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Abstract
Omecamtiv mecarbil (OM) is a promising novel drug for improving cardiac contractility. We tested the therapeutic range 
of OM and identified previously unrecognized side effects. The  Ca2+ sensitivity of isometric force production  (pCa50) and 
force at low  Ca2+ levels increased with OM concentration in human permeabilized cardiomyocytes. OM (1 µM) slowed the 
kinetics of contractions and relaxations and evoked an oscillation between normal and reduced intracellular  Ca2+ transients, 
action potential lengths and contractions in isolated canine cardiomyocytes. Echocardiographic studies and left ventricular 
pressure–volume analyses demonstrated concentration-dependent improvements in cardiac systolic function at OM concen-
trations of 600–1200 µg/kg in rats. Administration of OM at a concentration of 1200 µg/kg was associated with hypotension, 
while doses of 600–1200 µg/kg were associated with the following aspects of diastolic dysfunction: decreases in E/A ratio and 
the maximal rate of diastolic pressure decrement (dP/dtmin) and increases in isovolumic relaxation time, left atrial diameter, 
the isovolumic relaxation constant Tau, left ventricular end-diastolic pressure and the slope of the end-diastolic pressure–
volume relationship. Moreover, OM 1200 µg/kg frequently evoked transient electromechanical alternans in the rat in vivo 
in which normal systoles were followed by smaller contractions (and T-wave amplitudes) without major differences on the 
QRS complexes. Besides improving systolic function, OM evoked diastolic dysfunction and pulsus alternans. The narrow 
therapeutic window for OM may necessitate the monitoring of additional clinical safety parameters in clinical application.
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Introduction

Omecamtiv mecarbil (OM) is a promising drug candidate to 
improve cardiac contractility (inotropy) by selectively acti-
vating cardiac myosin [11, 25]. In a clinical dose-ranging Gábor Á. Fülöp, Attila Oláh, Tamas Csipo, Tamás Radovits and 
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study, it prolonged systolic time, increased stroke volume, 
decreased left ventricular dimension and reduced heart rate 
[3]. It has also been reported to cause a decrease in levels 
of the heart failure biomarker N-terminal pro-brain natriu-
retic peptide [27]. The proposed molecular mechanism of 
the actin–myosin cycle [11, 16, 18, 21] suggests that OM 
selectively targets myosin, a key molecule in cardiac con-
traction, without the involvement of additional molecular 
mechanisms. However, a recent report challenged this view 
of the apparent selectivity of OM and put forward a com-
pletely new hypothesis in which the selective suppression 
of myosin was associated with cooperative thin-filament 
activation [31]. There are also some recent reports suggest-
ing that OM evokes a rise in myocardial oxygen consump-
tion [1], and affects intracellular  Ca2+ homeostasis [15] and 
repolarization of cardiomyocytes [24] at higher concentra-
tions (3–10 µM). Moreover, in vitro, OM not only prolongs 
cardiomyocyte contraction but also slows down relaxation 
[12, 14].

In this study, we aimed to test the cellular effects of OM 
in permeabilized human left ventricular cardiomyocytes 
and intact canine cardiomyocytes in vitro, and to study the 
in vivo effects in the rat. We identified previously unrecog-
nized effects and found a narrow therapeutic window for 
OM. In particular, diastolic dysfunction was detected in par-
allel with positive inotropy, while severe hypotension and 
periodic electromechanical and T-wave alternans developed 
as the dosage of OM increased.

Methods

Human tissue source

Human tissue was obtained as described previously [13]. 
Healthy human hearts were obtained from five general organ 
donor patients (two men and three women with a mean age 
of 39.2 years) whose hearts were explanted. The experiments 
complied with the Helsinki Declaration of the World Medi-
cal Association at the time of the study and were approved 
by the Hungarian Ministry of Health (approval number 323-
8/2005-1018EKU). Left ventricular (LV) wall samples were 
frozen in liquid nitrogen and stored at − 80 °C.

Animal experiments

All animal care and experimental procedures conformed to 
Directive 2010/63/EU of the European Parliament and were 
approved by the appropriate ethical committees (approval 
number 1/2013/DE MAB). In vivo experiments were carried 
out on 13–15-week-old male Wistar–Kyoto rats. Myocytes 
for action potential (AP), cell shortening and intracellular 

calcium measurements were isolated from 12–18-month-old 
mongrel dogs.

Hemodynamic measurements

In vivo hemodynamic measurements were performed 
according to a previously described method [17], with spe-
cific modifications for this study, as detailed in the supple-
mentary material.

Echocardiography

Effects of OM were tested in rats echocardiographically 
using a General Electric Vivid E9 ultrasound system 
equipped with a linear 14.1-MHz i13L probe (General Elec-
tric, Fairfield, CT) as described previously [7], with specific 
modifications for this study, as detailed in the supplementary 
material.

Invasive blood pressure measurement

Effects of OM on blood pressure were tested in rats by 
cannulating the carotid artery. Arterial pressure and elec-
trocardiographic signals were monitored simultaneously. 
A detailed description can be found in the supplementary 
material.

