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Abstract

Aims Heart failure with reduced ejection fraction (HFrEF) is a disease with high mortality and morbidity. Recent positive ino-
tropic drug developments focused on cardiac myofilaments, that is, direct activators of the myosin molecule and Ca2+ sensi-
tizers for patients with advanced HFrEF. Omecamtiv mecarbil (OM) is the first direct myosin activator with promising results in
clinical studies. Here, we aimed to elucidate the cellular mechanisms of the positive inotropic effect of OM in a comparative in
vitro investigation where Ca2+-sensitizing positive inotropic agents with distinct mechanisms of action [EMD 53998 (EMD),
which also docks on the myosin molecule, and levosimendan (Levo), which binds to troponin C] were included.
Methods Enzymatically isolated canine cardiomyocytes with intact cell membranes were loaded with Fura-2AM, a Ca2
+-sensitive, ratiometric, fluorescent dye. Changes in sarcomere length (SL) and intracellular Ca2+ concentration were
recorded in parallel at room temperature, whereas cardiomyocyte contractions were evoked by field stimulation at 0.1 Hz
in the presence of different OM, EMD, or Levo concentrations.
Results SL was reduced by about 23% or 9% in the presence of 1 μM OM or 1 μM EMD in the absence of electrical stimu-
lation, whereas 1 μM Levo had no effect on resting SL. Fractional sarcomere shortening was increased by 1 μM EMD or 1 μM
Levo to about 152%, but only to about 128% in the presence of 0.03 μM OM. At higher OM concentrations, no significant
increase in fractional sarcomere shortening could be recorded. Contraction durations largely increased, whereas the kinetics
of contractions and relaxations decreased with increasing OM concentrations. One-micromole EMD or 1 μM Levo had no
effects on contraction durations. One-micromole Levo, but not 1 μM EMD, accelerated the kinetics of cardiomyocyte contrac-
tions and relaxations. Ca2+ transient amplitudes were unaffected by all treatments.
Conclusions Our data revealed major distinctions between the cellular effects of myofilament targeted agents (OM, EMD,
or Levo) depending on their target proteins and binding sites, although they were compatible with the involvement of Ca2
+-sensitizing mechanisms for all three drugs. Significant part of the cardiotonic effect of OM relates to the prolongation
of systolic contraction in combination with its Ca2+-sensitizing effect.
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Introduction

Heart failure (HF) with reduced ejection fraction (HFrEF) is a
complex clinical syndrome resulting from structural and
functional impairments of the myocardium and involves
contractile dysfunction of left ventricular (LV) cardiomyo-
cytes. Cardiotonic agents are frequently considered for
the therapy of acute and chronic HF to counter cardiac
pump function. Traditional β-mimetic positive inotropic
drugs [i.e. β-receptor agonists and inhibitors of the phos-
phodiesterase (PDE) III isoenzyme] are effective but poten-
tially harmful. These Ca2+-mobilizing agents augment the
amplitude of intracellular Ca2+ transients during systoles;
therefore, cardiomyocyte contractions and relaxations be-
come larger and faster. Unfortunately, safety concerns limit
the applicability of β-mimetic drugs. This is because stimu-
lation of the β-adrenergic cascade increases the oxygen de-
mand of cardiomyocytes that is often hard to tolerate by
the failing heart.

In addition to the Ca2+ sensitizers, recently, a new group
of positive inotropic drugs have been developed for
the therapy of HFrEF, which directly modulate the thick
myofilaments of cardiac sarcomeres (rather than increasing
the intracellular Ca2+ transient): the selective cardiac
myosin activators.1,2 The central concept behind drug
developments of these kinds relates to the augmentation
of cardiac contractile state without increasing myocardial
energy demand. Nevertheless, the relationships between
intracellular Ca2+ concentration and sarcomeric responses
in the presence myofilament targeted agents have not been
fully elucidated yet.

