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and calcium sensitizers have been in turn proposed. However, the number of new chemical entities in this ther-
apeutic field has been surprisingly low, and the current selection of drugs is limited. One of the paradigm shifts in
the discovery for new inotropes was to focus on ‘calcium sensitizers’ instead of ‘calcium mobilizers’. This was
designed to lead to the development of safer inotropes, devoid of the complications that arise due to increased

ifﬂg;g? intracellular calcium levels. However, only three such calcium sensitizers have been fully developed over the lat-
Inodilators est 30 years. Moreover, two of these, levosimendan and pimobendan, have multiple molecular targets and other
Troponin C pharmacologic effects in addition to inotropy, such as peripheral vasodilation. More recently, omecamtiv
Myosin mecarbil was described, which is believed to have a pure inotropy action that is devoid of pleiotropic effects.

Cardiovascular pharmacology
Heart failure

When the clinical data of these three calcium sensitizers are compared, it appears that the less pure inotropes
have the cutting edge over the purer inotrope, due to additional effects during the treatment of a complex syn-
drome such as acute congested heart failure. This review aims to answer the question whether calcium sensiti-
zation per se is a sufficient strategy for bringing required clinical benefits to patients with heart failure. This
review is dedicated to the memory of Heimo Haikala, a true and passionate innovator in this challenging field.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Historical background

In their classification of congestive heart failure, Forrester and
Waters [1] recognized that two major hemodynamic dysfunctions can
be manifested in this pathologic state: hypoperfusion (patient cold)
and congestion (patient wet), either individually or in combination
(patient wet and cold). In their seminal paper, Forrester and Waters
[1] also indicated which of the treatments that were available at that
time was of use according to the different hemodynamic profiles [1].
For patients with hypoperfusion and hypotension, inotropes were
recommended (albeit with some caution). The definition of inotropy
and inotropes (from Greek in-, fiber or sinew, plus-trope, turning or
moving) in those years was closely linked to the regulation of cardiac
contractile force via effects on ions [2], and especially on calcium
which from 1883 was already considered a vital link in the process of
contraction and relaxation [3].

* In memory of Heimo Haikala, PhD.
* Corresponding author at: Critical Care Proprietary Products, Orion Pharma, P.O. Box
65, Espoo, Finland.
E-mail address: piero.pollesello@orionpharma.com (P. Pollesello).
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The palette of inotropic drugs that were available in the clinic at the
time of Forrester and Waters [1] was limited to digoxin, the peptide
glucagon, and the cathecolamines (i.e., isoproterenol, norepinephrine,
dopamine). It was recognized that these inotropic agents have different
pleiotropic hemodynamic effects, and differed predominantly in their
effects on arterial pressure.

From the 1970's to the beginning of the 1980's, great efforts were
made to develop new inotropic agents. The hemodynamic effects of
dobutamine in man were described as early as 1973 [4], while the phos-
phodiesterase (PDE) inhibitor amrinone was first described in 1978 [5].
The first description of the cardiovascular properties of enoximone
(originally MDL17,043) dates from 1982 [6], and one year later, the clin-
ical effects of milrinone (originally WIN47203) were published [7].

All of these drugs, which were fully developed and became available
in clinical practice, share a common feature, i.e. they increase contrac-
tion by mobilizing calcium. Although this is achieved by various mech-
anisms of action (Fig. 1), it makes these different drugs similar in terms
of the reasons behind their inotropic effects. Indeed, they have recently
been described collectively as the ‘calcium mobilizers’ [8].

This strategy of increasing contraction by increasing intracellular
calcium handling, however, comes at a price:

0167-5273/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Mechanisms by which calcium mobilizers increase intracellular calcium. AC, adenylate cyclase; PDE, phosphodiestherase; PKA, protein kinase A; RyR, ryanodine receptor; SERCA

ATPase, sarcoplasmic endoplasmic ATP-ase; PLB, phospholamban; SR, sarcoplasmic reticulum.

(i) The increase in oxygen consumption in the myocardium that

arises because of the increased need for re-internalization of cal-

cium during diastole can lead to increased risk for ischemic pa-
tients; this may foster energy starvation in cardiac cells owing
to increased ATP consumption in order to support an increased

SERCA activity;

A further increase in oxygen demand is induced by the

chronotropic effect induced by some of the calcium mobilizers

(especially those which acts via an increase in intracellular

cAMP level);

Drugs acting through modulation of cyclic AMP (e.g.

cathecolamines, PDE inhibitors) also induce the phosphorylation

of troponin I [9] and thus promote calcium desensitization of the
contractile apparatus [10] leading to a less efficient contraction;

Disturbed intracellular calcium homeostasis can lead to ventricu-

lar arrhythmia [11] due to early and delayed afterdepolarizations,

while unstable intracellular calcium dynamics can promote
ventricular extrasystoles and increase the incidence of wave

breaks during ventricular fibrillation [12];

(v) Theincrease in intracellular calcium has been associated with ac-
celeration of myocardial remodeling, and with apoptosis [13];

(vi) Diastolic abnormalities, seen as impaired relaxation and in-
creased diastolic wall stress, are also detrimental consequence
of Ca® " overload [14];

(vii) The overall worse prognosis in the mid-term to long-term,
whereby the use of dobutamine and PDE inhibitors was specifi-
cally investigated in two focused meta-analyses by Tacon et al.
[15] and by Nony et al. [16], respectively. Their conclusion was
that these drugs do not provide any benefits in terms of patient
survival.

(ii)

(iii)

(iv

—

In the 1980's, Solaro [17] and Riiegg [18] suggested that molecules
that can sensitize the contractile apparatus to calcium would be better

inotropes. The proposed definition of a calcium sensitizer since that
time has been a molecule that modulates the contractile force without
inducing any changes in the calcium transient. The expectations were
that such molecules would not increase oxygen consumption, would
not induce arrhythmia, would not have any detrimental effects as
regards remodeling or apoptosis, and would not be associated with
bad outcome when used in severely decompensated patients.