Mechanical measurements on permeabilized 
myocytes

Isometric force generation of isolated human single LV car-
diomyocytes was measured at sarcomere lengths of 2.3 μm, 
according to a previously described method [14]. A descrip-
tion of these experiments can be found in the supplementary 
material.

Simultaneous recording of AP, cell length and Ca2+ 
transients in isolated canine cardiomyocytes

Single cardiomyocytes were obtained from adult mongrel 
dogs by enzymatic dispersion using the segment-perfusion 
technique [10]. Experiments were performed as described 
previously [6], with slight modifications, as detailed in the 
supplementary material.

Estimation of short‑term variability

A series of 20 consecutive single-cell contractions (isolated 
cells) or 12 cardiac cycles (pressure–volume [P–V] loops 
and echocardiography) were analysed to estimate beat-to-
beat variations.
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Fig. 1  Omecamtiv mecarbil 
evokes  Ca2+ sensitization, 
slower contraction–relaxation 
kinetics and increased passive 
stiffness in permeabilized 
human cardiomyocytes. Origi-
nal force recordings at maximal 
(pCa 4.75; ≈18 μM) and sub-
maximal (pCa 6.2; ≈0.63 μM) 
 Ca2+ concentrations illustrate 
the effects of 1 µM omecamtiv 
mecarbil (OM) on force devel-
opment in isolated, permea-
bilized human left ventricular 
cardiomyocytes. Gray traces: 
controls; black traces: the same 
cells with OM (a). Steps of 
the measurement are indicated 
at pCa 6.2 (black trace). First, 
the permeabilized ventricular 
cardiomyocyte was placed in a 
 Ca2+-containing solution and 
the developing  Ca2+-dependent 
force was recorded. Then the 
preparation was transferred to a 
relaxing solution (pCa 9). After 
steady-state relaxation, the pas-
sive stiffness was determined by 
shortening the sarcomeres to a 
slack level. The  Ca2+ concentra-
tion–active force relationship 
was determined (shown in 
absolute and relative [normal-
ized] units in panels (b) and (c), 
respectively) without (baseline) 
and with 0.1 and 1 µM OM (as 
indicated). The bar graph (d) 
represents the mean ± stand-
ard error of the mean (SEM) 
of seven to nine individual 
measurements (a significant dif-
ference [P < 0.05] from baseline 
is indicated by an asterisk). 
OM had a biphasic effect on 
the active force development as 
shown by the concentration–
response graph at pCa 4.75 (e). 
The overall rate of active force 
development  (ktr; f) and the 
time required for half-maximal 
 Ca2+-dependent force develop-
ment  (t1/2 act; g) are shown on 
the graphs. Finally, the rate of 
relaxation  (trelax; H) and the 
passive  (Ca2+-independent) 
stiffness  (Fpassive; i) were also 
determined at different OM 
concentrations. The applied OM 
concentrations are shown on the 
horizontal axes. Symbols repre-
sent the mean of seven to nine 
independent determinations. 
Error bars indicate the SEM
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Omecamtiv mecarbil (OM)

OM was purchased from AdooQ BioScience (Irvine, CA, 
USA). Stock solutions with concentrations of 1 and 10 mM 
were prepared in dimethyl sulfoxide (DMSO) and stored at 
4 °C.

Statistics

A detailed description of the statistical methods used can be 
found in the supplementary material.

Results

Omecamtiv mecarbil affects contraction, 
relaxation, Ca2+ sensitivity and stiffness 
of Triton‑X‑100‑permeabilized human cardiomyocytes 
in vitro

The effects of OM on Triton-X-100-permeabilized human 
cardiomyocyte contractility were tested (Fig. 1a) in the 
presence of low (0.1 µM) and high (1 µM, 401 ng/ml) con-
centrations of OM (Fig. 1b–d). Force development was 
significantly increased at very low  Ca2+ levels in the pres-
ence of 1 µM OM. For example, the force value in relaxing 
solution (pCa 9) was 1.1 ± 0.2 kN/m2, compared with 0 kN/
m2 in the absence of OM (Fig. 1b). The  Ca2+ sensitivity 
of force production  (pCa50) increased from 5.86 ± 0.02 to 
6.42 ± 0.06 (Fig. 1c and d) in the presence of 1 µM OM. The 