A phase II clinical trial on omecamtiv mecarbil (OM)
demonstrated a significant increase in LV ejection fraction
(EF).3,4 Moreover, a large-scale phase III clinical trial has re-
cently revealed lower incidence of a composite endpoint of
HF event or death from cardiovascular (CV) causes in pa-
tients with chronic HFrEF receiving OM.5,6 Nevertheless,
slight increases in circulating troponin levels were also
occasionally observed in patients on OM, and this raised
awareness to possible side effects of the drug. Similarly
to OM, a previous drug candidate, the thiadiazinone deriv-
ative EMD 53998 (EMD), also exerts positive inotropic
effects through a molecular interaction with the myosin
motor protein.7–9 In contrast to OM and EMD, the fre-
quently used inodilator, levosimendan (Levo), is thought
to increase myocardial contractility through myofilament
Ca2+ sensitization due to its binding to the thin filament
protein, troponin C [10]. Of note, the cardiac effects of
EMD and Levo might be complicated by the inhibition of
the PDE III isoenzyme.10,11

In the present study, we aimed to compare intracellular
Ca2+ trasients with parameters describing cardiomyocyte
contractions and relaxations in the presence and absence
of increasing OM concentrations, and these effects

were contrasted to those recorded in the presence of
supramaximal EMD or Levo concentrations. Our results
shed new light on the complex relationships between the
extents and kinetics of systolic and diastolic sarcomere
length (SL) changes upon OM administrations in a frame-
work where Ca2+ sensitization and myosin activation appear
to be tightly coupled to each other.

Materials and methods

Animals

Adult mongrel dogs of either sex were used here according
to a protocol approved by the local Animal Care Committee
(2/2020/DEMÁB). All animals received human care in compli-
ance with the ‘Principles of Laboratory Animal Care’, formu-
lated by the National Society for Medical Research and the
Guide for the Care and Use of Laboratory Animals, prepared
by the Institute of Laboratory Animal Resources and pub-
lished by the National Institutes of Health (NIH Publication
No. 86-23, Revised 1996).

Isolation of canine LV cardiomyocytes

Canine cardiomyocytes were studied since their electrophys-
iological properties are similar to those of humans. Cardio-
myocytes were isolated from the mid-myocardial region of
the LV as described previously.12,13 Briefly, hearts were iso-
lated from anaesthetized (ketamine-HCl 10 mg/kg, Richter
Gedeon, Hungary, xylazine-HCl 1 mg/kg, Eurovet Animal
Health BV, The Netherlands) adult mongrel dogs (N = 6)
weighed 10.6 ± 2.1 kg (7–15 kg) and aged 15.1 ± 4.2 months
(10.9–23.9 months). Thereafter, the hearts were subjected to
a perfusion system where the left anterior descending coro-
nary artery was cannulated. Single cardiomyocytes were ob-
tained by enzymatic dispersion technique by using a Ca2+-free
Joklik solution (Minimum Essential Medium Eagle, Joklik
Modification; Sigma-Aldrich Co., St. Louis, MO, USA) for
5 min, followed by 30-min perfusion with Joklik solution con-
taining 1 mg/mL collagenase (Type II, Worthington Biochem-
ical Co., Lakewood, NJ, USA) and 0.2% bovine serum albumin
(Fraction V, Sigma) in the presence of 50 μM Ca2+. Then car-
diomyocytes were grounded, and normal Ca2+ concentration
was restored progressively. Cardiomyocytes were stored at
15°C until the measurements.

