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ABSTRACT

Positive inotropic agents are used in the treatment of heart failure.
Intravenous inotropes (dopamine, dobutamine, milrinone) improve the
hemodynamic and clinical status of acute decompensated chronic
heart failure, but they also increase intracellular concentrations of Ca®*
and cAMP, leading to increased myocardial oxygen demands,
hypotension, arrhythmias and mortality. In chronic heart failure, the
limited benefits, complex pharmacology and narrow therapeutic win-
dow have relegated the use of digoxin. Cardiac myosin activators are a
new class of inotropic agents that increase systolic ejection time at
concentrations at which they do not modify the intracellular calcium or
cAMP levels. Omecamtiv mecarbil is the first drug of this class. In ani-
mal models, healthy volunteers and phase Il clinical trials in patients
with stable chronic heart failure, it increased the systolic ejection time,
fractional shortening, stroke volume and cardiac output without alter-
ing myocardial oxygen, thus improving cardiac efficiency. In this arti-
cle, we review the preclinical and clinical pharmacological properties of
omecamtiv mecarbil. The results of clinical trials suggest that ome-
camtiv mecarbil may represent an effective and probably safer alterna-
tive to conventional inotropics in the treatment of heart failure patients.
The future development of this compound is also discussed.

950

SYNTHESIS**

Omecamtiv mecarbil is prepared as follows:

Cyanation of 3-chloro-2-fluoroaniline (I) with NaCN in the presence
of NiBr, in NMP at 195-205 °C gives 3-amino-2-fluorobenzonitrile
(1), which by treatment with (i-Bu),LiAlH, and Rochelle salt in
CH.CL, yields a mixture of 3-amino-2-fluorobenzaldehyde (1) and
2-fluoro-3-(iminomethyl)aniline (IV). This mixture of intermediates
() and (IV) is submitted to reductive condensation with methyl
piperazine-1-carboxylate (V) by means of NaBH(OAc), in THF and
the obtained aryl amine (VI) is finally coupled with 5-isocyanato-2-
methylpyridine (VII) in refluxing acetone (1-3). Scheme 1.

BACKGROUND

Heart failure (HF) is a complex clinical syndrome arising from any
structural or functional cardiac disorder that impairs the ability of
the ventricle to fill with or eject blood. It represents a major and
growing public health problem due to its high prevalence, high rates
of in-hospital and post-discharge mortality and readmissions, and
significant healthcare costs (4-6). Its prevalence in the general
European population ranges from 0.4% to 2%, but increases rapidly
with age, affecting 6-10% of people over the age of 65 years (6). The
high and rapidly growing prevalence of HF translates into high hos-
pitalization rates, being the single most common cause of hospital-
ization in patients over 65 years, and currently accounting for more
than 1 million hospitalizations peryear in both the U.S. and Europe
(4-7). Moreover, the combination of aging of the population and
improved survival after acute myocardial infarction has led to a rapid
growth in the number of patients currently living with chronic HF,
with a concomitant increase in the number of hospitalizations for
decompensated HF. Furthermore, 35-50% of patients hospitalized
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Scheme 1. Synthesis of Omecamtiv Mecarbil
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with acute HF will be rehospitalized at least once within 12 months
(4). The prognosis for HF is uniformly poor if the underlying problem
cannot be rectified. Half of the patients with a diagnosis of HF will
die within 5 years, and of patients with severe HF > 50% will die
within 1year. Finally, the direct health costs of HF treatment repre-
sent 1-2% of the healthcare budget costs in European countries, with
hospital admissions for decompensated HF accounting for about
70% of this expenditure (8, 9). The estimated direct and indirect
costs of HF in the U.S. for 2008 were $37.2 billion (7).

Although most cases of HF are associated with evidence of left ven-
tricular (LV) systolic dysfunction, a large proportion of patients with
chronic HF have diastolic HF as judged by preserved LV ejection frac-
tion (< 40-50%) at rest (5, 6, 10). However, the distinction is some-
what arbitrary because most patients with HF have evidence of both
systolic and diastolic dysfunction (4, 6). Therefore, the general goals
of the treatment of HF are as follows (4, 5):

1) Relief of symptoms (dyspnea and/or fatigue) and signs.
Breathlessness, ankle swelling and fatigue are the characteristic
symptoms and signs of HF, but may be difficult to interpret, partic-
ularly in elderly patients, obese patients, women and patients with
pulmonary disease. Peripheral edema, elevated venous pressure
and hepatomegaly are the characteristic signs of congestion of
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systemic veins. Once a diagnosis of HF has been established,
symptoms may be used to classify the severity of HF and should be
used to monitor the effects of therapy.

D

Improve the hemodynamics (increase stroke volume and cardiac
output, decrease pulmonary capillary wedge pressure).

3) Exert favorable effects on outcomes, including reductions in the
duration of intravenous (i.v.) vasoactive therapy, patient’s stay in-
hospital, future readmissions and both short- and long-term
mortality.

4) Preserve or improve renal function, prevent myocardial damage
and manage other comorbidities that may cause/contribute to
the progression of this syndrome.

Based on the framework that impaired cardiac contractility is a fun-
damental component of HF, drugs that increase cardiac contractili-
ty (e.g., positive inotropic agents) are used in the treatment of both
acute and chronic HF. However, despite the fact that they increase
cardiac output and improve end-organ perfusion, these drugs have
been consistently associated with an increased mortality in patients
with HF. Thus, there is an unmet need for new effective inotropic
agents with a better safety profile than those currently used. In this
article, we first analyze the mechanism of action, clinical uses,
advantages and disadvantages of positive inotropic drugs in

951



OMECAMTIV MECARBIL

patients with HF. Then, we review the basis for the development of a
new group of positive inotropic agents, the so-called cardiac myosin
activators, designed to improve systolic cardiac performance without
increasing intracellular cyclic adenosine 3',5-monophosphate
(cAMP) levels and free Ca®* concentrations ([Ca®*]). Finally, we shall
describe the preclinical and clinical development of omecamtiv
mecarbil, the first cardiac myosin activator and the clinical perspec-
tives for this agent in the treatment of HF.

Conventional iv. inotropic agents (e.g., sympathomimetics
[dopamine, dobutamine, isoproterenol, norepinephrine] and phos-
phodiesterase PDE3 inhibitors [milrinone]) increase the cellular lev-
els of cAMP and activate cAMP-dependent protein kinase A (PKA)
and, ultimately, [Ca®*], (Fig. 1) (4, 6, 7, 7). Sympathomimetics
increase cAMP production via direct activation of B]—adrenoceptors
and PDE3 inhibitors by blocking the enzyme that breaks down
cAMP. PDE3 inhibitors increase cardiac contractility and produce
arterial and venous vasodilatation, being preferred in patients with
elevated LV filling pressures. Moreover, because their mechanism of
action is independent of B-adrenoceptor activation, their hemody-
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namic effects are maintained in patients receiving f3-blockers, being
an alternative to dobutamine under these circumstances (4, 12).

Levosimendan exhibits a dual mechanism of action (11,13, 14). It acts
as a Ca®* sensitizer, increasing cardiac contractility without altering
Ca’* transients. Levosimendan improves cardiac contractility by
binding to the N-terminal domain of troponin C (TnC), stabilizes the
conformation of the Ca?*~TnC complex and increases the binding
affinity of TnC for intracellular Ca®* (Fig. 1). Since its inotropic effect
is independent of B-adrenoceptor stimulation, levosimendan repre-
sents an alternative to -adrenoceptor agonists in patients on f3-
blocker therapy. Moreover, it also produces pulmonary and systemic
vasodilatation via adenosine triphosphate (ATP)-activated (resist-
ance vessels) and Ca®*-activated (K_,) and voltage-dependent (K )
K* channels in vascular smooth muscle cells (11, 12, 14). In vitro and
at concentrations much higher than those achieved in clinical use,
levosimendan also exhibits PDE3-inhibitory effects. Initial studies
demonstrated that levosimendan reduced arrhythmias and
improved survival compared to placebo (CASINO, RUSSLAND) and
dobutamine (CASINO, LIDO) (11-14). However, three recent trials
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Figure 1. Mechanism of action of positive inotropic agents. AC, adenylate cyclase; ATP, adenosine-5'-triphosphate; G, Gs protein; Rf1, B1-adrenoceptor; PBL,
phospholamban; PDE3, phosphodiesterase type 3; PDEI, PDE3 inhibitor; PKA, protein kinase A; RyR2, ryanodine receptor; SERCAZ2a, sarcoplasmic reticulum

Ca®*-ATPase; SR, sarcoplasmic reticulum; TnC, troponin C.
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found that levosimendan improved clinical status but failed to
reduce mortality as compared with placebo (REVIVE) and dobuta-
mine (SURVIVE) (17). Moreover, in these trials levosimendan was
associated with a lower incidence of worsening of HF and a higher
incidence of hypotension and cardiac arrhythmias (atrial fibrillation,
ventricular ectopy and ventricular tachycardia). Thus, new clinical tri-
als are needed to define the effect of levosimendan on survival in
patients with severe HF.