same dose of OM increased  Ca2+-activated force production 
 (Factive) severalfold at low  Ca2+ concentrations  (Factive at pCa 
6.2 increased from 1.7 ± 0.3 to 8.6 ± 1.9 kN/m2; Fig. 1e), 
while it decreased maximal  Ca2+-activated force at the 
maximal level of activation  (Factive at pCa 4.75 decreased 
from 20.4 ± 2.0 to 11.0 ± 1.0 kN/m2; Fig. 1e). The rate of 
 Ca2+-dependent force production  (ktr) at an OM concentra-
tion of 1 µM decreased irrespective of  Ca2+ concentration 
(k from 0.97 ± 0.06 to 0.04 ± 0.01 1/s and from 0.28 ± 0.05 
to 0.107 ± 0.04 1/s when measured at high and submaximal 
 Ca2+ levels, respectively; Fig. 1f). The time required for half-
maximal contraction  (t1/2 act) increased from 5.06 ± 047 to 
10.40 ± 1.11 s and from 2.80 ± 0.21 to 8.75 ± 1.14 s at an 
OM concentration of 1 µM at low and submaximal  Ca2+ lev-
els, respectively (Fig. 1g). The kinetics of relaxation  (trelax) 
slowed down from 2.67 ± 0.38 to 18.51 ± 1.72 s and from 
2.74 ± 0.34 to 12.00 ± 1.44 s at an OM concentration of 1 µM 
at submaximal and high  Ca2+ levels, respectively (Fig. 1h). 
Lastly, the  Ca2+-independent (passive) stiffness  (Fpassive) 
increased from 0.88 ± 0.10 to 3.88 ± 0.44 kN/m2 and from 
1.03 ± 0.12 to 3.25 ± 0.41 kN/m2 at submaximal and high 
 Ca2+ levels, respectively, in response to OM 1 µM (Fig. 1i).

Omecamtiv mecarbil evokes positive inotropy 
in the rat in vivo

Intravenous, cumulative application of 200, 400 and 600 µg/
kg body weight (BW) OM (yielding a maximum dose of 
1200 µg/kg BW) improved cardiac systolic function as 
revealed by echocardiography (Fig. 2a). Ejection fraction 
(EF) increased from 73.3 ± 2.2 to 87.4 ± 3.6%; fractional 
shortening (FS) increased from 41.2 ± 2.3 to 55.3 ± 4.1%; 
LV internal diameter at systole (LVIDs) decreased from 
4.0 ± 0.2 to 2.2 ± 0.3 mm; LV internal diameter at diastole 
(LVIDd) decreased from 6.7 ± 0.2 to 5.7 ± 0.3 mm; and 
systolic ejection time (SET) increased from 75.2 ± 2.5 to 
117.4 ± 6.1 ms. In parallel, maximal blood flow velocity at 
the left ventricular outflow tract (LVOT velocity) decreased 
from 0.66 ± 0.04 to 0.46 ± 0.07 mm/s, while the LVOT 
velocity–time integral did not change significantly.

Improvement in systolic function was also detected by LV 
P–V measurements under the same conditions (Fig. 2b): EF 
increased from 52.5 ± 2.0 to 71.4 ± 3.9%. LV end-systolic 
volume decreased from 101.6 ± 10.2 to 54.2 ± 9.1 µL, while 
LV end-diastolic volume decreased slightly resulting in a 
non-significant increase in stroke volume from 109.0 ± 4.5 
to 127.8 ± 12.7 µL. Load-independent contractility indi-
ces also showed clear benefits in systolic performance: 
both the end-systolic P–V relationship (ESPVRq) and the 
preload-recruitable stroke work (PRSW) increased (from 
2.8 ± 0.1 to 4.0 ± 0.2 mmHg/µL and from 110.9 ± 8.7 to 
159.1 ± 13.2 mmHg, respectively).

Fig. 2  Omecamtiv mecarbil improves left ventricular systolic func-
tion in the rat. Omecamtiv mecarbil (OM) was tested in the rat in vivo 
at cumulative doses of 200–1200 µg/kg body weight. Left ventricu-
lar systolic function was studied by echocardiography (a) and by left 
ventricular pressure–volume analysis (b). M-mode was used in the 
parasternal long-axis view (representative recordings shown in the 
upper row) to determine ejection fraction, fractional shortening, left 
ventricular end-systolic internal diameter and left ventricular end-
diastolic internal diameter. The pulsatile wave (PW) Doppler method 
(from the left ventricular outflow tract) was used to determine hemo-
dynamic parameters (representative recordings in the lower row of 
traces), such as left ventricular systolic ejection time, maximal blood 
flow velocity at the left ventricular outflow tract and left ventricular 
outflow tract velocity time integral, as shown in the graphs. Repre-
sentative left ventricular steady-state pressure–volume loops were 
obtained at different cumulative OM doses during pressure–volume 
analysis (b). Ejection fraction, end-systolic volume, end-diastolic vol-
ume, stroke volume and load-independent contractility indices (slope 
of the end-systolic pressure–volume relationship; preload recruita-
ble stroke work) at different OM doses are shown in the graphs. The 
number of independent observations was eight to 14 for echocardi-
ography and nine for the pressure–volume analysis. Symbols repre-
sent the mean and standard error of the mean. Significant differences 
from the initial (baseline) values upon application of OM (cumulative 
doses are shown on the horizontal axes) are indicated by asterisks: 
*P < 0.5; **P < 0.01

◂
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Omecamtiv mecarbil causes diastolic dysfunction 
in the rat in vivo