Experimental set-up

Cardiomyocytes were loaded with 5 μM Fura-2AM Ca2+-sen-
sitive ratiometric fluorescent dye for 30 min in the presence
of Pluronic F-127 (25 mg/mL) to avoid early elimination of
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the dye from the intracellular space. Twenty-five milligrams
of Pluronic F-127 was dissolved in 1 mL DMSO, and this sol-
vent was used to make a Fura-2AM stock solution. Cells were
then incubated for 30 min to allow the intracellular esterases
to relase Fura-2. Cardiomyocytes were placed in a chamber
on the stage of an inverted microscope (Nikon TS-100). The
final volume of the chamber filled with Tyrode solution (con-
taining 144 mM NaCl, 5.6 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgCl2, 5 mM HEPES, and 11 mM dextrose, pH = 7.4) was
1 mL. After sedimentation, a rod-shaped cardiomyocyte
with clear striation and acceptable contraction upon
field-stimulation was selected for further experiments. Field
stimulation was performed at 0.1 Hz (Experimenta Setup,
MDE, Heidelberg). Alternating excitation, wavelengths of
340 and 380 nm were used to monitor the fluorescence sig-
nals of Ca2+-bound and Ca2+-free Fura-2 dye, respectively.
Fluorescent emission was detected above 510 nm in case of
both wavelengths, and traces were digitized at 120 Hz using
the FeliX Software (Ratiomaster RM-50 system, Horiba, New
Brunswick, NJ, USA).14

Determination of effects on resting SLs

The experimental protocol was the following: Cardiomyo-
cytes were paced at 0.1 Hz for at least 2–3 min to achieve a
steady state at the beginning of each experiment. The resting
(unstimulated) SL was continuously measured after this initial
conditioning using a high-speed camera. OM (with final con-
centrations of 0.03, 0.1, 0.3, or 1 μM), Levo (1 μM), or EMD
(1 μM) was added for 5–8 mins to the experimental chamber.

Determination of contractile parameters and Ca2+

transients

Contractile responses were monitored at 0.1 Hz pacing rates.
Multiple parameters of cardiomyocyte contractions, relaxa-
tions, and intracellular Ca2+ transients were assessed. Resting
SL of the cardiomyocytes was measured using a high-speed
camera. Fractional sarcomere shortening (FS) was calculated
using the following equation: FS = (diastolic SL � systolic
SL/diastolic SL) * 100. Duration of contraction (DC; s) was de-
fined as the time period from the beginning till the end of the
contraction of the cardiomyocyte. Rates (μm/s) of contrac-
tion and relaxation were determined by linear fits to the ap-
parently linear phases of contractions and relaxations, re-
spectively. The resting Ca2+ level was estimated by the Fura-
2 ratio (fluorescent intensity ratio at 340 and 380 nm excita-
tions) at baseline (before cardiomyocyte stimulation). The
amplitude of Ca2+ transients was defined as the difference
between the peak levels of Ca2+ transients and resting Ca2+

levels (340/380 nm ratio). The rate of Ca2+ transient increase
was considered as the slope of a line fitted by linear regres-

sion to the ascending phases of Ca2+ transients (1/s). The
Ca2+ transient decay kinetics was fitted to a single exponen-
tial and described by its rate constant (K; 1/s), which was cal-
culated from the following equation: Y = (Y0 � plateau)*exp
(� K * X) + plateau, where X = time, Y starts at Y0 and decays
(in one phase) down to plateau level, Y0 and plateau are in
the same units as Y, and K is expressed in the reciprocal of
X-axis units.

Data analysis and statistics

Results were evaluated and graphs were created in the
GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA, USA). The number of experiments in each group
varied between 6 and 10 from six different hearts.
Background fluorescence intensity levels were obtained at
the end of the measurements, on a region without cardio-
myocytes and were manually subtracted the fluorescence
intensities for background correction. Values were evalu-
ated for normality (Kolmogorov–Smirnov normality test)
and were then evaluated by paired t-tests, ordinary one-
way ANOVA or Kruskal–Wallis test with multiple compari-
sons as appropriate. Group descriptions are given as
mean ± SEM values. Statistical significance was accepted
at P < 0.05.