Twenty years ago, digoxin was regarded along with diuretics as the
first-line therapy for systolic HF. Digoxin inhibits membrane-bound
a-subunits of the Na*/K*-ATPase. This inhibition increases the intra-
cellular Na* concentration, which in turn increases [Caz*]i via the
Ca®"/Na* exchanger, resulting in the positive inotropic effect of
digoxin (Fig. 1) (15). However, the very narrow therapeutic window,
the numerous drug interactions and the limited benefits found in the
large Digitalis Investigation Group (DIG) trial (10) (where digoxin
therapy improved ventricular function and patient well-being and
reduced hospital admissions for worsening HF, but had no effect on
mortality) have cast major doubts on its clinical use in HF patients in
sinus rhythm (16, 17).

Recent evidence suggests that the benefits of digoxin may be relat-
ed to inhibition of Na*/K*-ATPase in noncardiac tissues, such as
vagal afferent fibers (where it produces an improvement in barore-
ceptor function that inhibits the sympathetic nervous system) and
the kidneys (where digoxin reduces the tubular reabsorption of Na*
and suppresses renin secretion), and to inhibition of the neurohu-
moral activation. In fact, digoxin reduces serum levels of norepi-
nephrine, atrial natriuretic factor, angiotensin Il and vasopressin and
plasma renin activity (16). Furthermore, all these clinical, hemody-
namic and neurohumoral effects appeared at low doses of digoxin,
resulting in a serum digoxin concentration (SDC) of < 1 ng/mL.
Interestingly, a retrospective analysis of the DIG trial found that
digoxin at an SDC between 0.5 and 0.9 ng/mL reduced mortality
and hospitalizations in HF patients, including those with preserved
systolic function, while at a higher SDC digoxin reduced HF hospital-
izations but had no effect on mortality or all-cause hospitalizations
(18,19).

In the ADHERE registry, 9.7% of patients hospitalized for acute HF
syndromes in the U.S. received an i.v. inotrope and, in general, they
tended to have more severe HF, including higher blood urea nitro-
gen levels, lower blood pressure and lower LV ejection fraction (20).
In the EuroHeart Failure Survey II, which described the management
of acutely hospitalized HF patients in Europe, the most commonly
used inotropics were dopamine (11%), dobutamine (10%) and levosi-
mendan (4%). Digitalis was given in 27% of patients on admission
and in 31% at discharge (10).

Positive inotropic drugs are indicated in patients with low systolic
blood pressure (< 120 mmHg) or low output states, in the presence
of signs of peripheral hypoperfusion (cold, clammy skin, decreased
renal function, impaired mentation) with or without congestion or
pulmonary edema refractory to diuretics and vasodilators at optimal
doses (4-6). Inotropes can also be used to stabilize patients at risk of
progressive hemodynamic collapse or as a “bridge” until other life-
saving therapy (coronary revascularization, mechanical circulatory
support, ventricular assist devices or cardiac transplantation) can be
undertaken (4, 6, 12). In a small number of end-stage patients in
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whom other therapies are not appropriate, inotropics may be consid-
ered as a palliative option of end-of-life care. Presently, there is no
evidence that patients with HF with preserved systolic function ben-
efit from positive inotropic agents.

Chronic oral therapy with digoxin is recommended in patients with
HF and impaired systolic function who are in sinus rhythm and con-
tinue to have signs and symptoms despite standard therapy that
includes angiotensin-converting enzyme (ACE) inhibitors (or
angiotensin receptor blockers) and B-blockers (4-6, 21). Digoxin is
prescribed routinely in patients with HF and chronic atrial fibrillation
to slow rapid ventricular rate in addition to or prior to a B-blocker;
B-blockers are usually more effective when added to digoxin in con-
trolling the ventricular response, particularly during exercise (6, 22).
In the DIG ancillary trial the use of digoxin was associated with a
trend toward a reduction in hospitalizations resulting from worsen-
ing HF, but had no effect on mortality (23). However, in two other
studies, digoxin use was associated with an increase in mortality (24,
25).

An ideal inotropic agent for treating HF should reduce signs and
symptoms, improve LV function, reduce systemic and pulmonary
vascular resistance and exert a favorable or neutral effect on mortal-
ity, without increasing heart rate or myocardial oxygen consumption
(MVO,), decreasing blood pressure and coronary perfusion (particu-
larly in patients with coronary artery disease), worsening renal func-
tion and producing cardiac arrhythmias or myocardial damage
(apoptosis, necrosis) (4-6, 11).

Although short- or long-term use of inotropic drugs may improve
hemodynamic parameters and relieve symptoms in patients with
HF, their benefits are counteracted by serious adverse events, includ-
ing an increase in heart rate, contractility and MVOZ, neurohumoral
activation, proarrhythmia, intracellular Ca®* overload (which
increases wall tension and induces cardiac arrhythmias and myocyte
cell death) and hypotension, especially at high doses, which reduces
coronary perfusion (11, 12, 20, 26). A meta-analysis of 21 trials found
that, compared with placebo, i.v. administration of 3,-adrenoceptor
agonists and PDE3 inhibitors improved symptoms and hemodynam-
ics but tended to increase mortality in patients with HF (27). In
another meta-analysis of 21 clinical trials, treatment with PDE3
inhibitors improved symptoms and hemodynamics but increased
cardiac death, sudden death and arrhythmias in patients with chron-
ic HF (28). Consequently, the chronic use of phosphodiesterase
inhibitors should be avoided in HF patients.

The underlying etiology of acute HF is also important in determining
long-term survival. Viable and not contracting (hybernating)
myocardium is present in up to 60% of patients with acute HF syn-
dromes and chronic ischemia (29). This hibernating myocardium is
at risk for injury in patients with HF because of increased LV filling
pressures, hypotension and neurohormonal activation (30).

Although baseline contractile function is depressed, the hybernating
myocardium retains its responsiveness to dobutamine. However,
both in animal models and in patients with hibernating myocardium,
the increase in cardiac contractility and MVO, without a previous
restoration of coronary blood flow can result in a supply and demand
mismatch, deplete myocardial energy stores and exacerbate the
underlying myocardial ischemia; these changes lead to increased
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myocardial apoptosis, promote and/or accelerate the progression of
HF and increase the incidence of ventricular arrhythmias (11, 31, 32).
This explains why in several randomized clinical trials inotropic
drugs that increase intracellular cAMP levels increased in-hospital
and post-discharge mortality, particularly in patients with coronary
artery disease (20, 26-28, 33, 34). In a post hoc analysis of the
OPTIME-CHEF trial, which randomized patients with systolic dysfunc-
tion and decompensated HF not requiring i.v. inotropic therapy to
receive 48-72 h of iv. milrinone or placebo, milrinone-treated
patients with coronary artery disease tended to have significantly
worse outcomes (days hospitalized from cardiovascular causes with-
in 60 days and the composite of death or rehospitalization), partic-
ularly those who developed drug-related hypotension (33); in con-
trast, outcomes in nonischemic patients treated with milrinone tend-
ed to be improved.

Concerns about the efficacy and safety of presently available
inotropics have stimulated the development of new inotropic agents,
possibly with a cAMP-independent mechanism of action, that
improve cardiac output and relieve HF symptoms without inducing
Ca®* overload or increasing MVO, and mortality rates or inducing
proarrhythmic effects. For the 500,000 patients who are admitted
each year both in Europe and in the U.S. with decreased LV systolic
function, as well as the half million patients undergoing cardiac sur-
gery and others requiring inotropic support, the potential value of a
safe i.v. agent is large.

Excitation—contraction coupling is the process by which cardiac
membrane depolarization activates the contraction of the heart (11,
35, 36). During the contractile process a molecular interaction takes
place between the thin (actin) and thick (myosin) filaments of the
sarcomeres, which is triggered by the rise in [Caz*]i and driven by the
energy derived from ATP hydrolysis. Myosin is a hexamer composed
of two heavy chains and two pairs of myosin light chains. The myosin
heavy chains contain in their globular head the ATPase domain
(which cleaves ATP to produce energy) and the actin-binding site,
through which the contractile force is transduced. The thin filaments
contain three different types of proteins: actin, tropomyosin and tro-
ponin (Tn) complex. Actin is a globular protein arranged as a chain
of repeating units, forming two strands of an a helix carried on a
tropomyosin molecule that functions as a backbone. Tropomyosin is
a rod-shaped protein that interacts with adjacent tropomyosin mol-
ecules in a head-to-tail manner, forming continuous strands that lie
into the depth of the groove formed by the two actin strands.
Attached to tropomyosin at regular intervals is the Tn complex made
up of three subunits: TnC, which contains the Ca®*-binding subunits
that regulate contraction, troponin-T (TnT), which attaches the tro-
ponin complex to tropomyosin, and troponin-1 (Tnl), which in concert
with tropomyosin regulates the interactions between actin and
myosin. Troponin and tropomyosin regulate the interaction between
myosin and actin in a Ca*-sensitive manner. At low [Caz*].‘ (during
the diastole) Tnl binds tightly to actin in a conformation that keeps
tropomyosin in a position along the actin filament, where it inhibits
the interaction between actin and myosin and thereby suppresses its
ATPase activity. During the systole, [Ca*], rises, Ca®* binds to the N-
terminus of TnC and this binding induces a conformational change
in the troponin complex, such that both Tnl and tropomyosin move
away from the myosin binding sites on the actin, thereby making
them accessible to the myosin globular heads. When Ca?" is
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removed from TnC, the troponin complex resumes its inactivated
position, thereby inhibiting myosin—actin binding.

