF (n = 8)

Male sex (%) 75.0
Age (mean ± SEM, years) 51.8 ± 3.7
Ejection fraction (mean ± SEM, %) 31.3 ± 3.2
Ischaemic heart disease (%) 37.5
Diabetes (%) 25.0
ACE inhibitors (%) 57.1
Beta-blockers (%) 100
Diuretics (%) 86.0
Digoxin (%) 14.0
Amiodaron (%) 14.0
AT1 receptor antagonists (%) 0.0
Aldosterone antagonists (%) 71.0
PDE inhibitors (%) 29.0
Ca2+-channel blockers (%) 0.0

ACE, angiotensin-converting enzyme; AT1, angiotensin II receptor
type 1; HF, heart failure; PDE, phosphodiesterase; SEM, standard
error of the mean.
Annotation in mean ± SEM or %, respectively.

Table 2 Characteristics of patients whose myocardial tissue was
used for muscle twitch experiments

Human HF (n = 3)

Male sex (%) 66.7
Age (mean ± SEM, years) 55 ± 4
Ejection fraction (mean ± SEM, %) 11 ± 6.4
Ischaemic heart disease (%) 0
Diabetes (%) 0
ACE inhibitors (%) 0
Beta-blockers (%) 100
Diuretics (%) 100
Digoxin (%) 0
Amiodaron (%) 33.3
AT1 receptor antagonists (%) 0
Aldosterone antagonists (%) 66.7
PDE inhibitors (%) 0
Ca2+-channel blockers (%) 0

ACE, angiotensin-converting enzyme; AT1, angiotensin II receptor
type 1; HF, heart failure; PDE, phosphodiesterase; SEM, standard
error of the mean.
Annotation in mean ± SEM or %, respectively.
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Ltd., Hong Kong) provided with a fluorescence detection sys-
tem (IonOptix Corp., Milton, MA, USA). Cells were excited at
340 and 380 nm, and the emitted fluorescence was collected
at 510 nm. The intracellular Ca2+ level was measured as the
ratio of fluorescence at 340 and 380 nm (F340 nm/F380 nm in ra-
tio units). Systolic Ca2+ transients were recorded at
steady-state conditions under constant field stimulation (1
and 3 Hz). To assess the SR Ca2+ content, we measured the
amplitude of caffeine-induced Ca2+ transients. After stopping
the stimulation during steady-state conditions at 1 Hz, caf-
feine (10 mmol/L; Sigma-Aldrich) was applied directly onto
the cell leading to immediate and complete SR Ca2+ release.
The recorded Ca2+ transients were analysed with the soft-
ware IonWizard® (IonOptix Corp.).

Myocardial contractility measurements (human
muscle twitches)

To assess the effects of LBQ657 (Sac, 40 μmol/L) on the con-
tractility of human HF myocardium, we performed experi-
ments with in toto-isolated isometrically twitching
ventricular trabeculae from human hearts (Con vs. Sac;
one/two trabeculae per group per heart) explanted from pa-
tients with end-stage HF. Detailed patient characteristics are
annotated in Table 2. Tissue was stimulated with 1 Hz over
a time course of 30 min. Contractility experiments were per-
formed as previously reported.17

Statistics

All data are presented as mean ± standard error of the mean.
One-way ANOVA with Tukey’s post hoc test (Figures 1–4) or
two-way ANOVA with Sidak’s post hoc test (Figure 5) was
used to perform multiple comparison tests. Values of
P < 0.05 were considered as statistically significant.

Results

Effects of combined angiotensin receptor and
neprilysin inhibition on sarcoplasmic reticulum
Ca2+ leak in murine wild-type cardiomyocytes

The impact of combined angiotensin receptor and neprilysin
inhibition by Sac (40 μmol/L) and Val (13 μmol/L) on SR
Ca2+ leak in isolated murine WT ventricular CMs was investi-
gated by confocal microscopy (Fluo-4 AM). As annotated,
Iso (30 nmol/L) was used in some groups for additional cate-
cholaminergic stimulation.