OM treatment was also associated with signs of diastolic 
dysfunction on echocardiography (Fig. 3a): peak mitral 
early and late blood flow velocity ratio (E:A) decreased 
from 2.02 ± 0.08 to 1.45 ± 0.03; isovolumetric relaxation 
time (IVRT) increased from 25.6 ± 1.6 to 52.7 ± 2.7 ms 
and left atrial internal volume (LA area) increased from 
29.4 ± 1.7 to 48.3 ± 2.0  mm2. Signs of diastolic dysfunc-
tion were also present when a P–V analysis was performed 
(Fig.  3b). The isovolumic relaxation constant  (Tauw) 
increased from 9.2 ± 0.4 to 15.2 ± 0.7 ms and the maximal 
rate of diastolic pressure decrement (dP/dtmin) decreased 
from − 11,642 ± 603 to − 8096 ± 614 mmHg/s, indicating 
impairment of active relaxation. The LV end-diastolic pres-
sure (LVEDP) increased from 8.6 ± 0.8 to 26.4 ± 1.2 mmHg 
and the end-diastolic P–V relationship (EDPVR) increased 
from 0.040 ± 0.001 to 0.098 ± 0.009 mmHg/µL, suggesting 
stiffening of the left ventricle.

Omecamtiv mecarbil evokes hypotension in the rat 
at high dosages in vivo

Invasive blood pressure measurements were performed in 
rats (Fig. 4). DMSO alone (solvent) led to a slight decrease 
in blood pressure, although it returned to normal levels 
within 5 min of application. OM evoked prominent decreases 
in both systolic (from 149 ± 6 to 49 ± 6 mmHg; P < 0.05) 
and diastolic (from 130 ± 4 to 37 ± 7 mmHg; P < 0.05) blood 
pressure at a cumulative dose of 1200 µg/kg BW. There was 
no effect on heart rate, irrespective of the development of 

hypotension (443 ± 18 and 445 ± 16 beats/min before and 
after treatment, respectively) (Fig. 4).

Omecamtiv mecarbil evokes a transient 
electromechanical alternation in the rat at high 
dosages in vivo

OM evoked transient, periodic, electromechanical alterna-
tions. These were characterized by the occurrence of oscil-
lation between normal and low or missing ejections on a 
beat-to-beat basis (Fig. 5a). This feature was observed in 
23 of the 30 rats tested. Alternating contractile dysfunction 
manifested in either a partial or in a complete form, differ-
entiated by the diastolic filling of the left ventricle. Partial 
alternans was defined when a normal systole was followed 
by partial filling and a consequently reduced stroke volume 
of the LV chamber. Complete alternans was characterized by 
virtually no filling and a consequent frustrated contraction 
after the normal systole (Fig. 5a).

In vivo intra-arterial measurement of systemic blood 
pressure after administration of high-dose OM (1200 µg/kg 
BW) shed light on the initiation of these transient periods. 
They started gradually, either in parallel with an increase 
in heart rate (Fig. 5b) or else were initiated by an extra beat 
(Fig. 5c). They appeared as alternating increases in arterial 
blood pressure, similar to a clinical feature known as pulsus 
alternans (Fig. 5d). This phenomenon was not observed with 
lower OM doses.

Echocardiography (Fig. 6a–d) and direct LV P–V record-
ings (Fig. 6e–g) were carried out to characterize this oscil-
lation between normal and reduced contractions. The oscil-
lating nature of the contractions can best be appreciated on 
Poincaré plots as two distinct groups of data points (repre-
senting the normal and the consecutive frustrated contrac-
tions) for the parameters derived from echocardiography and 
P–V recordings. Numerically, the alternations resulted in 
higher dispersion of the differences between the consecu-
tive parameter values. The maximal LVOT velocity alter-
nated on a beat-to-beat basis from 0.47 ± 0.03 mm/s for the 
normal beats to 0.27 ± 0.03 mm/s during the consecutive 
frustrated beats at an OM dose of 1200 µg/kg BW (Fig. 6b) 
and was reflected by higher dispersion of the differences 
between the consecutive values (from 0.030 ± 0.004 to 
0.200 ± 0.024  mm/s; Fig.  6b). Similarly, SET showed 
a pronounced alternation at OM 1200  µg/kg BW from 
111.9 ± 1.8 ms for the normal beats to 82.1 ± 3.0 ms for the 
consecutive altered beats (Fig. 6c) and higher dispersion 
of the differences between the consecutive values (from 
2.3 ± 0.2 and 29.8 ± 2.7 ms). In contrast, no alternation in 
the cardiac cycle length (R-to-R distance) was observed 
(Fig. 6d).

Functional features of this alternation were further stud-
ied by direct P–V recordings (Fig. 6e–g). LV end-systolic 

Fig. 3  Omecamtiv mecarbil negatively affects left ventricular dias-
tolic filling in the rat. Omecamtiv mecarbil (OM) was tested in the rat 
in vivo. Left ventricular diastolic function was studied by echocardi-
ography (a) and by left ventricular pressure–volume analysis (b). Pul-
satile-wave Doppler inflow at the mitral valve was used to determine 
the early:atrial filling ratio (E:A). The tissue Doppler method at the 
mitral annulus (representative individual recordings in the top row) 
was used to determine isovolumetric relaxation time. Left atrial area 
was determined from two-dimensional images in an apical 3 chamber 
view (representative pictograms are shown in the row below the tis-
sue Doppler recordings) and values are plotted on the graphs. Rep-
resentative original recordings of left ventricular pressure–volume 
relationships during transient occlusion of the inferior vena cava at 
different OM doses are shown in the top row of panel (b). The fol-
lowing diastolic parameters were acquired from pressure–volume 
analysis: indices of left ventricular active relaxation (dP/dtmin and the 
isovolumic relaxation constant) and left ventricular stiffness (end-
diastolic pressure and slope of the end-diastolic pressure–volume 
relationship). The number of independent observations was seven to 
14 for echocardiography and nine for the pressure–volume analysis. 
Symbols represent the mean and standard error of the mean. Signifi-
cant differences from the initial (baseline) values upon application of 
OM (cumulative doses are shown on the horizontal axes) are indi-
cated by asterisks: *P < 0.5; **P < 0.01