Also at that time, there was convincing evidence that the cardiac
myofibrillar receptor that activates the actin-myosin interaction is tro-
ponin C [19]. It was thus straightforward to select troponin as a molec-
ular target for the development of further calcium sensitizers. However,
while many such molecules were tested starting from the early 1980's
[17], very few underwent complete clinical development. Two
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Fig. 2. Chemical structure of the ‘calcium sensitizers’ pimobendan (A), levosimendan
(B) and omecamtiv mecarbil (C).
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troponin-targeting drugs that were proposed to be calcium sensitizers
in the literature were pimobendan [20] in 1984, and levosimendan
[21]in 1994 (Fig. 2). These two drugs also entered into clinical practice
for human use, pimobendan from the 1990's, although in Japan only
[22], and levosimendan from early 2000 [23], and now across 60 coun-
tries mainly in Europe and Latin America, although not yet in the USA or
Japan.

Neither pimobendan nor levosimendan, however, are pure calcium
sensitizers. Pimobendan is predominantly a PDE inhibitor [24,25],
while levosimendan, in addition to calcium sensitization, also has some
important pleiotropic effects through the opening of ATP-dependent
potassium channels, and at higher, supra-therapeutic doses, as a very
selective PDEIII inhibitor [26].

Then, after almost two decades of hiatus from the first reports on
levosimendan, a new molecule was discovered, omecamtiv mecarbil
(originally CK-1827452) [27,28], which has now reached the late
phases of development (Fig. 2) [29]. This new drug candidate was de-
fined as a ‘myosin activator’, and it represents a putatively ‘purer’ form
of sensitization of the contractile apparatus, without other additional
effects.

All in all, at Oct. 20, 2015, a search for “levosimendan OR
pimobendan OR omecamtiv” in PubMed provides 216 human clinical
trials, of which 181 describe levosimendan, 32 pimobendan, and 3
omecamtiv mecarbil.

This review is aimed at answering three questions:

(1) What have we learnt about the calcium sensitizers from the
clinical data collected over these last 25 years?

(2) Are we in a condition to understand what kind of patient will, or
might, gain the greatest benefits from a calcium sensitizer?

(3) Are there some downsides in the class action of the pure calcium
sensitizers that would make them inferior to molecules with
additional pleiotropic effects?

This review will not describe the other calcium sensitizer com-
pounds that did not complete the early phases of development, or for
which no clinical data have been collected. It would indeed be too spec-
ulative to comment on their possible effects in human. Moreover, these
other calcium sensitizers were not even fully pharmacologically charac-
terized, which would leave us blind to their possible pleiotropic effects
on other targets.

2. Pimobendan: Mechanism of action and pharmacology

The pharmacology of pimobendan was reviewed by Fitton and
Brodgen [30]. Pimobendan has been described as a cardiotonic vasodila-
tor (inodilator) that derives its inotropic activity from a combination of
PDE inhibition and calcium sensitization of the myocardial contractile
proteins. It has an active metabolite (UD-CG 212) that contributes to
its pharmacological effects in vivo. Both intravenous and oral formula-
tions of pimobendan have been developed.

3. Pimobendan: Clinical data

The first clinical trial with pimobendan was described in 1988 [31].
In the clinical program for the development of pimobendan, which
mainly considered oral pimobendan, improvements in New York
Heart Association functional class were observed in patients with
chronic heart failure who received adjunctive treatment with
pimobendan. Moreover, in patients with moderate to severe chronic
congestive heart failure, there was a reduction in hospitalization rates
and an improvement in quality of life after 3 months and 6 months of
adjunctive therapy with oral pimobendan.

Pimobendan has been tested in the settings of both acute heart
failure and chronic heart failure, although data on the effects of
pimobendan on mortality are scarce. Only two human clinical trials

have described mortality outcomes, and of these, only the PICO trial
was randomized [32]. The PICO trial included 317 patients with stable
symptomatic heart failure, and oral pimobendan was well tolerated
and improved exercise capacity. However, the mean mortality was
12.0% in the pimobendan arms versus 5.6% in the placebo arm. The clin-
ical development of pimobendan was discontinued in 1996, although
on the basis of the existing clinical data, market authorization was
granted in Japan. An oral formulation is used worldwide in veterinary
medicine.

4. Levosimendan: Mechanism of action and pharmacology

Levosimendan was discovered by running several compounds
through an affinity chromatography column that included human recom-
binant troponin C, first in the presence of calcium, and then in the ab-
sence of calcium [33]. The calcium-dependent binding of levosimendan
to troponin was defined by its differential elution times. Levosimendan
was shown to increase cardiac contractility by calcium sensitisation
of troponin C [21,33-38]. Very early on, however, it appeared that
levosimendan also has molecular targets other than cardiac troponin
C, and other pharmacological actions other than inotropy [26]. The ad-
ditional pharmacological effects of levosimendan are: (i) vasodilation,
through the opening of potassium channels on the sarcolemma of
smooth muscle cells in the vasculature [39-42]; and (ii) cardioprotection,
through the opening of mitochondrial potassium channels in
cardiomyocytes [43-46]. Additionally, it was demonstrated in vitro
that levosimendan is a very potent and selective PDEIII inhibitor [47,
48]. However, it appears that this last mechanism of action of
levosimendan contributes to the pharmacological effects during its clin-
ical application only at higher doses [26]. Interestingly, levosimendan
pretreatment can decrease infarct size in an ischemia-reperfusion
model, and can improve recovery of cardiac function following global
ischemia [49]. Moreover, levosimendan improved the survival rate in
a healed myocardial infarction model [50]. The pharmacological and
clinical effects of levosimendan are also explained by the presence of
its active metabolite, OR-1896 [26]. Both intravenous and oral formula-
tions of levosimendan have been developed, although only the i.v.
formulation reached the market.