In murine ventricular WT CMs and under basal conditions,
ARNI treatment did not result in significant alterations of
CaSpF (Sac + Val vs. Con: 0.31 ± 0.06 vs.
0.38 ± 0.07 × 100 μm/s, n cells/hearts = 100/7 vs. 80/7,
P = 0.91, Figure 1B), Ca2+-spark amplitude (F/F0: 1.76 ± 0.03
vs. 1.70 ± 0.03, P = 0.83, Figure 1C), width (2.90 ± 0.12 vs.
2.62 ± 0.13 μm, P = 0.66, Figure 1D), and duration compared

Figure 1 Effects of combined angiotensin receptor and neprilysin inhibition [sacubitrilat (Sac) 40 μmol/L + valsartan (Val) 13 μmol/L] on diastolic sar-
coplasmic reticulum (SR) Ca2+ leak in murine wild-type cardiomyocytes with and without β-adrenergic stimulation with isoproterenol (Iso, 30 nmol/L).
(A) Representative confocal line scans of murine ventricular cardiomyocytes and respective quantification of (B) Ca2+-spark frequency (CaSpF) as well as
(C) amplitude, (D) width, and (E) duration of detected Ca

2+
sparks and (F) total calculated SR Ca

2+
leak normalized to control (Con).

*
Significant vs. Con;

#significant vs. Iso (P < 0.05).
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with untreated control (32.31 ± 2.18 vs. 28.94 ± 1.88 ms,
P = 0.90, Figure 1E). In line with this, the calculated SR Ca2+

leak was also not significantly altered (P = 0.99, Figure 1F).
As expected, β-adrenergic stimulation using Iso resulted in a
significant increase of CaSpF (Iso vs. Con, n
cells/hearts = 81/7 vs. 80/7: 1.18 ± 0.10 vs.
0.38 ± 0.07 × 100 μm/s, P < 0.0001, Figure 1B), amplitude
(F/F0: 2.08 ± 0.04 vs. 1.70 ± 0.03, P < 0.0001, Figure 1C),
width (3.91 ± 0.10 vs. 2.62 ± 0.13 μm, P < 0.0001, Figure
1D), and duration (53.26 ± 2.29 vs. 28.94 ± 1.88 ms,
P < 0.0001, Figure 1E), which translated into a significantly
increased SR Ca2+ leak compared with untreated control
(~15-fold increase, P < 0.0001, Figure 1F). Interestingly, in
the setting of β-adrenergic stimulation, ARNI treatment
yielded a significant reduction of CaSpF (Sac + Val + Iso vs.
Iso, n cells/hearts = 62/7 vs. 81/7: 0.76 ± 0.11 vs.
1.18 ± 0.10 × 100 μm/s, P < 0.01, Figure 1B) as well as calcu-
lated SR Ca2+ leak (decrease by 45 ± 9%, P < 0.01, Figure 1F),
whereas Ca2+-spark amplitude (F/F0: 2.02 ± 0.05 vs.
2.08 ± 0.04, P = 0.67, Figure 1C), width (3.87 ± 0.16 vs.
3.91 ± 0.10 μm, P = 0.99, Figure 1D), and duration
(50.62 ± 2.80 vs. 53.26 ± 2.29 ms, P = 0.86, Figure 1E)
remained unchanged compared with sole Iso treatment. In
other words, the steep increase of pro-arrhythmogenic SR
Ca2+ leak in murine ventricular CMs induced by Iso (~15-fold)
could be reduced to nearly 50% upon ARNI treatment
(Figure 1F).

Effects of sole angiotensin receptor or neprilysin
inhibition on sarcoplasmic reticulum Ca2+ leak in
murine wild-type cardiomyocytes

To elucidate which of the two components was responsible
for the reductions of CaSpF and SR Ca2+ leak upon ARNI treat-
ment under β-adrenergic stimulation (Figure 1), we per-
formed further experiments on murine WT CMs in which
angiotensin receptor inhibition (Val, 13 μmol/L) and
neprilysin inhibition (Sac, 40 μmol/L) were executed sepa-
rately (Figure 2). Again, Iso (30 nmol/L) was used for catechol-
aminergic stimulation.

As shown before, β-adrenergic stimulation with Iso led to a
significant increase of CaSpF (Iso vs. Con: 0.54 ± 0.09 vs.
0.25 ± 0.05 × 100 μm/s, n cells/hearts = 101/4 vs. 120/4,
P < 0.01, Figure 2B) and SR Ca2+ leak compared with un-
treated control (~3-fold increase, P = 0.01, Figure 2F). Indeed,
additional neprilysin inhibition by Sac yielded a significant re-
duction of CaSpF (Sac + Iso vs. Iso: 0.23 ± 0.04 vs.
0.54 ± 0.09 × 100 μm/s, n cells/hearts = 108/4 vs. 101/4,
P < 0.01, Figure 2B) as well as calculated SR Ca2+ leak (de-
crease by 76 ± 5%, P < 0.01, Figure 2F), whereas Ca2+-spark
amplitude (F/F0: 1.77 ± 0.03 vs. 1.77 ± 0.02, P = 0.99, Figure
2C), width (3.06 ± 0.10 vs. 2.97 ± 0.12 μm, P = 0.95, Figure
2D), and duration (40.68 ± 3.28 vs. 37.45 ± 2.04 ms,
P = 0.78, Figure 2E) were not affected compared with sole
Iso treatment. Sole angiotensin receptor inhibition by Val,