◂
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pressure values decreased from 172 ± 2 to 92 ± 6 mmHg 
(Fig. 6e) and a significant alternation in the values was 
observed (basal beat-to-beat variability increased from 
2.0 ± 0.2 to 13.1 ± 0.6 mmHg) at an OM dose of 1200 µg/
kg BW. LV end-systolic volume (LVESV) also showed a 
prominent alternating behavior at an OM dose of 1200 µg/
kg BW, as represented by differences in the consecutive 
beats: 183 ± 6 µL for the normal beats and 111 ± 5 µL for 
the consecutive altered beats (Fig. 6f). This feature was par-
ticularly apparent on the Poincaré plot and was represented 
by the higher dispersion of the differences among the con-
secutive values (from − 0.5 ± 0.7 to 71 ± 5 µl). Despite these 
robust functional alternations, heart rhythm generation was 
not affected. The R-R distance decreased from 141 ± 1 to 

137 ± 1 ms (P < 0.05) without an alteration in R-to-R dura-
tion: the value of the R–R distance was 137 ± 2 ms after the 
normal beats and 137 ± 1 ms after the consecutive altered 
beat at an OM dose of 1200 µg/kg BW (Fig. 6g).

A detailed evaluation of the electrocardiographic record-
ings revealed no effects of OM 1200 µg/kg BW on heart rate, 
QRS duration, corrected QT interval or T-wave amplitude 
in the periods without alternations (Fig. 7a). However, a 
prominent T-wave alternans was observed in cases where 
electromechanical alternation was present (Fig. 7b). Moreo-
ver, the cardiac cycle seemed to be longer during the appar-
ently effective (normal) contractions, as represented by the 
lower heart rate when complete electromechanical alternans 
was present (Fig. 7c).

Fig. 4  Omecamtiv mecarbil evokes severe hypotension in the rat. 
Omecamtiv mecarbil (OM) was tested in the rat in  vivo. Applica-
tion of solvent (dimethyl sulfoxide [DMSO]) alone and increasing 
doses of OM are shown in a representative invasive blood pressure 
recording at the top. Systolic and diastolic blood pressure and heart 

rate were determined immediately before and 5 min after bolus injec-
tions as indicated on the horizontal axes. Each symbol represents an 
individual measurement. The mean and standard error of the meas-
urements are shown on the scatter graphs. Significant (P < 0.05) dif-
ferences among the six replicates are indicated by the braces



Basic Research in Cardiology (2021) 116:24 

1 3

Page 9 of 16 24

Omecamtiv mecarbil alters intracellular Ca2+ 
handling in canine cardiomyocytes in vitro

The electrophysiological effects of OM were studied at the 
cellular level using isolated canine LV cardiomyocytes, 
as they provide the best model for humans (Fig. 8). Treat-
ment with 1 µM OM increased the stiffness of unloaded 
cells (representative example shown in Fig. 8a). Unstimu-
lated cardiomyocytes shrank from 131 ± 14 to 112 ± 11 µm 
(Fig. 8b) in the presence of 1 µM OM. This OM-evoked 
reduced diastolic length developed within 10 min of appli-
cation (Fig. 8c). Stimulation of isolated LV cardiomyocytes 
(faster than 3 Hz) resulted in the occurrence of oscillation 
between normal and reduced contractions on a beat-to-beat 
basis, similar to the in vivo measurements. Alternation 
was considered to be present when a difference of ≥ 10% 
occurred between the consecutively recorded stimulated cell 
shortenings. This alternation was present in three out of 14 
cells at 4 Hz and in nine out of 14 at 5 Hz. The alternation 
was studied at 5 Hz by recording cell length and changes in 
intracellular  Ca2+ concentrations and membrane potential 
(AP) in parallel (Fig. 8d–f). There was no difference in con-
traction (decrease in cell length) before OM treatment in the 
consecutive contractions (14.20 ± 2.09 and 14.16 ± 2.06 µm), 
while a significant difference developed upon OM adminis-
tration (16.6 ± 2.0 and 7.6 ± 0.9 µm; Fig. 8d). This resulted in 
prominent signs of alternation on the Poincaré plot and was 
represented by higher dispersion of the differences among 
the consecutive values (from 0.09 ± 0.03 to 8.97 ± 1.9 µm in 
the presence of 1 µM OM; Fig. 8d). In parallel, the ampli-
tude of  Ca2+ transients (CaT amplitude) decreased at the 
diminished contractions from 0.69 ± 0.04 to 0.41 ± 0.08 
(Fig. 8e) in the presence of 1 µM OM, which was again 
apparent on the Poincaré plot and as was represented by 
higher dispersion of the differences among the consecutive 
values (from 0.002 ± 0.0007 to 0.28 ± 0.11; Fig. 8e). In line 
with this, long APs (representing normal contractions) alter-
nated with unaffected APs (representing the diminished con-
tractions) (action potential duration at 90% repolarization, 
 APD90 alternated between 204 ± 4 and 189 ± 4 ms; Fig. 8f), a 
feature which was particularly apparent on the Poincaré plot 
and as marked dispersion (Fig. 8f) There was no difference 
in restoration of the APD upon OM treatment, suggesting 
no involvement of ionic channel recovery (see the supple-
mentary material).