5. Levosimendan: Clinical data

The clinical effects of levosimendan were reviewed recently by
Nieminen et al. [23]. Levosimendan has been shown to improve hemo-
dynamics [51-53] without a significant increase in oxygen consumption
[54,55], to reduce symptoms of acute heart failure [51,52,56,57], to have
beneficial effects on neurohormone levels [56-59], to have sustained ef-
ficacy due to formation of an active metabolite [58,60], and not to suffer
any loss of effect in patients under 3-blockade [51,61] nor under amio-
darone [62] or sulfunilurea [63] treatments. Levosimendan offers a pre-
dictable safety profile [51-53,57], no impairment of diastolic function
[64,65], and no development of tolerance [60]. The most common ad-
verse events of levosimendan are hypotension, headache, atrial fibrilla-
tion, hypokalemia and tachycardia [56,57]. Several meta-analyses on
the effects of levosimendan on mortality have been published recently
[66-70], and among these, the investigations by Landoni et al. [67,70]
are the most comprehensive. These studies included 45-48 clinical trials
with intravenous levosimendan for a total of nearly 6000 patients.
Levosimendan was associated with a significant reduction in mortality,
despite two large phase III studies, REVIVE [56] and SURVIVE [57], that
had neutral effects on this outcome.

6. Omecamtiv: Mechanism of action and pharmacology
Omecamtiv mecarbil was discovered [27] and characterized [28] less

than 10 years ago. This new drug candidate is defined as a ‘myosin acti-
vator’ that facilitates action-myosin cross bridge formation, increases
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the number of myosin heads involved into the force generation, and
stimulates myosin ATPase. It was described also as a calcium sensitizer
[71], and a putatively purer inotrope, without additional effects. The cal-
cium sensitivity of force production by omecamtiv mecarbil was de-
scribed in detail by Nagy et al. [71]. Interestingly, the omecamtiv
mecarbil evoked calcium sensitization was also demonstrated in skele-
tal muscle fibers of the diaphragm with intrinsically slow kinetics [71].
Omecamtiv mecarbil has not yet been fully characterized, although in
a recent report, it was associated to both increased myocardial oxygen
consumption and impaired cardiac efficiency [72].

7. Omecamtiv: Clinical data

Only three clinical trials involving omecamtiv mecarbil have been
published to date. A preliminary study on 34 healthy subjects showed
highly dose-dependent augmentation of left ventricular systolic func-
tion in response to omecamtiv mecarbil [73]. A proof-of-concept study
by Cleland et al. [29] on 45 patients with stable heart failure and left ven-
tricular systolic dysfunction showed that omecamtiv mecarbil improves
cardiac function. Neither of these studies described mortality. A recent
600-patient phase II clinical trial (ATOMIC-AHF) has shown an increase
in plasma troponin I levels upon omecamtiv mecarbil administration,
nevertheless a clear relationship between plasma troponin I and
omecamtiv mecarbil concentrations could not be established [74]. This
might represent just chance, or it might be somehow related to the
signs of cardiac ischemia described by the previous trials [29,73]. It ap-
peared thus critical to evaluate omecamtiv mecarbil in patients with is-
chemic cardiomyopathy and angina during exercise. On the bright side,
data from a recent study [75] in which omecamtiv was administered at
first intravenously and then orally in patients with ischemic cardiomy-
opathy and angina do not show additional risk of development of ische-
mia by the drug. The study, however, was underpowered.

8. Is there a pattern?

Any inotropic effects through calcium mobilization are achieved by
increasing the calcium load in cardiomyocytes, which has been shown
to worsen ischemia and to increase the risk for arrhythmia, apoptosis,
and remodeling, and to worsen patient outcome. Calcium sensitization
was proposed as an alternative way for a safer inotropic effect. There
is indeed a physiological mechanism for the regulation of the calcium
sensitivity of the contractile apparatus, i.e. the cAMP-protein kinase A-
dependent phosphorylation/dephosphorylation of troponin I, which in
turn regulates the calcium binding affinity of troponin C. The calcium
sensitivity of troponin C can also be modified by drugs that stabilize
its active form, or that interact with other components of the contractile
apparatus.

Very few calcium sensitizers, however, have been fully characterized
and developed. Both preclinical and clinical data are described in the lit-
erature only for pimobendan, levosimendan and omecamtiv mecarbil.
These three drugs differ profoundly not only in their molecular targets
and mechanisms of action, but also in their clinical effects and adverse
events (Table 1). Neither pimobendan nor levosimendan can be de-
scribed as pure calcium sensitizers, with pimobendan showing a domi-
nant PDE inhibitory activity, and levosimendan showing two additional
molecular targets, which results in a three-fold mechanism of action
and its relatively unique pharmacological effects. At the moment,
omecamtiv mecarbil is the only one of these drugs that appears to
have a pure inotropic effect.

We are thus clearly not confronted by a single family of drugs. We
are neither, therefore, in the position to describe these ‘calcium sensi-
tizers’ according to their clinical and therapeutic effects. Indeed, the
therapeutic efficacies and benefits, and the adverse events, that have
been collected in clinical trials for pimobendan and levosimendan prob-
ably derive from the combination of their multiple pharmacological ef-
fects. We could thus potentially compare the effects of pimobendan and

Table 1
Molecular targets, mechanisms of action, and pharmacological and clinical effects of the
calcium sensitizers pimobendan, levosimendan and omecamtiv mecarbil.

Effects Pimobendan Levosimendan Omecamtiv
mecarbil
Molecular Cardiac troponin C ~ x X
targets Cardiac myosin «
B-heavy chain
PDEIII X X
PDEIV X
Karp channels X
Pharmacological Inotropy 1 1 1
effects Lusitropy 1
Vasodilation 1 1
Peripheral
perfusion 1
Cardio-protection 1
Chronotropy 1 o1 1
Clinical effects Cardiac output 1 1 1
Pulmonary
capillary wedge l
pressure
Symptoms
(dyspnoea, 1 [P
fatigue)
Neurohormones 1?
Adverse clinical Hypotension T T P
events Atrial arrhythmia 1 1o
Ventricular
arrhythmia T - -
Effects on 1 o]
mortality

¢ Atrial natriuretic peptide, brain natriuretic peptide [56-59].

levosimendan with those of omecamtiv mecarbil to isolate the effects of
a ‘pure’ calcium sensitizer. This exercise would be valid, however, only if
we assume that omecamtiv mecarbil has been fully characterized as
regards its pharmacology. However, since omecamtiv mecarbil is rela-
tively new, it is possible that this molecule has not been fully character-
ized yet.