Figure 2 Effects of sole angiotensin receptor or neprilysin inhibition [sacubitrilat (Sac) 40 μmol/L + valsartan (Val) 13 μmol/L] on diastolic sarcoplasmic
reticulum (SR) Ca2+ leak in murine wild-type cardiomyocytes upon β-adrenergic stimulation with isoproterenol (Iso, 30 nmol/L). (A) Representative con-
focal line scans of murine ventricular cardiomyocytes and respective quantification of (B) Ca2+-spark frequency (CaSpF) as well as (C) amplitude, (D)
width, and (E) duration of detected Ca

2+
sparks and (F) total calculated SR Ca

2+
leak normalized to control (Con).

*
Significant vs. Con;

#
significant

vs. Iso (P < 0.05).
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Figure 3 Effects of neprilysin inhibition [sacubitrilat (Sac) 40 μmol/L and isoproterenol (Iso) 30 nmol/L] on calcium-cycling properties of murine ven-
tricular cardiomyocytes. (A) Representative original recordings of systolic (1 and 3 Hz) and caffeine-induced Ca2+ transients (arrow indicates caffeine
application) as well as respective quantification of (B) systolic Ca2+-transient amplitude at 1 Hz and (C) 3 Hz stimulation. (D) Amplitude (peak h) of
caffeine-induced Ca

2+
transients. (E) Decay kinetics (RT50) of systolic Ca

2+
transients at 1 Hz and (F) 3 Hz. (G) SERCA activity (kSERCA).

*
Significant vs.

Con; #significant vs. Iso (P < 0.05). Con, control.

Figure 4 Effects of angiotensin receptor and neprilysin inhibition [sacubitrilat (Sac) 40 μmol/L/Sac + valsartan (Val) 13 μmol/L] on diastolic sarcoplas-
mic reticulum (SR) Ca2+ leak in human cardiomyocytes of patients with end-stage heart failure. (A) Representative confocal line scans of murine ven-
tricular cardiomyocytes and respective quantification of (B) Ca2+-spark frequency (CaSpF) as well as (C) amplitude, (D) width, and (E) duration of
detected Ca2+-sparks and (F) total calculated SR Ca2+ leak normalized to control (Con). *Significant vs. Con (P < 0.05).

Effects of sacubitrilat on sarcoplasmic reticulum Ca2+ leak 2997

ESC Heart Failure 2020; 7: 2992–3002
DOI: 10.1002/ehf2.12918



however, did not lead to significant alterations of CaSpF
(Val + Iso vs. Iso: 0.40 ± 0.06 vs. 0.54 ± 0.09 × 100 μm/s, n
cells/hearts = 117/4 vs. 101/4, P = 0.42, Figure 2B), Ca2+-spark
amplitude (F/F0: 1.84 ± 0.03 vs. 1.77 ± 0.02, P = 0.08, Figure
2C), width (3.22 ± 0.10 vs. 2.97 ± 0.12 μm, P = 0.29, Figure
2D), and duration compared with sole Iso treatment
(41.66 ± 2.21 vs. 37.45 ± 2.04 ms, P = 0.50, Figure 2E). In line
with this, the SR Ca2+ leak was equal in both groups (P = 0.99,
Figure 2F).

Effects of neprilysin inhibition on systolic Ca2+

release, sarcoplasmic reticulum Ca2+ load and Ca2
+ reuptake in murine wild-type cardiomyocytes

As differences in the SR Ca2+ leak may also be attributed to
altered SR Ca2+ loading, the influence of neprilysin inhibition
on systolic Ca2+ release and SR Ca2+ content was analysed
by epifluorescence microscopy (Fura-2 AM). Murine WT ven-
tricular CMs were stimulated at 1 and 3 Hz to record systolic
Ca2+ transients, and caffeine application was used to quantify
SR Ca2+ content (Figure 3A). Systolic Ca2+-transient amplitude
was significantly increased upon Iso treatment under stimula-
tion with 1 Hz (Iso vs. Con: F340/F380: 0.19 ± 0.02 vs.
0.08 ± 0.01, n cells/hearts = 41/6 vs. 42/6, P < 0.0001, Figure