Discussion

In this study, we have reported two previously unrecognized 
features of OM that overlap with its positive inotropic effect. 
The first appears to be an on-target side effect that severely 
impairs the diastolic filling of the heart. The second is a 

periodic electromechanical alternation (present at higher 
OM doses) in which normal beats alternate with diminished 
cardiac contractions on a beat-to-beat basis, a feature similar 
to pulsus alternans.

In recent clinical trials, OM was tested by pharma-
cokinetic titrations, resulting in a plasma concentration of 
318 ± 129 ng/mL (representing 0.79 µM) [27]. In the most 
recent clinical method for pharmacokinetic adjustment, the 
daily dose of OM administered was increased in patients 
with an OM plasma concentration < 300 ng/mL (0.75 µM), 
but decreased above 1000 ng/mL (2.49 µM) [26]. Note that 
doses > 1200 ng/mL (about three times higher than those in 
our in vitro experiments) were previously reported to lead to 
excessive prolongation of the systole, thus limiting coronary 
blood flow during diastole, and possibly leading to myocar-
dial ischemia [4]. The maximum intravenously administered 
dose of OM used in our experiments accorded with clinical 
applications (initial dose of 1000 µg/kg BW within the first 
hour) [3].

In our in vitro experiments, cellular effects were studied 
at an OM concentration of 401 ng/mL (1 µM), which over-
laps with the reported effective clinical serum concentra-
tions of the drug [3, 5, 25–28] We also confirmed our previ-
ous finding [1] of robust  Ca2+ sensitization when OM was 
administered at the therapeutic concentration. This effect 
was paralleled by slower kinetics for both contraction and 
relaxation, and by elevated passive stiffness.

Regarding our in vivo results, the positive effects of OM 
on the systolic function of the rat (as indicated by ejec-
tion time, EF, ESPVRq and PRSW) occurred at a dosage 
of 600 µg/kg BW. Interestingly, some diastolic parameters 
(E:A, IVRT and τw) were affected by the lowest dose of OM 
(200 µg/kg). It is important to note that improvement in EF 
(one of the major systolic parameters considered in human 
heart failure) was observed without a marked increase in 
stroke volume. This raises the question of whether improve-
ment in EF alone should be considered as a favorable out-
come in heart failure studies with OM. Here, we found that 
the major contributor to improved EF was the reduced dias-
tolic volume of the LV chamber, which did not result in a 
marked improvement in LV systolic function but was paral-
leled by prominent diastolic dysfunction.

Cellular contractility,  Ca2+ transient and AP analysis were 
performed in isolated canine LV cardiomyocytes. These 
were chosen because their electrophysiological properties 
closely resemble those of humans [22, 23]. OM treatment 
mimicked positive inotropy (improved shortening) and dias-
tolic dysfunction (reduced diastolic length) in isolated canine 
cardiomyocytes, validating these cells for further experi-
ments. The potential mechanisms of these alterations were 
studied in this cellular model to test the potential involve-
ment of  Ca2+ handling and electrophysiological properties. 
OM reduced the length of these unloaded cardiomyocytes 
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in unstimulated (diastolic) conditions. This is compatible 
with the finding that OM increased the passive stiffness of 
permeabilized human cardiac myocytes in an apparently 
 Ca2+-independent mechanism, as well as slowing down 
relaxation after contraction. Our data suggest that the level 
of increased  Ca2+ sensitivity may be extreme: both reduced 
diastolic length and increased cardiomyocyte passive stiff-
ness occurred at very low (diastolic)  Ca2+ concentrations.

It was proposed in previous reports [12, 13] that OM may 
lead to diastolic dysfunction, a possibility addressed by the 
developers of the drug using data collected in the Chronic 
Oral Study of Myosin Activation to Increase Contractility in 
Heart Failure (COSMIC-HF). That post hoc analysis showed 
an increase in IVRT without changes in E:A ratio or E wave 
(abstract RF299 presented at the American Heart Associa-
tion Scientific Sessions, 16–18 November 2019, Philadel-
phia, PA). Values for left atrial diameter, or the potential 
occurrence of pulsus alternans and T-wave alternans were 
not mentioned in the clinical studies.