According to the cross-bridge theory for muscle contraction, the
movement of actin among the myosin filaments is accomplished by
the repetitive attachment and detachment of myosin heads (myosin
cross-bridges) to and from actin filaments (11, 35, 36). During the
process ATP is hydrolyzed. Molecular events begin during the dias-
tole, when a molecule of ATP binds with high affinity to the myosin
head, which rapidly dissociates the myosin heads from actin, pro-
ducing muscle relaxation (Step 1). Myosin ATPase rapidly hydrolyzes
myosin-bound ATP (Step 2) to adenosine diphosphate (ADP) and
organic phosphate (Pi), which remain tightly bound to the myosin
head, yielding a ternary complex (myosin—ADP-Pi) that increases
the affinity for actin. During this step, the energy of ATP hydrolysis is
transferred to the myosin head, causing a shape change so that the
myosin head is cocked and placed in line with its binding site on the
actin filament (Step 3). When [Caz*]i increases and the binding site
on the actin filament becomes available, the actin—-myosin-ADP—-Pi
complex undergoes an activation step (the slowest step of the cycle),
which converts this complex to a high-affinity actin—*myosin—-Pi-ADP
complex (Step 4), so that a cross-bridge is formed causing the
release of Pi. This release produces a conformational change of the
myosin cross-bridge, so that the myosin head flexes, pulling the 10-
nm actin filaments towards the center of the sarcomere (power
stroke, Step 5). The combination of Steps 4 and 5 is referred to as the
"strongly bound state time”, as the myosin is strongly bound to actin
throughout these steps (35). Finally, ADP dissociates from the
myosin head (Step 6), which causes the dissociation of the myosin
head from the actin filament and myosin returns to its original con-
figuration. At this time a new molecule of ATP binds to the myosin
head and the cycle is repeated. ATP can also by hydrolyzed without
producing mechanical work, but if an actin-independent Pi release
takes place no force-generating (power) stroke is produced, i.e., ATP
hydrolysis is wasted.

There are three aspects of this cycle of particular interest. First, the
key events underlying the cross-bridge cycle can be explained by
changes in the molecular configuration of the myosin head that
alternates between two major molecular configurations: a weakly
binding conformation that predominates when ATP is bound to the
head and a strongly binding conformation which predominates
when the products of ATP hydrolysis (ADP and Pi) are released and
explains why the power stroke is initiated (35). Second, the total
cycle time is limited by Step 4 and is determined by how fast the low-
affinity actin—*myosin—-Pi-ADP complex is converted to the high-
affinity actin—*myosin-Pi-ADP complex. Finally, force generation
depends on the number of cross-bridges reacting with the thin fila-
ment and the duration of the reaction between the cross-bridge and
the thin filament (36). The total number of available cross-bridges is
determined by how fast the weakly bound actin-*myosin—-Pi-ADP
complex is converted to the strongly bound actin-*myosin—-Pi—-ADP
complex and triggers the release of Pi (Step 4) (35). Thus, an agent
that increases this rate-limiting step in the cardiac cycle while
inhibiting the nonproductive hydrolysis of ATP would allow more
myosin heads to be active during each heart beat and would be
expected to improve myocardial efficiency.

Omecamtiv mecarbil (formerly CK-1827452) is a member of a diaryl
urea family of cardiac myosin activators that represent a novel class
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of inotropic agents that directly stimulate the activity of the myosin
ATPase in the cardiac sarcomere. The kinetic analysis of the myosin
cycle demonstrated that omecamtiv mecarbil accelerated the tran-
sition rate of myosin from the weakly to the strongly bound state
(actin—*myosin—Pi-ADP) of the cycle and increased the release of Pi
from the myosin head in a concentration-dependent manner, e.g.,
productive ATP hydrolysis. Interestingly, this activation is specific for
cardiac myosin, since omecamtiv mecarbil had no detectable activi-
ty against myosins from skeletal or smooth muscle or nonmuscle
(37), occurred in membrane-free sarcomeric protein preparations
and was independent of the sarcomeric regulatory proteins (37, 38).
However, omecamtiv mecarbil did not affect the rate of release of
myosin from the strongly bound state, as ADP release rate is not
increased, the rates of ATP binding or any other step of the contrac-
tile cycle. Thus, omecamtiv mecarbil reduced the time spent in the
weakly bound state and prolonged the duration of the reaction of
the cross-bridge with the thin filament in its force-generating reac-
tion, which may underlie its ability to improve cardiac contractility.
This explains why the positive inotropic effect of omecamtiv mecar-
bil is accompanied by an increase in the time to peak tension and in
the systolic ejection time (SET), indicating an increasing duration of
contraction. Furthermore, omecamtiv mecarbil decreased the rate of
actin-independent Pi release from actin-bound myosin, thus reduc-
ing nonproductive (wasteful) ATP hydrolysis (37-41). It is interesting
to note that all these changes occurred in the absence of changes in
Ca®* transient or in intracellular cAMP levels (39, 42).

BDM (2,3-butanedione-2-monoxime) and blebbistatin inhibit
myosin activity by uncoupling myosin—actin cross-bridge contractil-
ity from the Ca?* transient. At high concentrations, these inhibitors
inhibited cross-bridge formation and decreased cardiac contractility
without altering the Ca?* transients. Omecamtiv mecarbil reversed
the inhibitory effects of BDM and blebbistatin on the contractility of
isolated cardiac myocytes, which confirmed its role as a direct
myosin activator (40, 43).

PRECLINICAL PHARMACOLOGY

In isolated rat ventricular myocytes omecamtiv mecarbil increased
cardiac contractility (EC,, = 200 nM) and fractional shortening and
prolonged the time to peak contraction in a concentration-depend-
ent manner (44). The increase in the time to peak contraction is a
hallmark of cardiac myosin activators and indicates that they
increases the amplitude and duration of myocyte contraction (39).
These effects were not associated with significant changes in Ca®*
transients at concentrations up to 10 uM in Fura-2-loaded
myocytes, in diastolic length or in cellular cAMP levels (40, 41, 43,
44). Moreover, combination of omecamtiv mecarbil with a -adreno-
ceptor agonist (isoproterenol) resulted in an additive increase in con-
tractility, with no further change in Ca®* transient, confirming that
the mechanism of action of omecamtiv mecarbil is independent of
the activation of the cAMP/PKA pathway (40, 41). In addition, ome-
camtiv mecarbil increased myocyte fractional shortening even in the
presence of propranolol (1 uM), which completely inhibited the con-
tractile response to isoproterenol (20 uM) (41). Furthermore, ome-
camtiv mecarbil had no effect on the sarcoplasmic reticulum (SR)
Ca®*-ATPase pump, SR Ca?* content, phosphorylation of phospho-
lamban, caffeine-induced Ca®* transients or on the Na*/Ca?*
exchanger, and did not inhibit PDE3 activity in isolated rat ventricu-
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lar myocytes or human platelets (40, 41, 43, 44). Finally, omecamtiv
mecarbil produced a similar increase in cardiac contractility in ven-
tricular myocytes isolated from normal rats and rats with HF follow-
ing ligation of the left coronary artery, while, due to chronic neuro-
humoral activation, the contractile response to isoproterenol was
significantly decreased in myocytes from infarcted animals.

The effects of omecamtiv mecarbil were studied in anesthetized
Sprague-Dawley rats and conscious dogs and cardiac function was
assessed using two-dimensional guided M-mode echocardiography
and simultaneous pressure measurements.

In the rat model, iv. infusion of omecamtiv mecarbil (0.25-2.5
mg/kg/h) significantly increased LV fractional shortening in a dose-
dependent manner (from 107.8 + 4.6% to 120.4 + 4.3% after a 30-
min infusion at 1.2 mg/kg/h) and decreased the systolic diameter
(from 96.8 + 3.6% to 90.9 + 4.3%), without changes in diastolic
diameter, blood pressure or heart rate. In rats with HF induced by
ligation of the left anterior descending coronary artery, omecamtiv
mecarbil (0.25-1.2 mg/kg/h) increased the LV fractional shortening
in a dose-dependent manner (from 95.4 + 8.0% to 111.4 + 6.3% after
a 30-min infusion at 1.2 mg/kg/h) and decreased the systolic diam-
eter (from 101.6 + 2.9% to 92.0 + 2.6%) (40, 43).