3B) and 3 Hz compared with untreated control (Iso vs. Con:
F340/F380: 0.24 ± 0.02 vs. 0.12 ± 0.01, n cells/hearts = 41/6
vs. 42/6, P < 0.0001, Figure 3C). Additional neprilysin inhibi-
tion by Sac did not result in significant alterations of systolic
Ca2+-transient amplitude under stimulation with 1 Hz
(Sac + Iso vs. Iso: F340/F380: 0.15 ± 0.02 vs. 0.19 ± 0.02, n
cells/hearts = 39/6 vs. 41/6, P = 0.33, Figure 3B) and 3 Hz
(Sac + Iso vs. Iso: F340/F380: 0.23 ± 0.02 vs. 0.24 ± 0.02, n
cells/hearts = 39/6 vs. 41/6, P = 0.98, Figure 3B). As expected,
β-adrenergic stimulation with Iso significantly increased the
amplitude of caffeine-induced Ca2+ transients (Iso vs. Con
F340/F380: 0.58 ± 0.10 vs. 0.29 ± 0.04, n cells/hearts = 15/6
vs. 19/6, P = 0.01, Figure 3D), signifying an increased SR Ca2
+ load. Interestingly, Sac treatment did not compromise the
amplitude of caffeine-induced Ca2+ transients (Sac + Iso vs.
Iso F340/F380: 0.54 ± 0.06 vs. 0.58 ± 0.10, n
cells/hearts = 18/6 vs. 15/6, P = 0.98, Figure 3D). Decay
kinetics of systolic Ca2+ transients were significantly
accelerated upon Iso treatment under stimulation with 1 Hz
(Iso vs. Con: 0.27 ± 0.02 vs. 0.33 ± 0.01 s, n
cells/hearts = 41/6 vs. 42/6, P < 0.001, Figure 3E), which
was not significantly influenced by Sac treatment (P = 0.50,
Figure 3C). Under 3 Hz stimulation, no effects of Iso or addi-
tional neprilysin inhibition could be detected on decay kinet-
ics (Figure 3F).

Figure 5 Effects of neprilysin inhibition [sacubitrilat (Sac) 40 μmol/L] on contractility of isometrically twitching ventricular trabeculae from human
hearts of patients with end-stage heart failure. (A) Original twitches of isolated trabeculae and respective developed force of control (Con) and (B)
Sac treatment. (C) Developed force normalized to Con (Tdev norm.) in time course of 30 min.
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To approximate SERCA activity (kSERCA) as previously
reported,18 we subtracted the rate constant of decay of the
caffeine-triggered transient (kcaff) from that of the systolic
Ca2+ transient (ksys; kSERCA = ksys � kcaff). Upon β-adrenergic
stimulation with Iso, kSERCA showed a trend towards an in-
creased SERCA activity compared with control (Iso vs. Con:
2.08 ± 0.28 vs. 1.36 ± 0.18, n cells/hearts = 12/6 vs. 16/6,
P = 0.10, Figure 3G). Additional treatment with Sac did not
lead to significant alterations of kSERCA compared with sole
Iso treatment (Sac + Iso vs. Iso: 1.69 ± 0.22 vs. 2.08 ± 0.28,
n cells/hearts = 15/6 vs. 12/6, P = 0.60, Figure 3G).

Effects of angiotensin receptor and neprilysin
inhibition on sarcoplasmic reticulum Ca2+ leak in
cardiomyocytes from human end-stage heart
failure