From a qualitative analysis of the available pharmacological data, a
possible drawback of ‘pure’ calcium sensitization appears to include
prolongation of systolic ejection time on the expense of relaxation
time, which has been observed for omecamtiv mecarbil but not for
levosimendan. This reduction of relaxation time might be detrimental
in ischemic hearts in the presence of an increased heart rate. For
levosimendan, the absence of prolongation of systole is probably due
to either the presence of other effects on top of its binding to troponin
C, or the strictly calcium-dependent binding to this target molecule. Ad-
ditionally, levosimendan has been shown to improve ventriculo-arterial
coupling and cardiovascular performance in coronary patients with left
ventricular dysfunction, by both enhancing myocardial contractility and
reducing arterial elastance [76,77]. These effects on ventriculo-arterial
coupling might be more important than the mere inotropic effects relat-
ed to calcium sensitization.

9. Conclusions

The selection of targets such as troponin C and myosin for the actions
of inotropic drugs still appears to be fascinating some 50 years from the
discovery of calcium-dependent regulation of striated muscle contrac-
tion [78,79].

The question remains whether a ‘safe inotrope’ needs to have
pleiotropic effects in addition to calcium sensitization to compensate
for the potential drawbacks of pure calcium sensitizers. Are such ‘spuri-
ous’ calcium sensitizers such as levosimendan actually better? Has
levosimendan been relatively successful due to its unique combination
of mechanisms of action? As we still lack mortality data on omecamtiv
mecarbil, we remain essentially in the still.
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Further clinical trials will help to decide whether this hypothesis can
be translated into favorable clinical outcomes. At the same time, as
levosimendan has shown evidence of short-term benefits without ad-
verse events in the long term, we believe that this represents the mini-
mum standard for any future inotropic or inodilator drug that is
developed for treatment of a failing heart.

An additional issue, however, is the selection of the patient groups
that will benefit from the use of calcium sensitizers. Clinical trials need
to be more targeted and less comprehensive, as it might remain difficult
to find a cure-all drug for all of the patients in need of inotropic support.
There is no realistic expectation of a blockbuster in such a multi-
dimensional condition. In the era of personalized therapies, we should
search for drugs that are targeted to more focused patient groups (e.g.
either cardiogenic shock, or acute heart failure with low ejection frac-
tion, or low cardiac output syndromes after cardiac surgery, or septic-
shock-related cardiac depression, among others), and that are not
used as panaceas.

Striving after this magic bullet has been the downfall of much re-
search in the past. As an example, levosimendan was developed as an
inotrope and it was meant to be used independently of what was the
systolic blood pressure of the patient. However, its vasodilatory effects
became evident very soon, and now the use of a loading dose is not rec-
ommended for patients with systolic blood pressure <100 mmHg [23].
A successful strategy for new effective and safe inotropes has still to
be defined, and we cannot be sure at present that we are looking at
the correct patient groups [80].

Author contributions

All of the authors independently performed the preliminary
searches for relevant publications. All of the authors contributed sub-
stantially to discussions of the existing literature, and reviewed the
manuscript before submission.

Conflict of interest

This project did not receive any financial support. PP is an employee
of Orion Pharma. The other authors declare that they do not have any
conflicts of interest to disclose.

Acknowledgments

The authors thank Dr. Christopher Berrie for editing of the
manuscript.

References

[1] J.S. Forrester, D.D. Waters, Hospital treatment of congestive heart failure. Manage-
ment according to hemodynamic profile, Am. J. Med. 65 (1) (1978) 173-180.
W.B. Van Winkle, A. Schwartz, lons and inotropy, Annu. Rev. Physiol. 38 (1976)
247-272.

S. Ringer, A further contribution regarding the influence of the different constitutes
of the blood on the contraction of the heart, J. Physiol. Lond. 4 (1883) 29-42.

[4] RM. Gunnar, H.S. Loeb, M. Klodnycky, M.Z. Sinno, W. Towne, Hemodynamic effects
of dobutamine in man, Circulation 48 (1973) 523.

J.R. Benotti, W. Grossman, E. Braunwald, D.D. Davolos, A.A. Alousi, Hemodynamic
assessment of amrinone. A new inotropic agent, N. Engl. J. Med. 299 (25) (1978)
1373-1377.

R.C. Dage, LE. Roebel, C.P. Hsieh, D.L. Weiner, ] K. Woodward, Cardiovascular properties
of a new cardiotonic agent: MDL 17,043 (1.3-dihydro-4-methyl-5-[4-(methylthio)-
benzoyl]-2H-imidazol-2-one), ]. Cardiovasc. Pharmacol. 4 (3) (1982) 500-508.

C.S. Maskin, L. Sinoway, B. Chadwick, E.H. Sonnenblick, T.H. Le Jemtel, Sustained he-
modynamic and clinical effects of a new cardiotonic agent, WIN 47203, in patients
with severe congestive heart failure, Circulation 67 (5) (1983) 1065-1070.

L. Nagy, P. Pollesello, Z. Papp, Inotropes and inodilators for acute heart failure: sarco-
mere active drugs in focus, J. Cardiovasc. Pharmacol. 64 (3) (2014) 199-208.

P.V. Sulakhe, X.T. Vo, Regulation of phospholamban and troponin-I phosphorylation
in the intact rat cardiomyocytes by adrenergic and cholinergic stimuli: roles of cyclic
nucleotides, calcium, protein kinases and phosphatases and depolarization, Mol.
Cell. Biochem. 149-150 (1995) 103-126.

[2

3

5

[6

17

8

[9

[10] J. Wattanapermpool, X. Guo, R. Solaro, The unique amino-terminal peptide of cardi-
ac troponin-i regulates myofibrillar activity only when it is phosphorylated, J. Mol.
Cell. Cardiol. 27 (7) (1995) 1383-1391.