In normal dogs, iv. infusion of omecamtiv mecarbil (0.03-1
mg/kg/h) increased LV fractional shortening and stroke volume in a
dose-dependent manner without changes in mean arterial pressure
(43, 45). At 0.5 mg/kg/h i.v., omecamtiv mecarbil increased LV frac-
tional shortening and stroke volume and modestly reduced heart
rate, while cardiac output, maximum rate of rise of LV pressure
(dP/dtmaX), total peripheral resistance and mean blood pressure
were only slightly changed. In dogs with severe HF induced by occlu-
sion of the left anterior descending artery and continuous rapid ven-
tricular pacing (240 bpm for 5-6 weeks), omecamtiv mecarbil (0.5
mg/kg by bolus, then 0.5 mg/kg/min for 3-5 h) significantly
increased SET (20% change from baseline), LV fractional shortening
(30-40%), systolic LV wall thickening (30-40%), stroke volume (20-
25%) and cardiac output (45%) (37, 39, 43-46). These changes were
accompanied by a decrease in left atrial pressure, LV end-diastolic
pressure, total peripheral resistance and heart rate. However, there
were no significant changes in arterial blood pressure, LV systolic
pressure, dP/dtmaX, coronary blood flow, coronary sinus O, content,
MVO, or diastolic function. Since stroke work increased over 60% in
the context of no increase in MVO,, it resulted in a 25-30% increase
in cardiac efficiency. Furthermore, these hemodynamic effects were
maintained following i.v. infusion of omecamtiv mecarbil (0.25
mg/kg/h) for 72 h (45).

In conscious dogs with severe LV hypertrophy and HF, omecamtiv
mecarbil (0.2 mg/kg/h) also increased LV SET and systolic wall
thickening, fractional shortening and stroke volume, while it reduced
LV end-diastolic pressure, mean left atrial pressure and heart rate
(45, 46). Interestingly, omecamtiv mecarbil did not modify endo/epi-
cardial myocardial blood flow ratio, coronary sinus O, content or

MVO,.

All these in vitro and in vivo findings demonstrated that omecamtiv
mecarbil produced a greater improvement in LV function (e.g.,
increase in stroke volume and cardiac output) in dogs with HF
than in normal dogs. Unlike other inotropic agents (B-adreno-
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ceptor agonists and PDE3 inhibitors), which generally increased LV
oIP/dtmax and MVO2 and shortened LV SET, omecamtiv mecarbil
increased systolic function by increasing SET without altering the
dpP/dt, ... and improved overall systolic function without changes in
MVO,, which resulted in an increase in cardiac efficiency. The
improvement in LV function persisted after 72-h i.v. infusion of ome-
camtiv mecarbil and in the presence of B-blocking agents. These
findings provided support for the potential clinical benefit of ome-
camtiv mecarbil in the treatment of HF and clearly encouraged the
study of this drug in patients with HF.

SAFETY

In the first-in-human study (CY 1111), omecamtiv mecarbil at concen-
trations at or below the maximum tolerated dose (MTD; 0.5
mg/kg/h for 6 h) was well tolerated when compared to placebo
and there was no dose-related increase in the overall incidence of
adverse events (47-49). At 0.5 mg/kg/h mean systolic blood pres-
sure decreased by 11.3 and 7.4 mmHg, respectively, in standing and
supine volunteers, but no dose-dependent changes in heart rate,
P-R, Q-T or Q-T_intervals were reported (47). Omecamtiv mecarbil
was clinically well tolerated at 0.625 mg/kg/h for 6 h, but too few
volunteers received this dose to define it according to protocol as the
MTD. For the patients who were tolerant of all study drug infusions,
no consistent pattern of adverse events with either dose or duration
of infusion emerged. By design, the study found doses that were not
well tolerated. The omecamtiv mecarbil infusions were terminated
early due to symptoms of chest tightness, lightheadedness, palpita-
tions and feeling hot in two volunteers treated at 1.0 mg/kg/h and in
one of two volunteers treated at 0.75 mg/kg/h. In these subjects,
signs of intolerability included tachycardia (~150 bpm) and electro-
cardiographic changes. In one volunteer treated with T mg/kg/h a
transient increase in cardiac-specific Tnl and TnT was observed, but
creatine kinase levels remain unchanged. Subsequent electrocardio-
grams (ECGs) and echocardiograms returned to normal in this sub-
ject and cardiac magnetic resonance imaging enhanced by gadolin-
ium, a sensitive test for myocardial injury, detected no cardiac abnor-
mality. These side effects are most likely due to an excessive
prolongation of the SET, leading to decreased diastolic coronary per-
fusion and diastolic filling, and resolved rapidly with discontinuation
of the drug infusion. However, it is important to note that no “off-tar-
get” adverse effects were noted even at these extreme doses.

In a phase lla trial (CY 1121) assessing escalating doses of omecam-
tiv mecarbil in patients with stable HF, the drug was well tolerated in
the first two cohorts. Heart rate increased, but blood pressure
remained unchanged (50-52). The safety data from the first four
cohorts suggested that the drug was well tolerated, with no serious
adverse events reported in patients exposed to the intended range
of plasma concentrations. However, five patients were discontinued
from the trial: two patients had signs and symptoms associated with
clinical intolerance due to excessive concentrations of omecamtiv
mecarbil (> 1300 ng/mL) and increased troponin levels; in one
hypertensive patient (baseline blood pressure: 182/116 mmHg) an
asymptomatic increase in Tnl levels was discovered following com-
pletion of infusion; one patient presented local contractile dysfunc-
tion on the echocardiogram, and one patient a Q-T_> 500 ms dur-
ing infusion (baseline Q-T . = 493 ms) (53). Additionally, three seri-
ous adverse events were reported, including a non-S-T elevation
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myocardial infarction in the setting of a drug overdose, a case of sep-
ticemia in the setting of a diabetic foot ulcer and one case of pneu-
monia.

In the CY 1011 trial, both iv. and oral formulations of omecamtiv
mecarbil were well tolerated, and there were no serious adverse
events. A total of 25 adverse events were reported; most of them
were mild in severity, although three volunteers were withdrawn
from the study (54). No serious adverse events, changes in ECG, vital
signs or laboratory tests were observed (55).

In the CY 1221 trial assessing low and high doses of omecamtiv
mecarbil, of the 94 patients treated, a total of 19 patients experi-
enced 29 adverse events (photopsia, infusion-site pain and dyspnea)
at any time during the trial: 5 patients on placebo, 2 patients on the
lower dose and 12 patients on the higher dose of omecamtiv mecar-
bil. Overall, 23 of 29 were reported as mild in severity, 4 as moder-
ate and 2 as severe (56); 14 of the 29 were reported as unrelated to
treatment, 8 as possibly related and 7 of 29 as probably related to
treatment. No other clinically important changes were observed on
vital signs, ECGs and cardiac biomarkers as compared to placebo.
Two severe adverse events occurred in the same patient receiving
the higher dose. This patient tolerated the infusion of omecamtiv
mecarbil while at rest uneventfully but experienced persistent angi-
na and S-T depression during the third exercise treadmill testing
(ETT), which persisted for several minutes into the recovery period.
Cardiac catheterization identified a severe stenosis of the proximal
left anterior descending coronary artery and the patient was suc-
cessfully treated with a coronary stent. Troponin | (but not creatine
kinase CK-MB) levels were elevated after percutaneous transluminal
coronary angioplasty (PTCA), prompting the second serious adverse
event (i.e., postprocedural myocardial infarction); however, troponin
levels became normal 19 h after the PTCA procedure. Both serious
adverse events were reported as unrelated to treatment by the
investigator. Thus, the safety profile of omecamtiv mecarbil seems
quite promising compared with other inotropic agents, and no evi-
dence of proarrhythmia has been reported.

CLINICAL STUDIES

Cytokinetics has performed five phase | clinical trial in healthy volun-
teers.