Results

OM and EMD, but not Levo, reduce
cardiomyocyte resting SL

A dose-dependent decrease in the resting SL of cardiomyo-
cytes was observed upon OM administrations (i.e. from the
drug-free control of 1.96 ± 0.01 μm to 1.94 ± 0.04,
1.77 ± 0.04, 1.62 ± 0.05, or 1.50 ± 0.05 μm at 0.03 μM
OM, 0.1 μM OM, 0.3 μM OM, or 1 μM OM, respectively;
SL changes at 0.1 μM OM concentrations and beyond were
significant) (Figure 1A,D). One-micromole EMD also evoked
a significant reduction in resting SL (i.e. to 1.83 ± 0.08 μm;
Figure 1B,D), whereas Levo did not affect resting SL
(Figure 1C,D). Intracellular resting Ca2+ concentrations re-
mained unchanged during OM, EMD, or Levo treatments
(Figure 1A,C,E).

OM, EMD, and Levo differently affected
cardiomyocyte contraction and relaxation
kinetics

A significant decrease in the systolic peak SL was observed at
0.03, 0.01, 0.3, or 1 μM OM concentrations (1.65 ± 0.03 μm
1.53 ± 0.03 μm, 1.39 ± 0.02 μm, 1.34 ± 0.03 μm, respec-
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tively, vs. 1.74 ± 0.01 μm measured under control condi-
tions, P < 0.05 for all; Figure 2A,G) in field-stimulated car-
diomyocytes. Similarly to OM, EMD significantly decreased
the systolic peak SL (i.e. to 1.51 ± 0.03 μm, P < 0.05; Figure
2B,G). The effects of Levo on systolic peak SL decreases also
reached the significance level (i.e. this parameter decreased
to 1.63 ± 0.03 μm, P < 0.05; Figure 2C,G). OM increased
fractional sarcomere shortening at 0.03 μM (i.e. to
14.34 ± 1.64%), but not at higher drug concentrations,
whereas EMD and Levo significantly increased this parame-
ter at 1 μM (i.e. to 17.36 ± 0.98% and 17.02 ± 0.80%, respec-
tively, from the drug-free control level of 11.17 ± 0.55%,
P < 0.05; Figure 2A–C,G,H). The amplitudes of Ca2+ tran-
sients were not affected by any of the applied drugs (Figure
2D–F,I).

A progressive prolongation of contraction time was ob-
served upon increasing OM concentrations (1.50 ± 0.33 s,
2.31 ± 0.21 s, 3.85 ± 0.15 s, and 5.89 ± 0.57 s, at 0.03, 0.1,
0.3, and 1 μM OM concentrations, respectively, vs.
0.95 ± 0.05 s in drug-free controls), whereas EMD and Levo
did not affect this parameter (Figure 3A). The prolongation
of contractile responses could be attributed to slower kinet-
ics of both contractions (from 0.65 ± 0.05 μm/s to
0.51 ± 0.13, 0.27 ± 0.10, 0.11 ± 0.02, and 0.05 ± 0.01 μm/s)
and relaxations (from 0.95 ± 0.10 μm/s to 1.12 ± 0.30,
0.29 ± 0.06, 0.13 ± 0.03, and 0.05 ± 0.01 μm/s), respectively,

with increasing OM concentrations (control, 0.03 μM,
0.1 μM, 0.3 μM, and 1 μM, respectively; Figure 3B,C). In
contrast to OM and EMD, Levo increased the kinetics of
both contractions (Figure 3B) and relaxations (Figure 3C).
The durations of the Ca2+ transients (Figure 3D), kinetics of
the upstrokes of intracellular Ca2+ transients (Figure 3E),
and the kinetics of the Ca2+ transient decays (illustrated by
the rate constant, K) remained unaffected by all drug treat-
ments (Figure 3F).