To investigate if the results derived from murine ventricular
CMs can be translated to human HF, we performed further
experiments using isolated human ventricular CMs from pa-
tients with end-stage HF. Patient characteristics of myocardial
samples used for these experiments are shown in Table 1.
We, again, used confocal microscopy (Fluo-4 AM) to evaluate
the effects of angiotensin receptor inhibition by Val
(13 μmol/L) and neprilysin inhibition by Sac (40 μmol/L). In
line with the data from murine myocardium, combined angio-
tensin receptor and neprilysin inhibition resulted in a signifi-
cant reduction of CaSpF (Sac/Val vs. Con: 0.85 ± 0.12 vs.
1.43 ± 0.18 × 100 μm/s, n cells/hearts = 78/8 vs. 71/8,
P < 0.05, Figure 4B) and SR Ca2+ leak compared with un-
treated control (decrease by 71 ± 6%, P < 0.01, Figure 4F).
Furthermore, a reduction of Ca2+-spark amplitude (F/F0:
1.63 ± 0.02 vs. 1.73 ± 0.02, P < 0.001, Figure 4C), width
(3.00 ± 0.12 vs. 3.75 ± 0.12 μm, P < 0.001, Figure 4D), and
duration (36.86 ± 2.00 vs. 50.09 ± 2.53 ms, P < 0.001, Figure
4E) could be detected. Importantly, sole Sac exerted similar
antiarrhythmic effects as it also yielded a reduction of CaSpF
(Sac vs. Con: 0.85 ± 0.15 vs. 1.43 ± 0.18 × 100 μm/s, n
cells/hearts = 78/8 vs. 71/8, P < 0.05, Figure 4B), Ca2+-spark
amplitude (F/F0: 1.61 ± 0.02 vs. 1.73 ± 0.02, P < 0.0001, Fig-
ure 4C), width (2.99 ± 0.12 vs. 3.75 ± 0.12 μm, P < 0.001, Fig-
ure 4D), and duration (36.37 ± 1.87 vs. 50.09 ± 2.53 ms,
P < 0.001, Figure 4E). This translated into a significant reduc-
tion of the calculated SR Ca2+ leak by 74 ± 7% upon neprilysin
inhibition (P < 0.001, Figure 4F).

Effects of neprilysin inhibition on myocardial
contractility of ventricular trabeculae from
patients with end-stage heart failure

The impact of neprilysin inhibition on the contractility of hu-
man myocardium was evaluated in experiments with

isometrically twitching ventricular trabeculae from patients
with end-stage HF (1 Hz; 30 min). Patient characteristics of
myocardial samples used for these experiments are
shown in Table 2. Interestingly, no significant difference of
developed force normalized to control could be detected
upon Sac treatment at all respective time points over
the time course of 30 min (n trabeculae/hearts = 3/3 vs.
4/3, Figure 5).

Discussion

This study investigates the functional role of angiotensin re-
ceptor and neprilysin inhibition on Ca2+ homeostasis and cel-
lular arrhythmic triggers.

This study is the first to show that (i) combined angiotensin
receptor and neprilysin inhibition (Val/Sac) directly decreases
pro-arrhythmogenic diastolic SR Ca2+ leak; (ii) this potentially
antiarrhythmic effect can be attributed to Sac treatment as
sole Val treatment lacks respective effects on SR Ca2+ leak;
(iii) Sac does not negatively affect systolic Ca2+ release as well
as SR Ca2+ load in isolated murine CMs; (iv) these beneficial
effects of Sac on SR Ca2+ leak equally occur in human ventric-
ular CMs of patients with end-stage HF; and (v) myocardial
contractility (developed force) of isolated isometrically
twitching ventricular trabeculae from patients with
end-stage HF was not compromised upon Sac treatment ex-
cluding negative inotropic effects.

Of note, Ca2+ is the central second messenger in cardiac
excitation–contraction coupling and equally important for
electric stability. Ca2+ ions entering the cell during an action
potential via voltage-dependent L-type Ca2+ channels induce
Ca2+-induced Ca2+ release from the SR through cardiac
ryanodine receptor type 2 and subsequently activate contrac-
tile myofilaments. Systolic Ca2+ release is followed by a quick
Ca2+ reuptake into the SR by SR Ca2+ ATPase 2a to induce di-
astolic relaxation.19 In cardiac disease, post-translational
modifications of ryanodine receptor type 2 result in a
distortion of diastolic closure giving rise to short and spatially
limited SR Ca2+ release events (Ca2+ sparks) during diastole.
An increased diastolic SR Ca2+ loss contributes to systolic
and diastolic dysfunction through a depletion of SR Ca2+

stores but most of all hampers electric stability as a
significant amount of Ca2+ is extruded from the cytosol in ex-
change with 3 Na+ ions (Na+–Ca2+ exchanger).10,14,20,21 This
results in a net inward current of positive charge carriers
and induces delayed after-depolarizations constituting one
of the main causes of triggered arrhythmias and sudden car-
diac death.22–24