A double-blind, randomized, placebo-controlled, dose-escalation
study (CY 1111) enrolled 34 healthy volunteers who received a 6-h
double-blind infusion of ascending doses of omecamtiv mecarbil (5,
15, 25, 62.5, 125, 250, 500, 625, 750 and 1000 ug/kg/h) or placebo
each week for 4 weeks. Each treatment sequence consisted of three
ascending omecamtiv mecarbil doses and a placebo infusion ran-
domized into each treatment sequence on 4 separate days 1 week
apart. The low dose of each subsequent cohort was the high dose
from the prior cohort; modifications of the dosing schedule were
made as the MTD was reached (39, 47-49). Echocardiograms were
performed at baseline, 1, 3, 6, 7, 8, 10 and 24 h and were paired with
coincidently measured plasma concentrations of omecamtiv mecar-
bil. A total of 484 observations were analyzed. The primary objective
was to determine the MTD and plasma concentrations of omecam-
tiv mecarbil after 6 h of infusion. Secondary objectives included eval-
uation of its pharmacodynamics (assessed by echocardiography),
pharmacokinetics, safety and tolerability. At the MTD of 0.5
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mg/kg/h for 6 h (peak plasma concentrations [C__]= 905 ug/mL,
range 497-1242 wg/mL), omecamtiv mecarbil significantly increased
indices of LV systolic function (ejection fraction 6.8%, fractional
shortening 9.2%) and this increase was associated with an 84-ms
mean prolongation of SET. Moreover, these effects remained even in
the presence of a B-blocker, and at the end of the 6-h infusion at the
MTD mean standing and supine systolic blood pressure fell 1.3 and
7.4 mmHg, respectively, versus placebo. These findings demonstrat-
ed that, as previously found in preclinical studies, omecamtiv mecar-
bil increased LV systolic function by directly increasing SET rather
than contraction velocity. In fact, unlike conventional inotropes, ome-
camtiv mecarbil did not decrease isovolumetric contraction time nor
increase LV dP/dtmax. At doses up to and above the MTD, there were
no changes versus placebo in heart rate or electrocardiographic P-R,
Q-T or Q-T_intervals. There was a linear dose-related relationship
between the plasma concentrations and the changes in SET (* =
0.97), LV fractional shortening (> = 0.93) and ejection fraction (r* =
0.90) (49). The prolongation of the SET was the most sensitive
marker of drug effect and this effect was well correlated with the
increases in LV ejection fraction and LV fractional shortening. The
close relationship between omecamtiv mecarbil plasma concentra-
tions, prolongation of the SET and improvements in LV function sug-
gested that the effect on cardiac function after dosing with this drug
may be reliably observed and predictable.

A single-center phase | trial which progressed from a single-blind,
single-dose phase to a randomized, double-blind, placebo-con-
trolled, multiple-dose phase was designed to evaluate the safety,
tolerability and pharmacokinetics of an oral formulation (capsules)
of omecamtiv mecarbil administered both as a single oral dose and
as multiple oral doses of 10 and 30 mg to steady state in healthy
men and women. The secondary objective of this study was to eval-
uate the pharmacokinetics of omecamtiv mecarbil after a single oral
dose and after multiple oral doses to steady state and to compare
the pharmacokinetic parameters between healthy men and women.
Omecamtiv mecarbil was well tolerated, with no drug-related seri-
ous adverse events. Dose proportionality between the 10- and 30-
mg dose levels was observed both after single and multiple doses to
steady state and no differences were observed between men and
women (55).

A single-center, randomized, open-label, four-way crossover phase |
trial (CY 1011) was designed to compare the bioavailability of an oral
liquid and a capsule formulation of omecamtiv mecarbil (both at
0.125 mg/kg) versus a reference i.v. infusion (0.125 mg/kg adminis-
tered at a constant rate over 1h) and to determine the bioavailabili-
ty of the capsule formulation in fed (after a standard high-fat break-
fast) and fasted states relative to the liquid dose (54). Oral absorp-
tion was rapid for the liquid and the capsule formulations in fasted
volunteers, reaching C__ values after 0.5 and 1h, respectively. Food
delayed the rate of absorption (median time to Coae =3 h) in four of
seven subjects, without a substantial effect on overall bioavailability
or AUC. Absolute oral bioavailability of omecamtiv mecarbil was
approximately 100% for all three formulations, suggesting that
there is no first-pass metabolism and that the drug may have a low
susceptibility for pharmacokinetic interactions with drugs metabo-
lized via cytochrome P450 enzymes in the liver and small intestine.
The data suggest that there is relatively little variability in oral
absorption between subjects and that predictable plasma levels can
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be obtained with the oral formulation. Moreover, these data, togeth-
er with those from healthy volunteers who received i.v. omecamtiv
mecarbil, support drug dosing both i.v. and orally without requiring
adjustment for patient weight. Because omecamtiv mecarbil was
found to be rapidly absorbed, modified-release formulations should
be developed to reduce the rate of drug absorption without signifi-
cantly affecting the overall bioavailability.

Because the immediate-release formulation of the drug was rapidly
absorbed, several modified-release formulations were developed to
reduce the rate of drug absorption without significantly affecting the
overall bioavailability. A single-center, two-part, open-label phase |
trial assessed the pharmacokinetics and relative bioavailability of
three different oral modified-release formulations of omecamtiv
mecarbil as compared to the immediate-release formulation in 12
healthy male subjects. The secondary objective of the trial was to
determine whether there is an effect of food on the pharmacokinet-
ics of these formulations. The single-dose pharmacokinetics of one
formulation in both the fasted and fed states demonstrated a
reduced Cmax as compared to the immediate-release formulation,
without a substantial effect on overall bioavailability (55). This pro-
totype modified-release oral formulation of omecamtiv mecarbil
(undisclosed) has been selected to proceed forward into further clin-
ical testing.

Three randomized, double-blind, placebo-controlled phase Il trials
analyzed the pharmacokinetics, efficacy and safety of i.v. omecamtiv
mecarbil in patients with stable HF and of i.v. and oral omecamtiv
mecarbil in patients with ischemic cardiomyopathy and angina.

A multicenter, double-blind, randomized, placebo-controlled, dose-
escalating pharmacokinetic and pharmacodynamic phase Ila clinical
trial (NCTO0624442, CY 1121) evaluated the safety and tolerability of
omecamtiv mecarbil administered as an i.v. infusion in five cohorts of
patients with a clinical diagnosis of HF, LV ejection fraction < 40%,
normal sinus rhythm and stable drug regimen, including ACE
inhibitors or angiotensin AT, receptor blockers, B-blockers and
diuretics, if necessary (50-53). Patients with cardiovascular hospital-
ization within 6 weeks of entry or Canadian Cardiovascular Society
(CCS) class ll or IV angina were excluded. The primary objectives
were to evaluate the safety and tolerability of omecamtiv mecarbil
administered as an i.v. infusion to patients with stable HF and to
assess the drug’s effect on pharmacodynamic response (LV ejection
fraction, fractional shortening and SET). Secondary outcomes were
to determine the pharmacokinetics of omecamtiv mecarbil in this
population and to establish a relationship between the plasma con-
centrations and pharmacodynamic effects of the drug (as assessed
by echocardiography). Cohorts of one to four patients underwent
four treatment periods, receiving three infusions of escalating active
doses and a placebo infusion randomized into the dose escalation
sequence to maintain blinding. Each of the four infusions was given
at least T week apart. Loading and maintenance doses were mod-
eled on the basis of the pharmacokinetic data derived from the pre-
viously described CY 1111 study. Patients received a loading infusion
to rapidly achieve a target plasma concentration of omecamtiv
mecarbil during the first hour, followed by slower infusions intended
to maintain that plasma concentration during the remainder of
treatment. Cohorts 1 and 2 studied a range of omecamtiv mecarbil
plasma concentrations from 90 ng/mL in the lowest dose regimen

957



OMECAMTIV MECARBIL

in cohort 1to 650 ng/mL in the highest dose regimen in cohort 2.
The duration of infusion was 2 h in both cohorts (the second hour at
half of the respective infusion rates). Cohorts 3-5 were designed to
gain experience across the same range of plasma concentrations
but with infusion durations of 24 h (cohorts 3 and 4) and 72 h (cohort
5). Overall, in 45 patients, a total of 151 treatment periods were initi-
ated. Across the range of plasma concentrations evaluated, the
pharmacokinetics of omecamtiv mecarbil were generally linear with
respect to dose. Following a 1-h loading infusion of omecamtiv
mecarbil and a 1-h maintenance infusion of 0.125/0.0625,
0.25/0.125,0.5/0.25, 0.75/0.375 and 1/0.5 mg/kg/h, C _, values of
93, 177, 331, 578 and 613 ng/mL, respectively, were obtained (52).
Following a 1-h loading and 23-h maintenance infusion of
0.25/0.125/0.025, 0.5/0.25/0.05 and 1/0.5/0.1 mg/kg/h, mean
Cnax Values of 183, 271 and 600 ng/mL, respectively, were reported.

Omecamtiv mecarbil significantly increased SET, stroke volume, car-
diac output, fractional shortening and LV ejection fraction in a con-
centration-dependent manner. More specifically, at plasma concen-
trations > 100 ng/mL omecamtiv mecarbil significantly increased
SET and fractional shortening, at concentrations > 200 ng/mL it
increased stroke volume and heart rate started to decrease, and at
> 300 ng/mL it increased cardiac output, while LV end-systolic and
-diastolic volumes started to decrease, possibly due to unloading of
the ventricle (51, 52). At plasma concentrations > 400 ng/mL,
increases in stroke volume and cardiac output appeared to plateau
in association with a concentration-dependent decline in heart rate
(53, 57). Despite the increase in SET, the proportion of the cardiac
cycle dedicated to ejection remained relatively constant, due to the
decline in heart rate and LV end-systolic volume at high doses.
However, blood pressure remained unchanged.