OM uniquely alters intracellular Ca2+–SL
relationship

To characterize further the relationships between intracellu-
lar Ca2+ transients and contractile responses, sarcomere
length was expressed as a function of intracellular Ca2+ con-
centration upon positive inotropic agent administrations (Fig-
ure 4). These Ca2+–SL relationships did not largely differ be-
fore and after 0.03 μM OM exposures (Figure 4A). However,
following 0.1, 0.3, or 1 μM OM administrations, loop
diagrams markedly and progressively shifted downwards,
suggestive for a Ca2+-sensitizing effect that was present both
at systolic and diastolic intracellular Ca2+ concentrations (Fig-
ure 4B–D). The effect of 1 μM EMD on Ca2+–SL relationship
was similar to that observed in the presence of 0.1 μM OM

Figure 1 Distinct effects of OM, EMD or Levo on cardiomyocyte resting sarcomere lengths. OM (A) or EMD (B) decreased SL in resting isolated left
ventricular canine cardiomyocytes. OM was added without field stimulation in a cumulative manner. EMD or Levo (C) was applied at a single concen-
tration (1 μM). SL (black trace, left axis) and intracellular Ca2+ concentration (Fura-2340/380 fluorescent intensity ratio, grey trace, right axis) were
recorded simultaneously. Single representative examples are shown in the presence of OM, EMD, or Levo. EMD, Levo, or OM administrations are in-
dicated by arrows. Resting SL decreased in the presence of OM (A,D) or EMD (B,D), whereas Levo did not affect SL (C,D) in the absence of Ca2+ con-
centration changes (E). Significant differences are indicated by asterisks when P < 0.05 vs. before treatment. EMD, EMD 53998; FI, fluorescence
intensity; Levo, levosimendan; OM, omecamtiv mecarbil.
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(Figure 4E). Ca2+–SL relationship in the presence of Levo was
enlarged towards shorter systolic SLs, consistent with a Ca2
+-sensitizing effect that developed during systoles but not
during diastoles (Figure 4F).

Interactions between diastolic and systolic
sarcomere dynamics

To elucidate further the three different drug–target interac-
tions, parameters of systolic responses upon OM, EMD, or
Levo administrations were expressed as functions of their re-
spective diastolic SLs. This approach verified hypothetical
similarities between the OM and EMD dependent effects, in
particular when interrelations between diastolic SLs and peak
systolic SL (Figure 5A) or contraction durations (Figure 5B)

were analysed. Nevertheless, diastolic SL–fractional sarco-
mere shortening relationships suggested distinctions be-
tween OM and EMD (Figure 5C). Furthermore, Levo induced
systolic parameters apparently did not require changes in di-
astolic SL, consistently with a Levo-induced Ca2+-sensitizer
mechanism different from those evoked by OM or EMD
(Figure 5A–C).

Discussion

In this study, we identified similarities and major differ-
ences among the contractile effects of OM, EMD, and Levo
on systolic and diastolic indices of cardiomyocyte contrac-
tions of enzymatically isolated intact canine LV cardiomyo-

Figure 2 Effects of OM, EMD, and Levo on sarcomere length and intracellular Ca
2+
transients during field-stimulation. OM (A) was added to the tissue

chamber in different concentrations (0.03, 0.1, 0.3, and 1 μM). Steady-state conditions were reached within 5–8 min, and thereafter, contractile pa-
rameters were recorded. EMD (B) and Levo (C) were applied at a single concentration of 1 μM. Intracellular Ca2+ transients (D–F) were monitored
before and after the treatments (at drug concentrations as indicated). Results of representative examples are shown in the presence of OM (A,D),
EMD (B,E), or Levo (C,F). Changes in systolic peak SLs (G), fractional sarcomere shortenings (H), and amplitudes of Ca2+ transients (I) are given in
bar graphs, where bars represent mean ± SEM. Significant differences are indicated by asterisks when P < 0.05 vs. before treatment. EMD, EMD
53998; FI, fluorescence intensity; Levo, levosimendan; OM, omecamtiv mecarbil.
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cytes. Our data are consistent with an OM-evoked Ca2+-sen-
sitizing effect, whereby its positive inotropic effect develops
primarily by prolongation of systolic contractions rather
than by major changes in fractional sarcomere shortening
or augmentation of the kinetics of cardiac contractions or
relaxations.