[11] P.Han, W. Cai, Y. Wang, CK. Lam, D.A. Arvanitis, V.P. Singh, et al., Catecholaminergic-
induced arrhythmias in failing cardiomyocytes associated with human HRCS96A vari-
ant overexpression, Am. J. Physiol. Heart Circ. Physiol. 301 (4) (2011) H1588-H1595.

[12] C-C. Chou, S. Zhou, H. Hayashi, M. Nihei, Y.-B. Liu, M.-S. Wen, et al., Remodelling of
action potential and intracellular calcium cycling dynamics during subacute myo-
cardial infarction promotes ventricular arrhythmias in Langendorff-perfused rabbit
hearts, J. Physiol. 580 (Pt 3) (2007) 895-906.

[13] E.G. Lakatta, Cardiovascular regulatory mechanisms in advanced age, Physiol. Rev.
73 (2) (Apr 1993) 413-467.

[14] T. Kono, H.N. Sabbah, H. Rosman, H. Shimoyama, M. Alam, S. Goldstein, Divergent
effects of intravenous dobutamine and nitroprusside on left atrial contribution to
ventricular filling in dogs with chronic heart failure, Am. Heart J. 127 (4 Pt 1)
(1994) 874-880.

[15] C.L. Tacon, J. McCaffrey, A. Delaney, Dobutamine for patients with severe heart
failure: a systematic review and meta-analysis of randomised controlled trials,
Intensive Care Med. 38 (2012) 359-367.

[16] P. Nony, ].P. Boissel, M. Lievre, A. Leizorovicz, M.C. Haugh, S. Fareh, et al., Evaluation
of the effect of phosphodiestherase inhibitors on mortality in chronic heart failure
patients. A meta-analysis, Eur. J. Clin. Pharmacol. 46 (1994) 191-196.

[17] RJ. Solaro, J.C. Riiegg, Stimulation of Ca++ binding and ATPase activity of dog
cardiac myofibrils by AR-L 115BS, a novel cardiotonic agent, Circ. Res. 51 (3) (Sep
1982) 290-294.

[18] J.C.Riiegg, Effects of new inotropic agents on Ca®* sensitivity of contractile proteins,
Circulation 73 (3 Pt 2) (Mar 1986) I1178-11184.

[19] M.J. Holroyde, S.P. Robertson, ].D. Johnson, RJ. Solaro, ].D. Potter, The calcium and
magnesium binding sites on cardiac troponin and their role in the regulation of
myofibrillar adenosine triphosphatase, J. Biol. Chem. 255 (24) (1980) 11688-11693.

[20] ].C. Riiegg, G. Pfitzer, D. Eubler, C. Zeugner, Effect on contractility of skinned fibres
from mammalian heart and smooth muscle by a new benzimidazole derivative,
4,5-dihydro-6-[2-(4-methoxyphenyl)-1H-benzimidazol-5-yl]-5-methy 1-3(2H)-
pyridazinone, Arzneimittelforschung 34 (12) (1984) 1736-1738.

[21] P. Pollesello, M. Ovaska, J. Kaivola, C. Tilgmann, K. Lundstrom, N. Kalkkinen, et al.,
Binding of a new Ca " sensitizer, levosimendan, to recombinant human cardiac tro-
ponin C. A molecular modelling, fluorescence probe, and proton nuclear magnetic
resonance study, J. Biol. Chem. 269 (46) (1994) 28584-28590.

[22] K. Kato, Clinical efficacy and safety of pimobendan in treatment of heart failure-
experience in Japan, Cardiology 88 (Suppl. 2) (1997) 28-36.

[23] M.S. Nieminen, S. Fruhwald, L.M. Heunks, P.K. Suominen, A.C. Gordon, M. Kivikko,
et al.,, Levosimendan: current data, clinical use and future development, Heart
Lung Vessel. 5 (4) (2013) 227-245.

[24] H. Scholz, W. Meyer, Phosphodiesterase-inhibiting properties of newer inotropic
agents, Circulation 73 (3 Pt 2) (Mar 1986) 11199-11108.

[25] G.W. Smith, ].C. Hall, P.A. West, Lack of inotropic selectivity of phosphodiestherase
enzyme inhibitors in-vitro, ]. Pharm. Pharmacol. 39 (9) (Sep 1987) 748-751.

[26] Z. Papp, I. Edes, S. Fruhwald, S.G. De Hert, M. Salmenperd, H. Leppikangas, et al.,
Levosimendan: molecular mechanisms and clinical implications: consensus of
experts on the mechanisms of action of levosimendan, Int. J. Cardiol. 159 (2) (Aug
232012) 82-87.

[27] B.P. Morgan, A. Muci, P.P. Lu, X. Qian, T. Tochimoto, W.W. Smith, et al., Discovery of
omecamtiv mecarbil the first, selective, small molecule activator of cardiac myosin,
ACS Med. Chem. Lett. 1 (9) (2010) 472-477.

[28] F.I Malik, JJ. Hartman, K.A. Elias, B.P. Morgan, H. Rodriguez, K. Brejc, et al., Cardiac
myosin activation: a potential therapeutic approach for systolic heart failure, Sci-
ence 331 (6023) (2011) 1439-1443.

[29] J.G.Cleland, ].R. Teerlink, R. Senior, E.M. Nifontov, J.J. Mc Murray, C.C. Lang, et al., The
effects of the cardiac myosin activator, omecamtiv mecarbil, on cardiac function in
systolic heart failure: a double-blind, placebo-controlled, crossover, dose-ranging
phase 2 trial, Lancet 378 (9792) (Aug 20 2011) 676-683.

[30] A.Fitton, R.N. Brogden, Pimobendan. A review of its pharmacology and therapeutic
potential in congestive heart failure, Drugs Aging 4 (5) (1994) 417-441.