There was a statistically significant correlation between increasing
omecamtiv mecarbil plasma concentrations and the increase in sys-
tolic function (Doppler-derived SET, fractional shortening, stroke
volume and ejection fraction) and the decreases in LV end-systolic
and end-diastolic volumes. The effects of omecamtiv mecarbil on
SET and stroke volume appeared to be persistent over a 24-h peri-
od. With 72 h of infusion, decreases in LV volumes appeared sus-
tained. In patients with reduced stroke volumes (< 50 mL) at base-
line omecamtiv mecarbil produced a significant, dose-dependent
increase in systolic LV function (SET, stroke volume, cardiac output,
fractional shortening and ejection fraction) which was generally
greater than that in patients with greater stroke volumes at baseline
(57). Moreover, there were statistically significant correlations
between increasing omecamtiv mecarbil plasma concentrations and
decreases in LV end-systolic and end-diastolic volumes, as well as in
heart rate. These findings support further clinical trials in a larger
patient population, and translation of this novel and unique mecha-
nism into higher-risk populations with HF.

The dose-limiting effect of omecamtiv mecarbil is believed to be
related to excessive prolongation of the SET, which can limit dias-
tolic coronary flow and ventricular filling, producing myocardial
ischemia. Therefore, it is of interest to investigate whether symptom-
related exercise capacity in HF patients with ischemic cardiomyopa-
thy and angina was deleteriously affected by omecamtiv mecarbil at
pharmacologically active concentrations (56). A double-blind, ran-
domized, placebo-controlled phase lla trial (NCTO0682565, CY
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1221) evaluated low- and high-dose regimens of omecamtiv mecar-
bil, each including both i.v. and oral formulations, in 94 patients with
ischemic cardiomyopathy and angina, an LV ejection fraction of
< 35% and NYHA class II-1ll. Patients in the low-dose cohort received
a 20-h i.v. infusion of omecamtiv mecarbil (24 mg/h for 2 h and then
6 mg/h for 18 h) to target a maximum plasma concentration of 295
ng/mL, or placebo; patients then received an oral immediate-
release formulation (12.5 mg t.i.d.) for 7 days to target a maximum
plasma concentration of 184 ng/mL. Patients in the high-dose
cohort received a 20-h i.v. infusion of omecamtiv mecarbil (2 h at 48
mg/h plus 18 h at 11 mg/h) to target a maximum plasma concentra-
tion of 550 ng/mL, or placebo; patients then received an oral imme-
diate-release formulation (25 mg t.i.d.) for 7 days with a target plas-
ma concentration of 368 ng/mL, or placebo. The primary endpoint
was to assess the effect of i.v. omecamtiv mecarbil on symptom-lim-
ited exercise tolerance, defined as stopping exercise during the third
ETT due to angina at a stage earlier than the shorter of two baseline
ETTs. Secondary outcomes were: a) to assess the tolerability of ome-
camtiv mecarbil administered t.i.d. to steady state as an immediate-
release, blend-in-capsule oral formulation to outpatients; and b) to
assess plasma concentrations of omecamtiv mecarbil at trough and
1 h after dosing with omecamtiv mecarbil administered t.i.d. to
steady state as an immediate-release, blend-in-capsule oral formu-
lation to outpatients. During screening, patients underwent two
symptom-limited ETTs and the shorter of these two ETTs was
defined as the baseline. A third ETT was performed during the final
2 h of the maintenance infusion. In each cohort, patients whose
symptom-limited exercise tolerance during the infusion did not
deteriorate relative to baseline received either omecamtiv mecarbil
or placebo administered orally for 7 days. Omecamtiv mecarbil plas-
ma levels were determined during the infusions, as well as before
and 1 h after the final oral dose. The primary safety endpoint
occurred in 1 patient receiving placebo (n = 29) and in no patients
receiving omecamtiv mecarbil at either low (n = 34) or high (n = 34)
doses; 52% and 50% of patients, respectively, exercised to stage 4
or above during ETT on low- and high-dose omecamtiv mecarbil,
compared to 41% in the placebo group. Thus, it can be concluded
that in HF patients with ischemic cardiomyopathy and angina who
theoretically could be most vulnerable to the possible deleterious
consequences of SET prolongation, omecamtiv mecarbil did not
adversely affects exercise capacity at concentrations that improve
cardiac function.

In another open-label, multicenter phase lla trial (NCT00748579, CY
1124) the primary objective was to evaluate the effects of omecamtiv
mecarbil on myocardial efficiency, defined as the ratio of ventricular
performance to MVO,, in 18 patients with symptomatic HF (NYHA
class Il or greater) and LV ejection fraction < 35%, in sinus rhythm and
with a clinical indication for left/right heart catheterization (58). The
secondary outcome was to evaluate the effects of omecamtiv mecar-
bil on ventricular performance, MVO,, pressure-volume relationships,
SET and invasively measured hemodynamics, including filling pres-
sures and cardiac output. Patients were enrolled in two cohorts. In
cohort 1, eight patients underwent an i.v. infusion of omecamtiv mecar-
bil (30 min at 54 mg/h followed by a 1-h maintenance dose at 21
mg/h), to reach an estimated (based on data from the CY 1111 trial)
median plasma level of 280 ng/mL (range: 126-445 ng/mL). In cohort
2,12 patients received a loading dose of 72 mg/h for <1 h, followed by
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1h at 36 mg/h, to achieve a mean plasma level of 560 ng/mL (range:
242-888 ng/mL). No further data were available at the time of publi-
cation.

A randomized, open-label, parallel-assignment, multiple-dose
phase Il trial (NCT00941681) is being performed in patients with sta-
ble heart failure. The primary objective is to evaluate the steady-
state pharmacokinetics of a modified- and an immediate-release
oral formulation of omecamtiv mecarbil in 32 patients with stable
HF. The secondary objective is to evaluate the safety and tolerability
of both formulations when dosed to steady state in these patients.
Patients are enrolled in three cohorts. In cohort 1, patients will
receive a modified-release (50 mg b.i.d.), cohort 2 an immediate-
release (37.5 mg t.i.d.) and cohort 3 a modified-release formulation
(100 mg b.i.d.) of omecamtiv mecarbil for 10 days.

Cytokinetics continues enrolling patients in an ongoing open-label,
nonrandomized phase lla trial to evaluate an i.v. formulation of ome-
camtiv mecarbil in patients with stable HF undergoing clinically indi-
cated coronary angiography in the cardiac catheterization laborato-
ry, and a fourth phase lla trial is under way to evaluate and compare
the oral pharmacokinetics of a modified-release and an immediate-
release formulation of omecamtiv mecarbil in patients with stable
heart failure (59).

DRUG INTERACTIONS

The primary objective of another single-center, open-label, sequen-
tial, parallel-group phase | trial was to evaluate the effect of keto-
conazole (a potent inhibitor of cytochrome P450 CYP3A4) at steady
state on the pharmacokinetics of a single oral dose of omecamtiv
mecarbil in 16 male volunteers who were classified as extensive (EM)
or poor metabolizers (PM) on the basis of their CYP2D6 genotype.
The secondary objectives were to evaluate the pharmacokinetic
parameters of omecamtiv mecarbil administered alone in subjects
with PM as compared to subjects with EM genotype for CYP2D6 and
the effects of diltiazem (a moderate inhibitor of CYP3A4) at steady
state in another 8 healthy male volunteers with the EM genotype.
Ketoconazole reduced the clearance and increased the area under
the plasma concentration versus time curve (AUC; 50%), as well as
the half-life of omecamtiv mecarbil (from 22 to 27 h) in EM, although
the C__ was unaffected (65 ng/mL vs. 67 ng/mL) (56). Diltiazem
increased the half-life of omecamtiv mecarbil from 18 to 20 h but did
not modify the C__ or AUC values when both drugs were coadmin-
istered. Additional data from this trial comparing the pharmacoki-
netics of omecamtiv mecarbil in subjects with the EM versus the PM
genotype for CYP2D6 are expected. Thus, it was concluded that no
clinically meaningful drug—drug interactions with either ketocona-
zole or diltiazem were identified in either EM or PM via 2D6.