Here, we report that OM, EMD, and Levo evoke roboust
changes in cardiomyocyte contractions and relaxations in
the absence of significant changes in intracellular Ca2+ tran-
sients, suggestive for Ca2+ sensitization for all three agents.2

Nevertheless, the characteristics of these Ca2+-sensitizing
mechanisms were different for OM, EMD, and Levo and
hence resulted in different kinds of contractile responses. Al-
though both Levo and EMD have inhibitory effect on PDE III,
the unchanged intracellular Ca2+ levels were somewhat sur-
prising in the presence of these agents and can be potentially
explained by PDE isoforms (other than PDE III) not inhibited
by these agents in canine cardiomyocytes at the employed
drug concentrations.7,10,15

OM evoked a reduction in diastolic SL of unstimulated car-
diomyocytes of dog hearts at low intracellular Ca2+ concen-
trations. The magnitude of this decrease in SL was compara-
ble with that observed in stimulated cardiomyocytes during
diastoles, suggesting that the OM-dependent activation of

the actin–myosin interaction did not require Ca2+. These find-
ings are also in accord with the OM-stimulated increase of
basal myosin ATPase activity of rabbit hearts1 and isometric
force production in permeabilized cardiomyocytes of rat
hearts at diastolic Ca2+ levels.15 Similarly to OM, EMD but
not Levo decreased resting SL, revealing similarities for the
two myosin-binding agents and a distinct effect for the thin
filament selective Levo in their Ca2+-sensitizing effects. Here,
we also show that the reductions in diastolic and systolic SLs
and contraction durations are tightly coupled to the applied
OM concentrations and thus illuminate different facets of
the same drug-target interaction on the myosin molecule.
The reduction in diastolic SL was probably also responsible
for the unchanged fractional sarcomere shortenings in the
presence of high OM concentrations despite the observed re-
ductions in peak systolic SLs. Interestingly, in an independent
study, fractional cell shortening did increase by OM in rat
cardiomyocytes1; nevertheless, based on our results, we pro-
pose that the increase in fractional cell shortening can be lim-
ited by the OM-evoked decrease in resting SL at higher OM
concentrations.16

The range of OM concentrations (i.e. between 0.01 and
1 μM), where reductions in resting SL were observed
overlapped with that reported during its clinical

Figure 3 Effects of OM, EMD and Levo on the kinetics of cardiomyocyte contractions and relaxations. The durations of contractions (A) were progres-
sively prolonged by increasing OM concentrations but remained unchanged during EMD or Levo administrations. The kinetics of contractions (B) were
slowed down by higher OM concentrations (0.3 and 1 μM). Relaxation speeds of (E) were also greatly diminished by these high OM concentrations (C).
Intracellular Ca

2+
transient durations (D) were unaffected by all treatments. The kinetics of the upstrokes of intracellular Ca

2+
transients (E) did not

change during the treatments. Intracellular Ca2+ concentration transient decays (represented by the rate constant, K) (F) remained also unaltered dur-
ing drug treatments. Significant differences are indicated by asterisks when P< 0.05 vs. before treatment. EMD, EMD-53998; FI, fluorescence intensity;
Levo, levosimendan; OM, omecamtiv mecarbil.
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administrations.3,4,6 In the most recent clinical trial of OM
(GALACTIC-HF), a guided dose titration strategy was applied
to achieve plasma concentrations of at least 200 ng/mL
(0.5 μM) while avoiding concentrations >1.000 ng/mL
(2.5 μM). It is important to note that OM concentrations
>1200 ng/ml (3 μM) (three times higher than the maximum
concentration used in our in vitro experiments) were previ-
ously reported to lead to excessive prolongation of the sys-
tole, thus limiting coronary blood flow during diastole and
possibly leading to myocardial ischemia.17,18 In animals and
humans, the pharmacodynamic signature of OM is an in-
crease in the systolic ejection time (SET).3,4,6,19 This observa-
tion is the reflection of the drug’s most significant mechanism
of action, as contractile activity can be maintained by OM
even when cytoplasmic Ca2+ concentration falls. Accordingly,
in the first-in-man, dose-escalating study, OM augmented left
ventricular systolic function and induced a dose-dependent
increase in SET, stroke volume (SV), fractional shortening
(FS) measured by echocardiography, and left ventricular ejec-
tion fraction (LVEF). Despite the slower kinetics of force gen-
eration in vitro, the maximal rate of LV pressure development
(dP/dtmax) was shown to be unaffected by OM in vivo,19 sug-