[31] M. Walter, 1. Liebens, H. Goethals, M. Renard, A. Dresse, R. Bernard, Pimobendane
(UD-CG 115 BS) in the treatment of severe congestive heart failure. An acute hae-
modynamic cross-over and double-blind study with two different doses, Br. . Clin.
Pharmacol. 25 (3) (1988) 323-329.

[32] J. Lubsen, H. Just, A.C. Hjalmarsson, D. La Framboise, W.]. Remme, ]. Heinrich-Nols,
et al,, Effect of pimobendan on exercise capacity in patients with heart failure:
main results from the Pimobendan in Congestive Heart Failure (PICO) trial, Heart
76 (3) (1996) 223-231.

[33] H. Haikala, I.B. Linden, Mechanisms of action of calcium-sensitizing drugs, J.
Cardiovasc. Pharmacol. 26 (Suppl. 1) (1995) S10-S19.

[34] H.Haikala, J. Kaivola, E. Nissinen, P. Wall, . Levijoki, .B. Linden, Cardiac troponin C as
a target protein for a novel calcium sensitizing drug, levosimendan, J. Mol. Cell.
Cardiol. 27 (1995) 1859-1866.

[35] T. Sorsa, P. Pollesello, P.R. Rosevear, T. Drakenberg, 1. Kilpeldinen, Stereoselective
binding of levosimendan to cardiac troponin C causes Ca?*-sensitization, Eur. J.
Pharmacol. 486 (2004) 1-8.

[36] ]. Levijoki, P. Pollesello, ]. Kaivola, C. Tilgmann, T. Sorsa, A. Annila, et al., Further
evidence for the cardiac troponin C mediated calcium sensitization by levosimendan:
structure-response and binding analysis with analogs of levosimendan, ]. Mol. Cell.
Cardiol. 32 (2000) 479-491.

[37] T. Sorsa, P. Pollesello, R.]J. Solaro, The contractile apparatus as a target for drugs
against heart failure: interaction of levosimendan, a calcium sensitiser, with cardiac
troponin ¢, Mol. Cell. Biochem. 266 (2004) 87-107.


http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0005
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0005
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0010
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0010
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0015
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0015
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0020
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0020
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0025
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0025
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0025
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0030
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0030
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0030
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0035
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0035
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0035
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0040
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0040
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0045
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0045
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0045
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0045
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0050
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0050
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0050
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0055
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0055
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0055
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0060
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0060
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0060
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0060
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0065
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0065
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0070
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0070
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0070
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0070
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0075
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0075
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0075
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0080
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0080
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0080
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0085
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0085
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0085
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0085
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0090
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0090
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0090
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0090
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0095
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0095
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0095
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0100
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0100
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0100
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0100
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0105
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0105
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0105
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0105
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0105
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0105
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0110
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0110
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0115
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0115
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0115
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0120
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0120
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0125
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0125
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0130
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0130
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0130
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0130
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0135
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0135
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0135
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0140
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0140
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0140
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0145
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0145
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0145
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0145
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0150
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0150
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0155
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0155
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0155
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0155
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0160
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0160
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0160
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0160
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0165
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0165
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0170
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0170
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0170
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf9850
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf9850
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf9850
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf9850
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0180
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0180
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0180
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0180
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0185
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0185
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0185

548

(38]
(39]

P. Pollesello et al. / International Journal of Cardiology 203 (2016) 543-548

H. Haikala, P. Pollesello, Calcium sensitivity enhancers, IDrugs 3 (2000) 1199-1205.
H. Yokoshiki, Y. Katsube, M. Sunagawa, N. Sperelakis, Levosimendan, a novel Ca?*
sensitizer, activates the glibenclamide-sensitive K+ channel in rat arterial
myocytes, Eur. J. Pharmacol. 333 (1997) 249-259.

[40] J. Pataricza, ]. Hohn, A. Petri, A. Balogh, ].G. Papp, Comparison of the vasorelaxing ef-

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

(53]

fect of cromakalim and the new inodilator, levosimendan, in human isolated portal
vein, J. Pharm. Pharmacol. 52 (2000) 213-217.

P. Kaheinen, P. Pollesello, J. Levijoki, H. Haikala, Levosimendan increases diastolic
coronary flow in isolated guinea-pig heart by opening ATP-sensitive potassium
channels, J. Cardiovasc. Pharmacol. 37 (2001) 367-374.

N. Erdei, Z. Papp, P. Pollesello, . Edes, Z. Bagi, The levosimendan metabolite OR-1896
elicits vasodilation by activating the K(ATP) and BK(Ca) channels in rat isolated
arterioles, Br. ]. Pharmacol. 148 (2006) 696-702.

M. Maytin, W.S. Colucci, Cardioprotection: a new paradigm in the management of
acute heart failure syndromes, Am. J. Cardiol. 96 (2005) 26G-31G.

M. Louhelainen, E. Vahtola, P. Kaheinen, H. Leskinen, S. Merasto, V. Kyto, et al.,
Effects of levosimendan on cardiac remodeling and cardiomyocyte apoptosis in
hypertensive Dahl/Rapp rats, Br. J. Pharmacol. 150 (2007) 851-861.

P. Pollesello, Z. Papp, The cardioprotective effects of levosimendan: preclinical and
clinical evidence, J. Cardiovasc. Pharmacol. 50 (2007) 257-263.

EF. du Toit, A. Genis, L.H. Opie, P. Pollesello, A. Lochner, A role for the RISK pathway
and K(ATP) channels in pre- and post-conditioning induced by levosimendan in the
isolated guinea pig heart, Br. ]. Pharmacol. 154 (2008) 41-50.

S. Szilagyi, P. Pollesello, ]. Levijoki, P. Kaheinen, H. Haikala, I. Edes, et al., The effects of
levosimendan and OR-1896 on isolated hearts, myocyte-sized preparations and
phosphodiesterase enzymes of the guinea pig, Eur. ]. Pharmacol. 486 (1) (Feb 13
2004) 67-74.