FUTURE DIRECTIONS

Omecamtiv mecarbil represents the first compound of a new class of
inotropic agents, the cardiac myosin activators. Omecamtiv mecarbil
increased cardiac myosin ATPase activity and accelerated the transi-
tion of the actin-myosin complex from the weakly to the strongly
bound state, while it inhibited nonproductive ATP hydrolysis. As a
result, it improved systolic cardiac function, increasing SET, fraction-
al shortening and stroke volume at concentrations at which it did not
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modify [Ca®*], cAMP levels or MVO,, which indicated that omecam-
tiv mecarbil improved myocardial efficiency. Results obtained in ani-
mal models, in healthy volunteers and in patients with stable HF and
ischemic cardiomyopathy suggested that omecamtiv mecarbil may
represent a safe and effective therapeutic alternative to convention-
al positive inotropic agents (e.g., dobutamine and milrinone) to
improve cardiac function in patients with systolic HF, with no evi-
dence of arrhythmias or ischemia at therapeutic doses. The drug was
rapidly absorbed, presented 100% oral bioavailability and its half-
life supported the development of a modified-release formulation as
an oral therapy for chronic HF. Moreover, clinical trials found a linear
dose-dependent relationship between drug concentration and the
duration of systolic ejection, a measure of the mechanism of action.
Finally, several phase lla studies are under way in different subsets
of patients and a phase Ill clinical program is under development.

However, because of the novelty of its mechanism of action and the
lack of phase Il clinical trials, there is no information on the long-
term efficacy and safety (hospitalizations and mortality rates) of
omecamtiv mecarbil in patients with chronic (NYHA class IlI-1V) HF,
acute HF syndromes with different comorbidities (i.e., hypertension,
diabetes, renal insufficiency, abnormalities in cardiac rhythm, valvu-
lar or pericardial disease) or familial cardiomyopathies. There are no
comparative studies with conventional iv. inotropes (dobutamine,
milrinone, levosimendan), its effects on sarcomeric Ca®* binding,
neurohumoral activation, apoptosis or other signaling pathways
involved in the pathogenesis of HF are unknown, and the pharmaco-
kinetic profile (including active metabolites) in patients with hepatic
or renal insufficiency, as well as potential interactions with other
drugs commonly used in patients with HF, are unknown. Therefore,
at the present time it is difficult to predict the possible role of ome-
camtiv mecarbil in patients with HF. A complete phase lll program is
required to answer all these and other questions in order to confirm
the efficacy and safety shown in phase | and Il clinical trials.
Certainly, we have an unmet need for safer and more effective posi-
tive inotropic drugs than those that we currently prescribe in our out-
patients with acute or chronic systolic HF.

SOURCES

Cytokinetics, Inc. (US); developed in collaboration with Amgen, Inc.
(US).

ACKNOWLEDGMENTS

This work was supported by CICYT (SAF2008-04903, PI080665),
Red HERACLES (RD06/0009) and Lilly Foundation Grants.

DISCLOSURE

The authors state no conflicts of interest.

REFERENCES

1. Morgan, B.P., Muci, A., Lu, P.-P,, Kraynack, E., Tochimoto, T., Morgans, D.
(Cytokinetics, Inc.). Substituted urea derivatives for treating cardiac dis-
eases. EP 1765327, JP 2008503467, US 2006014761, US 7507735, US
2009036447, WO 2006009726.

2. Morgan, B.P,, Lu, P.-P., Muci, A., Kraynack, E., Tochimoto, T., Morgans, D.J.
Jr. (Cytokinetics, Inc.). Certain chemical entities, compositions and meth-
ods. EP 1959738, US 2007208000, WO 2007070626.

959



OMECAMTIV MECARBIL

~

4.

15.

16.

19.

20.

960

. Morgan, B.P,, Muci, A., Lu, P.-P., Kraynack, E., Tochimoto, T., Morgans, D.J.

Jr. (Cytokinetics, Inc.). Compounds, compositions and methods. US
2009099198.

. Nieminen, M.S., Bohm, M., Cowie, M.R. et al; for the ESC Committee for

Practice Guideline (CPG). Executive summary of the guidelines on the
diagnosis and treatment of acute heart failure: The Task Force on Acute
Heart Failure of the European Society of Cardiology. Eur Heart J 2005,
26(4): 384-416.

. Swedberg, K., Cleland, J., Dargie, H. et al. Guidelines for the diagnosis and

treatment of chronic heart failure: Executive summary (update 2005): The
Task Force for the Diagnosis and Treatment of Chronic Heart Failure of the
European Society of Cardiology. Eur Heart J 2005, 26(11): 1115-40.

. Dickstein, K., Cohen-Solal, A., Filippatos, G. et al. ESC Guidelines for the

diagnosis and treatment of acute and chronic heart failure 2008: The Task
Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure
2008 of the European Society of Cardiology. Eur Heart J 2008; 29(19):
2388-442.

. Lloyd-Jones, D., Adams, R., Carnethon, M. et al. Heart disease and stroke

statistics--2009 update: A report from the American Heart Association
Statistics Committee and Stroke Statistics Subcommittee. Circulation
2009, 119(3): e21-181.

. Bundkirchen, A., Scwinger, R.H.G. Epidemiology and economic burden of

chronic heart failure. Eur Heart J Suppl 2004, 6(Suppl. D): D57-60.

. Alla, F.,, Zannad, F., Filippatos, G. Epidemiology of acute heart failure syn-

dromes. Heart Fail Rev 2007, 12(2): 91-5.

. Nieminen, M.S., Brutsaert, D., Dickstein, K. et al.; EuroHeart Survey

Investigators; Heart Failure Association, European Society of Cardiology.
EuroHeart Failure Survey Il (EHFS 11): A survey on hospitalized acute heart
failure patients: Description of population. Eur Heart J 2006, 27(22):
2725-36.

. Tamargo, J., Caballero, R., Gémez, R. et al. Investigational positive

inotropic agents for acute heart failure. Cardiovasc Hematol Disord Drug
Targets 2009, 9(3): 193-205.

. Parissis, J.T., Farmakis, D., Nieminen, M. Classical inotropes and new car-

diac enhancers. Heart Fail Rev 2007, 12(2): 149-56.

. De Luca, L., Colucci, W.S., Nieminen, M.S. et al. Evidence-based use of

levosimendan in different clinical settings. Eur Heart J 2006, 27(16): 1908-
20.

Antoniades, C., Tousoulis, D., Koumallos, N., Marinou, K., Stefanidis, C.
Levosimendan: Beyond its simple inotropic effect in heart failure.
Pharmacol Ther 2007, 114(2): 184-97.

Smith, TW., Antman, EMM., Friedman, P.L., Blatt, C.M., Marsh, J.D.
Digitalis glycosides: Mechanisms and manifestations of toxicity: Part Il.
Prog Cardiovasc Dis 1984, 26(6): 495-540.

Gheorghiade, M., Adams, K.F. Jr., Colucci, W.S. Digoxin in the manage-
ment of cardiovascular disorders. Circulation 2004, 109(24): 2959-64.

. Tamargo, J., Delpon, E., Caballero, R. The safety of digoxin as a pharma-

cological treatment of atrial fibrillation. Expert Opin Drug Saf 2006, 5(3):
453-67.

. Rathore, S.S., Curtis, J.P, Wang, Y., Bristow, M.R., Krumholz, H.M.

Association of serum digoxin concentration and outcomes in patients with
heart failure. JAMA 2003, 289(7): 871-8.

Ahmed, A., Rich, M\W., Love, T.E. et al. Digoxin and reduction in mortality
and hospitalization in heart failure: A comprehensive post hoc analysis of
the DIG trial. Eur Heart J 2006, 27(2): 178-86.

Abraham, WT., Adams, K.F., Fonarow, G.C. et al.; ADHERE Scientific
Advisory Committee and Investigators; ADHERE Study Group. In-hospi-
tal mortality in patients with acute decompensated heart failure requiring
intravenous vasoactive medications: An analysis from the Acute

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

. Bers, D.M. Calcium cycling and signaling in cardiac myocytes. Annu Rev

37.

Drugs of the Future 2009, 34(12)

Decompensated Heart Failure National Registry (ADHERE). J Am Coll
Cardiol 2005, 46(1): 57-64.

Hood, W.B. Jr,, Dans, A.L., Guyatt, G.H. et al. Digitalis for treatment of con-
gestive heart failure in patients in sinus rhythm. Cochrane Database Syst
Rev 2004, 2: CDO02901.

Khand, A.U., Rankin, A.C., Martin, W., Taylor, J., Gemmell, I, Cleland, J.G.
Carvedilol alone or in combination with digoxin for the management of
atrial fibrillation in patients with heart failure? J Am Coll Cardiol 2003,
42(11): 1944-51.

Digitalis Investigation Group. The effect of digoxin on mortality and mor-
bidity in patients with heart failure. N Engl J Med 1997, 336(8): 525-33.

Grigorian Shamagian, L., Gonzalez-Juanatey, J.R., Roman, AV., Acufia,
J.M., Lamela, AV. The death rate among hospitalized heart failure patients
with normal and depressed left ventricular ejection fraction in the year fol-
lowing discharge: Evolution over a 10-year period. Eur Heart J 2005,
26(21): 2251-8.