gestive for distinct pharmacokinetic properties for OM
in vitro and in vivo.

The durations of cardiomyocyte contractions increased al-
most six times at high OM concentrations, implicating a pro-
longed activation for the contractile protein machinery due
to a delay of the inactivation of the thin filaments and in-
creased number of strongly attached cross-bridges.20,21 The
increase in the half-time of activation (t1/2 of activation)
and the decrease in the rate constant of force redevelopment
(ktr, illustrating the intrinsic kinetics of the actin–myosin
cross-bridges) observed in our previous study16 in perme-
abilized rat cardiomyocytes are also in line with our present
observations and corroborate the decreased in vitro
motilities of the myosin filaments.22,23 Taken together, OM-
evoked Ca2+ sensitization may contribute to stronger, slower
and prolonged cardiac contractions consistently with previ-
ous echocardiographic findings.

Of note, the OM-evoked increase in contraction durations
was not observed during EMD administrations, and this might
be a consequence of their distinct binding sites on the myosin
molecule. The binding site of OM on the myosin S1 domain
probably resides in a cleft in the vicinity of its actin-binding

Figure 4 Intracellular Ca
2+–sarcomere length relationships before and after OM, EMD, or Levo administrations. SL values were plotted as the function

of the intracellular Ca2+ concentration during representative cardiac cycles. Responses of four consecutive cardiac cycles are shown for all panels.
Traces before (grey) and after treatments (black) are shown. Upon electrical stimulation, a rapid increase in the intracellular Ca2+ concentration
was seen, which was followed by contraction (evidenced by decrease in SL). Thereafter, intracellular Ca

2+
returned to diastolic (low) levels, followed

by relaxation (evidenced by increase in SL). Ca2+–SL relationships were progressively shifted downwards with increasing OM concentrations (A–D), sug-
gestive for a Ca

2+
-sensitizing effect during the entire cardiac cycle. The EMD-evoked Ca

2+
-sensitization was similar to that induced by 0.1 μM OM (E).

Levo did not alter diastolic SL, but augmented SL decreases during systoles (F). EMD, EMD 53998; FI, fluorescence intensity; Levo, levosimendan; OM,
omecamtiv mecarbil.
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interface and of the nucleotide binding pocket. This location
is supposedly ideal for allosteric modulation of both the enzy-
matic and mechanical properties of the cardiac myosin
motor.1 The EMD binding site is not identical with that of
OM on the myosin S1 domain; nevertheless, EMD administra-
tion can also increase basal myosin ATPase activity.9,24–26

In the present study, relaxation of intact cardiac cells was
significantly attenuated, particularly at high (0.3 and 1 μM)
OM concentrations, but was less affected upon EMD or Levo
treatments. This is compatible with the finding of our previ-
ous study in which OM also substantially prolonged the relax-
ation and increased the passive stiffness of permeabilized rat
myocyte-sized preparations with a Ca2+-independent
mechanism.16 In heart failure, abnormalities in cardiomyo-
cyte Ca2+ cycling are mainly due to altered sarcoplasmic retic-
ulum (SR) functions: reduced and partial cytoplasmic Ca2+ re-
uptake in association with abnormal SR Ca2+-ATPase (SERCA)
activity.27 Here, we found that cardiomyocyte relaxation was
impaired even at low OM concentrations (0.1–0.3 μM),
whereas at high OM concentration (1 μM) major limitations
in cardiomyocyte relaxation developed. Accordingly,
OM-induced diastolic dysfunction can be potentially aggra-
vated by higher diastolic Ca2+ levels in the failing heart. An