P. Kaheinen, P. Pollesello, Z. Hertelendi, A. Borbély, S. Szilagyi, E. Nissinen, et al., Pos-
itive inotropic effect of levosimendan is correlated to its stereoselective Ca®*-
sensitizing effect but not to stereoselective phosphodiesterase inhibition, Basic
Clin. Pharmacol. Toxicol. 98 (1) (Jan 2006) 74-78.

I. Leprén, P. Pollesello, S. Vajda, A. Varré, J.G. Papp, Preconditioning effects of
levosimendan in a rabbit cardiac ischemia-reperfusion model, ]J. Cardiovasc.
Pharmacol. 48 (4) (2006) 148-152.

J. Levijoki, P. Pollesello, P. Kaheinen, H. Haikala, Improved survival with simendan
after experimental myocardial infarction in rats, Eur. J. Pharmacol. 419 (2-3)
(2001) 243-248.

F. Follath, J.G. Cleland, H. Just, ].G. Papp, H. Scholz, K. Peuhkurinen, et al., Efficacy and
safety of intravenous levosimendan compared with dobutamine in severe low-
output heart failure (the LIDO study): a randomised double-blind trial, Lancet 360
(2002) 196-202.

M.T. Slawsky, W.S. Colucci, S.S. Gottlieb, B.H. Greenberg, E. Haeusslein, ]. Hare, et al.,
Acute hemodynamic and clinical effects of levosimendan in patients with severe
heart failure. Study Investigators, Circulation 102 (2000) 2222-2227.

M.S. Nieminen, J. Akkila, G. Hasenfuss, F.X. Kleber, LA. Lehtonen, V. Mitrovic, et al.,
Hemodynamic and neurohumoral effects of continuous infusion of levosimendan
in patients with congestive heart failure, J. Am. Coll. Cardiol. 36 (2000) 1903-1912.

[54] J. Lilleberg, M.S. Nieminen, J. AkKila, L. Heikkila, A. Kuitunen, L. Lehtonen, et al., Ef-

[55]

[56]

[57]

fects of a new calcium sensitizer, levosimendan, on haemodynamics, coronary
blood flow and myocardial substrate utilization early after coronary artery bypass
grafting, Eur. Heart J. 19 (1998) 660-668.

H. Ukkonen, M. Saraste, J. Akkila, J. Knuuti, M. Karanko, H. lida, et al., Myocardial ef-
ficiency during levosimendan infusion in congestive heart failure, Clin. Pharmacol.
Ther. 68 (2000) 522-531.

M. Packer, W. Colucci, L. Fisher, B.M. Massie, J.R. Teerlink, ]. Young, et al., Effect of
levosimendan on the short-term clinical course of patients with acutely decompen-
sated heart failure, JCHF 1 (2013) 103-111.

A. Mebazaa, M.S. Nieminen, M. Packer, A. Cohen-Solal, F.X. Kleber, S.J. Pocock, et al.,
Levosimendan vs dobutamine for patients with acute decompensated heart failure:
the SURVIVE randomized trial, JAMA 297 (2007) 1883-1891.

[58] J. Lilleberg, M. Laine, T. Palkama, M. Kivikko, P. Pohjanjousi, M. Kupari, Duration of

[59]

[60]

the haemodynamic action of a 24-h infusion of levosimendan in patients with con-
gestive heart failure, Eur. ]. Heart Fail. 9 (2007) 75-82.

J.T. Parissis, F. Panou, D. Farmakis, S. Adamopoulos, G. Filippatos, 1. Paraskevaidis,
et al., Effects of levosimendan on markers of left ventricular diastolic function and
neurohormonal activation in patients with advanced heart failure, Am. ]. Cardiol.
96 (3) (2005) 423-426.

M. Kivikko, L. Lehtonen, W.S. Colucci, Sustained hemodynamic effects of intravenous
levosimendan, Circulation 107 (2003) 81-86.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

A. Mebazaa, M.S. Nieminen, G.S. Filippatos, J.G. Cleland, J.E. Salon, R. Thakkar, et al.,,
Levosimendan vs. dobutamine: outcomes for acute heart failure patients on beta-
blockers in SURVIVE, Eur. ]. Heart Fail. 11 (2009) 304-311.

S.G. Drakos, ].V. Kanakakis, S. Nanas, M. Bonios, E. Kaldara, F. Katsaros, et al., Inter-
mittent inotropic infusions combined with prophylactic amiodarone for patients
with decompensated end-stage heart failure, J. Cardiovasc. Pharmacol. 53 (2009)
157-161.

M. Kivikko, M.S. Nieminen, P. Pollesello, P. Pohjanjousi, W.S. Colucci, J.R. Teerlink,
et al., The clinical effects of levosimendan are not attenuated by sulfonylureas,
Scand. Cardiovasc. J. 46 (6) (Dec 2012) 330-338.

S. Sonntag, S. Sundberg, LA. Lehtonen, F.X. Kleber, The calcium sensitizer
levosimendan improves the function of stunned myocardium after percutaneous
transluminal coronary angioplasty in acute myocardial ischemia, J. Am. Coll. Cardiol.
43 (2004) 2177-2182.

M.M. Givertz, C. Andreou, C.H. Conrad, W.S. Colucci, Direct myocardial effects of
levosimendan in humans with left ventricular dysfunction: alteration of force-
frequency and relaxation-frequency relationships, Circulation 115 (2007)
1218-1224.

A. Delaney, C. Bradford, J. McCaffrey, S.M. Bagshaw, R. Lee, Levosimendan for the
treatment of acute severe heart failure: a meta-analysis of randomised controlled
trials, Int. J. Cardiol. 138 (2010) 281-289.

G. Landoni, G. Biondi-Zoccai, M. Greco, T. Greco, E. Bignami, A. Morelli, et al., Effects
of levosimendan on mortality and hospitalization. A meta-analysis of randomized
controlled studies, Crit. Care Med. 40 (2012) 634-646.

R. Maharaj, V. Metaxa, Levosimendan and mortality after coronary
revascularisation: a meta-analysis of randomised controlled trials, Crit. Care 15
(2011) R140.