Dobre, D., van Veldhuisen, D., DeJongste, M. et al. Prescription of beta
blockers in patients with advanced heart failure and preserved left ventric-
ular ejection fraction. Clinical implications and survival. Eur J Heart Fail
2007, 9(3): 280-6.

Elkayam, U., Tasissa, G., Binanay, C. et al. Use and impact of inotropes
and vasodilator therapy in hospitalized patients with severe heart failure.
Am Heart J 2007, 153(1): 98-104.

Thackray, S., Easthaugh, J., Freemantle, N., Cleland, J.G. The effective-
ness and relative effectiveness of intravenous inotropic drugs acting
through the adrenergic pathway in patients with heart failure-A meta-
regression analysis. Eur J Heart Fail 2002, 4(4): 515-29.

Amsallem, E., Kasparian, C., Haddour, G. et al. Phosphodiesterase Il
inhibitors for heart failure. Cochrane Database Syst Rev 2005, 1:
CD002230.

Cleland, J.G., Pennell, D.J., Ray, S.G. et al,; Carvedilol Hibernating
Reversible Ischaemia Trial: Marker of Success Investigators. Myocardial
viability as a determinant of ejection fraction response to carvediol in
patients with heart failure (CHRISTMAS trial): Randomized control trial.
Lancet 2003, 362(9377): 14-21.

Gheorghiade, M., De Luca, L., Bonow, R.O. Neurohormonal Inhibition in
heart failure: Insights from recent clinical trials. Am J Cardiol 2005,
96(12A): 3L-9L.

Schulz, R., Guth, B.D., Pieper, K., Martin, C., Heusch, G. Recruitment of an
inotropic reserve in moderately ischemic myocardium at the expense of
metabolic recovery: A model of short-term hibernation. Circ Res 1992,
70(6): 1282-95.

Elsasser, A., Schlepper, M., Klévekorn, W.P. et al. Hibernating myocardi-
um: An incomplete adaptation to ischemia. Circulation 1997, 96(9): 2920-
31

Felker, G.M., Benza, R.L., Chandler, A.B. et al. Heart failure etiology and
response to milrinone in decompensated heart failure: Results from the
OPTIME-CHF study. J Am Coll Cardiol 2003, 41(6): 997-1003.

Bayram, M., De Luca, L., Massie, M.B., Gheorghiade, M. Reassessment of
dobutamine, dopamine, and milrinone in the management of acute heart
failure syndromes. Am J Cardiol 2005, 96(6A): 47G-58G.

Spudich, J.A. How molecular motors work. Nature 1994, 372(6506): 515-8.

Physiol 2008, 70: 23-49.

Rodriguez, H.M., Kawas, R., Hartman, J.J. et al. The cardiac myosin acti-
vator, CK-1827452, accelerates the enzymatic step gating entry of myosin
into its force generating state. 51st Annu Meet Biophys Soc (March 3-7,
Baltimore) 2007, Abst 2295-Pos.

Monograph



Drugs of the Future 2009, 34(12)

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Malik, F., Shen, Y.T., Katori, T. et al. Direct activation of cardiac myosin, a
novel mechanism for improving cardiac function. Circ Res 2005, 97: E34.

Teerlink, J.R. A novel approach to improve cardiac performance: Cardiac
myosin activators. Heart Fail Rev 2009, 14(4): 289-98.

Anderson, R.L., Sueoka, S.H., Rodriguez, H.M. et al. In vitro and in vivo
efficacy of the cardiac myosin activator CK-1827452. 45th Annu Meet Am
Soc Cell Biol (Dec 10-14, San Francisco) 2005, Abst 1728.

Anderson, R.L., Pokrovskii, M., Elias, K.A. Effects of cardiac myosin activa-
tors on excitation-contraction (E-C) coupling in ventricular myocytes.
Biophys J 2007, Suppl.: 133A.

Solaro, R.J. CK-1827452, a sarcomere-directed cardiac myosin activator for
acute and chronic heart disease. IDrugs 2009, 12(4): 243-51.

Anderson, R.L., Sueoka, S.H., Lee, K.H. et al. In vitro and in vivo charac-
terization of CK-1827452, a selective cardiac myosin activator. J Card Fail
2006, 12(Suppl.): S86.

Malik, F., Elias, K.A., Finer, J.T. et al. Direct activation of cardiac myosin by
CK-1827452 improves cardiac function in a dog heart failure model. J Card
Fail 2005, 11(Suppl. 1): S95.

Shen, YT., Vatner, S.F., Morgans, D.J. et al. Activating cardiac myosin, a
novel inotropic mechanism to improve cardiac function in conscious dogs
with congestive heart failure. Circulation 2006, 114(Suppl.): 1439.

Shen, YT., Zhang, Y., Morgans, D.J. et al. A novel inotropic agent that acti-
vates cardiac myosin and increases cardiac contractility without increasing
MVOZ in heart failure with left ventricular hypertrophy. J Am Coll Card
2008, 51(Suppl. 1): A54.

Teerlink, J.R., Malik, F.I., Clarke, C.P. et al. The selective cardiac myosin
activator, CK-1827452, increases left ventricular systolic function by increas-
ing ejection time: Results of a first-in-human study of a unique and novel
mechanism. J Card Fail 2006, 12: 763.

Malik, F., Teerlink, J.R., Escandon, R.D. et al. The selective cardiac myosin
activator, CK-1827452, a calcium-independent inotrope, increases left ven-
tricular systolic function by increasing ejection time rather than the veloci-
ty of contraction. Circulation [79th Am Heart Assoc Sci Sess (Nov 12-15,
Chicago) 2006] 2006, 114(18, Suppl. 2): Abst 2169.

Malik, F.I., Saikali, K.G., Clark, C.P. et al. Systolic ejection time is a sensitive
indicator of left ventricular systolic function during treatment with the
selective cardiac myosin activator, CK-1827452. J Cardiac Fail [11th Annu
Sci Meet Heart Fail Soc Am (HFSA) (Sept 16-19, Washington, D.C.) 2007]
2007,13(6, Suppl. 2): Abst 246.

Monograph

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

OMECAMTIV MECARBIL

Cleland, J.G.F.,, Malik, F.l. The selective cardiac myosin activator, CK-
1827452, increases systolic function in heart failure. J Card Fail 2008, 14:
S67.

Cleland, J.G.F,, Nifontov, E.M., McMurray, J.J. et al. The selective cardiac
myosin activator, CK-1827452, increases systolic function in a concentra-
tion-dependent manner in patients with stable heart failure. J Card Fail
2008, 14(9): 797-8.

Cleland, J.C.F., McMurray, J.J., Lang, C.C. et al. First clinical trial of the
selective cardiac myosin activator, CK-1827452, in heart failure: Effect of
dose and plasma concentration on systolic function. Eur Heart J 2008,
29(Suppl.): Abst P1950.

Senior, R., Malik, F.I., Saikali, K.C. et al.; and the CY 1121 Investigators. The
selective cardiac myosin activator, CK-1827452, increases systolic function
in a concentration-dependent manner in patients with stable heart failure.
J Am Coll Cardiol 2009, 53(Suppl. A): A-160.

Jerling, M., Chew, T., Escandon, R.D. et al. Oral bioavailability of the selec-
tive cardiac myosin activator, CK-1827452: chronic oral inotropic therapy for
heart failure? J Cardiac Fail [11th Annu Sci Meet Heart Fail Soc Am (HFSA)
(Sept 16-19, Washington, D.C.) 2007] 2007, 13(6, Suppl. 2): Abst 246.

Cytokinetics provides updates from phase | clinical trials of CK-1827452.
Cytokinetics Press Release, June 13, 2008.

Greenberg, B.H., Chou, W., Escandon, R. et al. Phase Il safety study eval-
uating the novel cardiac myosin activator, CK-1827452, in patients with
ischemic cardiomyopathy and angina. J Card Fail 2009, 15(6): Abst 219.

Malik, F., Saikali, K.G., Chen, M.M. et al. An analysis of the response to CK-
1827452, a selective cardiac myosin activator, in stable heart failure
patients stratified by baseline cardiac function. J Card Fail 2009, 15(6):
Abst 213.

Parker, J.D., Michaels, A.D., Kass, D.A., Wolff, A.A., Felker, G.M., Malik, F.I.
Rationale and design for a phase Il study evaluating the effect of the car-
diac myosin activator, CK-1827452, on cardiac function, hemodynamics,
and myocardial oxygen consumption in patients with heart failure. J Card
Fail [12th Annu Sci Meet Heart Fail Soc Am (HFSA) (Sept 21-24, Toronto)
2008] 2008, 14(6, Suppl.): Abst 254.

Amgen exercises option for exclusive license to Cytokinetics' cardiac con-
tractility program that includes CK-1827452. Cytokinetics Press Release,
May 26, 2009.

961