impaired diastolic performance—reflected by worsened time
constant of isovolumic relaxation (τ) and the rate of the LV
pressure decrease (dP/dtmin)—was shown earlier after i.v.
OM administration in rats with volume overload HF during
OM treatments.28 Nevertheless, OM did not impair diastolic
function in healthy volunteers at plasma concentrations sim-
ilar to those applied in this latter study.17,18 The possibility
that OM may lead to diastolic dysfunction was addressed
based on the data collected in the Chronic Oral Study of
Myosin Activation to Increase Contractility in Heart Failure
(COSMIC-HF) trial. The post hoc analysis showed an increase
in isovolumic relaxation time (IVRT) without changes in E/A
ratio or E wave. Unfortunately, diastolic function was not
assessed in detail in GALACTIC-HF, which would allow further
characterization of LV diastolic dysfunction upon oral admin-
istration of OM in patients with HFrEF.

Despite having no effects on the intracellular Ca2+ tran-
sients, OM, EMD and Levo differently alter Ca2+–SL relation-
ships of cardiomyocytes. OM at high concentrations has the
most prominent effect on resting SL, leading to diastolic car-
diomyocyte shortening and prolonged relaxation. EMD also
results in a decrease in the resting SL, but without affecting
relaxation kinetics. In contrast to OM and EMD, none of these

Figure 5 Hypothetical dependences of systolic cardiomyocyte parameters on diastolic sarcomere length. Both peak systolic and diastolic SLs decreased
with increasing OM concentrations, and with EMD administration, but not after Levo application (A). Contraction durations increased with increasing
OM concentrations, and with EMD administration, but not after Levo application (B). Fractional sarcomere shortening did not increase when diastolic
SL decreased following OM administrations; however, it increased by EMD or Levo (C).
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adverse effects were seen during Levo administration. We
propose that the widely used clinical parameters of systolic
function such as fractional shortening or ejection fraction
can be misleading in case of myosin activators. Here, we
showed a dramatic decrease in resting SL (which could be
paralleled by the reduced left ventricular diastolic diameter
in clinical studies) upon OM administrations. This factor ap-
parently limited fractional shortening at high OM concentra-
tions and might affect ejection fraction calculations as well.
The distinct mechanism of OM action on cardiomyocyte
resting SL and relaxation kinetics should raise concerns for
the clinical administration of the drug and draw our attention
to the importance of regular determination of serum OM
levels.

Limitations

The experiments were performed in vitro in enzymatically
isolated canine cardiomyocytes at room temperature and
low pacing rate, and hence, caution is certainly needed when
extrapolating experimental data to human hearts. As kinetics
of biological processes slow down with decreasing tempera-
tures, we opted for low-frequency stimulation when perform-
ing experiments under steady-state conditions. Similarly to
our current findings, in one of our previous studies,29 im-
paired relaxations and decreases in cardiomyocyte cell
lengths were also observed at 0.5, 1, and 2 Hz pacing fre-
quencies and 1 or 2 μM OM concentrations at 37°C. In con-
trast to structurally intact cardiomyocytes in vitro, potentially
lower extents of myosin activations can be reached at the ap-
plied OM concentrations in vivo. It needs also to be noted
that all of our experimental data were obtained in healthy an-
imals. Nevertheless, canine cardiomyocytes are considered as
relevant models for human cardiac cellular electrophysiology.

Conclusions

OM acts on cardiac muscle at resting Ca2+ concentrations,
resulting in diastolic cardiomyocyte shortening; besides, it
attenuates both contraction and relaxation kinetics. Our data
implicate a narrow therapeutic window for OM and a risk for
diastolic dysfunction at high OM concentrations.
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