The increase in SET can be explained by the apparent 
increase in the  Ca2+ sensitivity of force production: i.e. 
low cytoplasmic  Ca2+ concentrations are sufficient for 
both the initiation and maintenance of contraction. How-
ever, we also identified a marked reduction in the rate of 
force generation and relaxation under conditions where the 
 Ca2+ concentration reached a steady state in permeabilized 
human cardiomyocytes, suggesting a previously unidentified 
action of OM on the  Ca2+ regulation of the actin–myosin 
complex. It appears that both  Ca2+-dependent activation 
and dissociation are much slower in the presence of OM. 
OM also increased the resting stiffness of cardiomyocytes. 
This can be explained by (1) a  Ca2+-independent initiation 
of force production or (2) a direct interaction of OM with 

the contractile protein machinery, in addition to the myosin 
motor. These cellular data suggest an alternative mechanism 
for the clinically observed decrease in LV diameter: it may 
be the result of  Ca2+ sensitization of contraction occurring 
at diastolic  Ca2+ concentrations, similar to that evoked by 
the  Ca2+-sensitizer EMD 57,033 [9]. Additionally, we con-
firmed that OM does not affect intracellular  Ca2+ transients 
at low concentrations. In contrast, OM affected the APD 
and T-wave morphology at higher concentrations. These lat-
ter, previously unidentified features can be explained by (1) 
altered ryanodine receptor (RyR) function and (2) slower 
dissociation of  Ca2+ from the troponin complex.

The second major novelty of our work is that OM evoked 
a dose- and apparently heart rate-dependent, transient, 
electromechanical alternation, a feature similar to pulsus 
alternans, in the rat. This was present in 23 of 30 rats at a 
high OM dose (1200 µg/kg). It occurred during periods of 
slightly elevated heart rates or higher stimulation frequen-
cies in isolated canine LV cardiac myocytes (nine of 14 cells 
at a stimulation frequency of 5 Hz), suggesting that this fea-
ture is heart rate-dependent but seems to be independent 
of species. This alternating cardiac performance involved a 
mechanically normal systole with prolonged ejection, such 
that the left ventricle was unable to relax sufficiently to be 
filled before the following systole. This resulted in an incom-
plete systole, without major changes in QRS morphology or 
corrected QT interval, but with an alternating pattern of T 
waves. T-wave alternans has been described in heart failure 
patients, mostly during progression of the disease. It has 
been suggested that T-wave alternans can be responsible for 
the initiation of life-threatening arrhythmias [20]. Diaz et al. 
suggested that alteration of the RyR opening probability is 
responsible for T-wave alternans [4], a view aligned with the 
results of Nanasi et al. who described that OM changes the 
opening probability of RyR [15].

In addition to T-wave alternans, the  Ca2+ sensitization 
evoked by OM may also lead to an increased probability 
of ventricular arrhythmias. Baudenbacher et al. [2] showed 
that certain mutations in troponin T (TnT) and troponin I 
genes might create a myocardial substrate for ventricular 
arrhythmias through  Ca2+ sensitization. Arrhythmias were 
evoked by the  Ca2+ sensitizer EMD 57,033 and prevented 
by blebbistatin (a myofilament  Ca2+ desensitizer). The same 
authors also proposed that  Ca2+ sensitization provokes ven-
tricular arrhythmias through  Ca2+ transient alternans, which 
is exactly what we found with OM. Moreover, it was also 
shown by TnT mutations that alterations in  Ca2+ sensitiza-
tion may lead to changes in AP characteristics [29]. Indeed, 
we found changes in AP characteristics upon OM treatment, 
such as an alternating pattern of AP length. Moreover, sev-
eral groups of researchers have discussed the role of  Ca2+ 
alternans leading to increased dispersion of excitability and 
refractoriness of myocytes, which may serve as a substrate 

Fig. 5  Omecamtiv mecarbil evokes transient pulsus alternans in the 
rat. High doses (1200 µg/kg body weight cumulative dose) of ome-
camtiv mecarbil (OM) evoked a transient (short-lasting, recurring) 
electromechanical alternans (alternating pulseless electrical activity) 
in the rat. It was observed during left ventricular (LV) pressure–vol-
ume analysis (a) and invasive blood pressure measurements (b–d). 
The features and development of the electromechanical alternans are 
shown by representative experiments. An individual, representative 
recording of the parallel measurement of LV pressure, volume, heart 
rate (HR) and the electrocardiogram (ECG) are shown in the upper 
row of traces in panel (a). Features at baseline and on the develop-
ment of partial and total alternans are shown in the second row of 
traces in panel (a), which illustrate the raw pressure and volume val-
ues and the loops. The development of the alternans is also shown 
in representative recordings by means of invasive arterial blood pres-
sure measurements (b, c). The electromechanical alternans developed 
upon a slight increase in heart rate (a, b) or upon an extrasystole (c). 
Irrespective of its initiation, alternans was characterized by pulseless 
electrical activity that repeatedly appeared after an normal beat, as 
represented by the parallel-pressure waveform and ECG recordings at 
baseline and with a cumulative OM dose of 1200 µg/kg (d). Single, 
representative recordings are shown and were specifically chosen to 
illustrate this feature