Thus, the key messages of this in vitro study perfectly
stand in line with recent clinical data and may provide impor-
tant mechanistic insights helping to explain clinical observa-
tions. The PARADIGM-HF trial showed a significant
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reduction of cardiovascular death upon combined angioten-
sin receptor and neprilysin inhibition compared with
enalapril.5 However, the mechanisms leading to a further re-
duction of mortality and sudden death are not entirely clear.
Whereas beneficial circulatory effects of neprilysin inhibition
such as diuretic, natriuretic, and vasodilating effects as well
as inhibition of RAAS and pathological growth by augmented
levels of NPs are already well understood, potential direct
antiarrhythmic effects on myocardial tissue are elusive.2 In-
terestingly, a recent prospective study on HFrEF patients
with implantable cardiac devices reported a significant de-
crease of ventricular arrhythmias, appropriate ICD shocks,
and premature ventricular complexes upon combined angio-
tensin receptor and neprilysin inhibition compared with pre-
vious therapy with an angiotensin-converting enzyme
inhibitor or angiotensin receptor blocker.9 In a retrospective
study on HFrEF patients with implantable cardiac devices, in-
vestigators showed a significant decrease of ventricular ar-
rhythmias, appropriate ICD shocks, and premature
ventricular complexes to a similar extent.25 Interestingly,
neither these two studies nor the PARADIGM-HF study
found a significant effect of ARNI treatment on incidence
of atrial fibrillation.5,9,25 Nevertheless, these findings suggest
that a reduction of ventricular arrhythmias upon ARNI treat-
ment may also contribute to PARADIGM-HF study results.
Numerous mechanisms were proposed in the literature to
be responsible for the reduction of ventricular arrhythmias
upon ARNI treatment: (i) anti-inflammatory, anti-fibrotic,
and anti-hypertrophic effects26–28; (ii) modulation of the
sympathetic nervous system and reduction of heart
rate25,29; (iii) reduction of stretch-activated ventricular ar-
rhythmias by decreased myocardial wall stress30,31; (iv) a
higher degree of reverse remodelling32; (v) increased levels
of enkephalins, endorphins, and bradykinin, which are also
substrates of neprilysin26; and (vi) direct antiarrhythmic ef-
fects on CMs.26

Our study clearly supports the hypothesis of direct antiar-
rhythmic effects of Sac on myocardial tissue. We show that
ARNI treatment of isolated murine WT ventricular CMs using
concentrations equalling plasma concentrations of
PARADIGM-HF trial patients yields a reduction of
pro-arrhythmogenic SR Ca2+ leak under β-adrenergic
stimulation (Figure 1). This antiarrhythmic effect can
clearly be attributed to Sac treatment as sole angiotensin re-
ceptor inhibition by Val did not affect CaSpF or SR Ca2+

leak, whereas sole neprilysin inhibition by Sac (LBQ657) re-
sulted in a pronounced reduction of CaSpF and SR Ca2+ leak
(Figure 2).

Furthermore, we can demonstrate that neprilysin inhibi-
tion by Sac does not compromise systolic Ca2+ release,
SERCA-related SR Ca2+ reuptake, and SR Ca2+ load (Figure
3). As we could confirm that neprilysin inhibition by Sac also
significantly reduces pro-arrhythmogenic SR Ca2+ leak in hu-
man ventricular CMs from patients with end-stage HF (Figure

4 and Table 1) and that this treatment does not significantly
compromise inotropy (human ventricular muscle twitches,
Figure 5), direct antiarrhythmic effects of Sac may contribute
to the reduced mortality of patients receiving Sac/Val in the
PARADIGM-HF trial.

These mechanistic findings are clinically important as they
may influence future therapeutic developments.

Limitations

i In this study, CaSpF and calculated SR Ca2+ leak were clas-
sified as important and potent arrhythmic triggers. Effects
of Sac on cellular and multicellular arrhythmic events could
not be investigated because of a very low incidence of cel-
lular arrhythmias in control group. However, the link be-
tween SR Ca2+ leak and cellular/multicellular arrhythmias
has been repeatedly shown in the past.33,34

ii The molecular mechanism through which Sac exerts its
beneficial effects on cellular Ca2+ homeostasis has not
been elucidated in the current project. Additional mea-
surements of cardiac action potentials and membrane cur-
rents could provide important additional information.

Conclusions

Our study shows that neprilysin inhibition by Sac (LBQ657)
exerts direct antiarrhythmic effects on isolated murine and
human ventricular CMs by significantly reducing
pro-arrhythmogenic SR Ca2+ leak without acutely affecting
systolic Ca2+ release and inotropy. Importantly, these benefi-
cial effects may contribute to the mortality benefit of
sacubitril/Val treatment reported in the pivotal
PARADIGM-HF trial and therefore require further
investigation.
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