R.W. Harrison, V. Hasselblad, R.H. Mehta, R. Levin, R.A. Harrington, J.H. Alexander,
Effect of levosimendan on survival and adverse events after cardiac surgery: a
meta-analysis, J. Cardiothorac. Vasc. Anesth. 27 (6) (2013) 1224-1232.

A. Belletti, M.L. Castro, S. Silvetti, T. Greco, G. Biondi-Zoccai, L. Pasin, et al., The effect
of inotropes and vasopressors on mortality: a meta-analysis of randomized clinical
trials, Br. J. Anaesth. 115 (5) (2015) 656-675.

L. Nagy, A. Kovacs, B. Bdi, E.T. Pasztor, G.A. Fiilop, A. Téth, et al.,, The novel cardiac
myosin activator omecamtiv mecarbil increases the calcium sensitivity of force pro-
duction in isolated cardiomyocytes and skeletal muscle fibres of the rat, Br. J.
Pharmacol. (2015)http://dx.doi.org/10.1111/bph.13235 (EPub Aug 4).

[72] J.P.Bakkehaug, A.B. Kildal, E.T. Engstad, N. Boardman, T. Nesheim, L. Rgnning, et al.,

The myosin activator omecamtiv mecarbil increases myocardial oxygen consump-
tion and impairs cardiac efficiency mediated by resting myosin ATPase activity,
Circ. Heart Fail. (2015) (ePub May 29).

[73] JR. Teerlink, C.P. Clarke, K.G. Saikali, ].H. Lee, M.M. Chen, R.D. Escandon, et al., Dose-

[74]

[75]

[76]

[77]

[78]

[79]

[80]

dependent augmentation of cardiac systolic function with the selective cardiac my-
osin activator, omecamtiv mecarbil: a first-in-man study, Lancet 378 (9792) (2011)
667-675.

J.R. Teerlink, G.M. Felker, M.M. JJV, P. Ponikowski, M. Metra, G.S. Filippatos, et al.,
ATOMIC-AHF: a phase 2 study of intravenous omecamtiv mecarbil, a novel cardiac
myosin activator, Patients With Acute Heart Failure. The Slide set With the Data
Disclosed at the ESC Congress, Sept 3 2013 (Amsterdam, is available at www.
clinicaltrialresults.org/Slides/ESC%202013/Teerlink_ATOMIC.ppt [accessed on Aug
20, 2015]).

B.H. Greenberg, W. Chou, K.G. Saikali, R. Escandén, ].H. Lee, M.M. Chen, et al., Safety
and tolerability of omecamtiv mecarbil during exercise in patients with ischemic
cardiomyopathy and angina, JACC Heart Fail. 3 (1) (2015) 22-29.

F. Guarracino, C. Cariello, A. Danella, L. Doroni, F. Lapolla, M. Stefani, et al., Effect of
levosimendan on ventriculo-arterial coupling in patients with ischemic cardiomy-
opathy, Acta Anaesthesiol. Scand. 51 (9) (Oct 2007) 1217-1224.

S. Masutani, H.J. Cheng, H. Tachibana, W.C. Little, C.P. Cheng, Levosimendan restores
the positive force-frequency relation in heart failure, Am. . Physiol. Heart Circ. Phys-
iol. 301 (2) (2011) H488-H496.

M.X. Li, P.M. Hwang, Structure and function of cardiac troponin C (TNNC1): implica-
tions for heart failure, cardiomyopathies, and troponin modulating drugs, Gene (Jul
29 2015)http://dx.doi.org/10.1016/j.gene.2015.07.074 (pii: S0378-1119(15)00915-
4. [Epub ahead of print]).

P.M. Hwang, B.D. Sykes, Targeting the sarcomere to correct muscle function, Nat.
Rev. Drug Discov. 14 (2015) 313-328.

P. Pollesello, Drug discovery and development for acute heart failure drugs: are ex-
pectations too high? Int. J. Cardiol. 172 (1) (2014) 11-13.


http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0190
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0195
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0195
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0195
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0195
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0195
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0200
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0200
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0200
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0205
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0205
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0205
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0210
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0210
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0210
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0215
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0215
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0220
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0220
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0220
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0225
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0225
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0230
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0230
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0230
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0235
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0235
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0235
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0235
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0240
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0240
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0240
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0240
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0240
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0240
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0245
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0245
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0245
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0250
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0250
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0250
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0255
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0255
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0255
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0255
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0260
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0260
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0260
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0265
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0265
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0265
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0270
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0270
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0270
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0270
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0275
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0275
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0275
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0280
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0280
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0280
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0285
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0285
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0285
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0290
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0290
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0290
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0295
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0295
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0295
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0295
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0300
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0300
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0305
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0305
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0305
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0310
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0310
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0310
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0310
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0315
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0315
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0315
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0320
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0320
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0320
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0320
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0325
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0325
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0325
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0325
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0330
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0330
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0330
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0335
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0335
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0335
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0340
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0340
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0340
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0345
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0345
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0345
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0350
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0350
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0350
http://dx.doi.org/10.1111/bph.13235
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0360
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0360
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0360
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0360
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0365
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0365
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0365
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0365
http://creativecommons.org/licenses/bycd/4.0/
http://creativecommons.org/licenses/bycd/4.0/
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0375
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0375
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0375
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0380
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0380
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0380
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0385
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0385
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0385
http://dx.doi.org/10.1016/j.gene.2015.07.074
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0395
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0395
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0400
http://refhub.elsevier.com/S0167-5273(15)30808-1/rf0400

	Calcium sensitizers: What have we learned over the last 25years?
	1. Historical background
	2. Pimobendan: Mechanism of action and pharmacology
	3. Pimobendan: Clinical data
	4. Levosimendan: Mechanism of action and pharmacology
	5. Levosimendan: Clinical data
	6. Omecamtiv: Mechanism of action and pharmacology
	7. Omecamtiv: Clinical data
	8. Is there a pattern?
	9. Conclusions
	Author contributions
	Conflict of interest
	Acknowledgments
	References