◂
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Fig. 6  Echocardiographic 
features of omecamtiv mecarbil 
evoked transient, periodic 
electromechanical alternans in 
the rat. Echocardiography (a–d) 
and left ventricular pressure–
volume relationships (e–g) were 
recorded to evaluate the elec-
tromechanical alternans evoked 
by a 1200 µg/kg body weight 
(BW) dose of omecamtiv 
mecarbil (OM). Representative 
echocardiographic recordings 
are shown in panel (a). Each 
symbol represents an individual 
measurement (12 consecutive 
cardiac cycles in each animal), 
together with the mean and 
standard error, in the graphs on 
the left-hand side. The beat-
to-beat variability is shown on 
the Poincaré plots in the middle 
set of graphs, where the value 
for the actual beat is plotted 
as the function of the value at 
the next beat in an individual 
representative recording. On 
the Poincaré plots, consecutive 
values are connected by lines. 
The cumulative dose of OM is 
indicated on the horizontal axes 
or in the insets (Poincaré plots). 
The difference between the 
consecutive beat pairs is plotted 
in the graphs on the right-hand 
side. Significant differences 
(P < 0.05) between the five to 
six (echocardiography) and nine 
(pressure–volume analysis) bio-
logical replicates are indicated 
by the braces. Left ventricular 
outflow tract velocity (b) and 
left ventricular systolic ejection 
time (c) were determined by 
pulsatile Doppler at the level of 
the aortic valve in an apical 3 
chamber view, while the cardiac 
cycle length (d) was determined 
by a parallel electrocardiogra-
phy recording. The character-
istics of the electromechanical 
alternans were also recorded 
by means of left ventricular 
pressure–volume relationships, 
with data plotted similarly to the 
echocardiography data (e–g). 
Left ventricular end-systolic 
pressure (e) and left ventricular 
end-diastolic volume (f) were 
determined by means of a probe 
inserted into the left ventricle, 
whereas the cardiac cycle length 
(g) was determined from the 
parallel ECG recording
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for re-entry mechanisms and thus ventricular arrhythmias 
[8, 19, 30]. Our in vivo experiments in the rat also showed 
a dose-dependent severe decrease in blood pressure, which 
might be the result of severe diastolic dysfunction and/or 
the alternans.

Use of oral OM treatment in patients with heart failure 
with reduced LV ejection fraction in the GALACTIC-HF 
study [26], showed only a moderate clinical benefit despite 
its well-documented positive effects on systolic function [3, 
25, 27]. Our present data, which imply that improvements 
in systolic function can be offset or attenuated by OM-
evoked negative effects on diastolic function, may outline 
an explanation for those clinical findings. Unfortunately, the 
GALACTIC-HF trial data do not allow a detailed assessment 
of diastolic function [26]. Further clinical investigations are 
therefore required to address hypothetical alterations in dias-
tolic function upon administration of OM. In particular, we 
propose that echocardiographic indices of IVRT, left atrial 
size and Tei index should be considered for future patient 

selection and personalized OM treatments. It is important to 
emphasize that no signs of electromechanical alternations or 
increases in the number of life-threatening arrhythmias have 
been reported when rigorous and regular plasma concen-
tration measurements of OM have been applied in clinical 
practice. Nevertheless, OM appears to be effective only in 
patients without atrial fibrillation or atrial flutter, suggesting 
an interaction between cardiac rhythmicity and the clinical 
efficacy of OM treatments [26].

When considering the limitations of our study, we must 
highlight the fact that the in vivo experiments were per-
formed in rats, while the in vitro ones were performed in 
isolated canine and human cardiac myocytes. Caution is 
appropriate when extrapolating experimental data to pos-
sible human outcomes. It needs also to be noted that all 
the experimental data were obtained in healthy animals. It 
is known, however, that canine cardiac myocytes are good 
models of human electrophysiology. Finally, the results 
showed a severe drop in blood pressure values in response 
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Fig. 7  Omecamtiv mecarbil evokes a transient T-wave alternans 
in the rat. Cardiac electrocardiograms were recorded in rats. A rep-
resentative tracing and pooled analysis are shown. Heart rate, QRS 
duration, corrected QT interval (QTc; Bazett formula) and T-wave 
amplitude were recorded and plotted in periods without electrome-
chanical alternans in the presence of 1200 µg/kg body weight ome-
camtiv mecarbil (OM) (a). Symbols represent individual values from 
eight to nine replicates. The mean and standard error of the mean 
are shown in the scatter plots. No statistical differences were found 

between the groups. Next, cardiac electrocardiography (ECG) param-
eters were evaluated during the transient periods when partial or total 
electromechanical alternans was present (b). Representative pres-
sure–volume loops and ECG recordings are shown on the left-hand 
side. The graphs on the right-hand side represent the T-wave ampli-
tudes, QT interval and heart rate values in the normal and consecutive 
diminished (additional) loops. Symbols represent the individual val-
ues determined from six biological replicates. Significant differences 
are indicated in the graphs
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to OM treatment without increases in heart rate, which raises 
the possibility of an effect of anesthesia on the in vivo car-
diovascular parameters (i.e. a blunted baroreflex may dispose 
the rats to develop hypotension).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00395- 021- 00866-8.
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