
Introduction

Hypertension and ischemic heart disease lead to
heart failure, defined as the inability of the heart to pump
sufficient nutrients to the metabolizing cells of the body.
This lethal condition is increasing in incidence, indicating
that available treatments need to be further improved.
Current therapeutic options include drugs to increase the
force of contraction of the heart, the positive inotropic
compounds. The therapeutically used positive inotropic
drugs act by increasing the intracellular concentration of
Ca2+ in cardiac myocytes by inhibiting the Na+/K+-ATPase
(digoxin) or by cAMP-dependent mechanisms (β-adreno-
ceptor agonists, phosphodiesterase inhibitors) since Ca2+

is the critical mediator of excitation-contraction coupling.
However, the elevation of cAMP and/or cytosolic Ca2+ is
considered to be proarrhythmic and the risk of arrhyth-
mias is already increased in the ischemic failing heart. In
addition, increasing the amount of Ca2+ cycled with each
beat will increase the energy requirements of the cell.
This increased energy requirement will further reduce the
efficiency of the failing heart. Thus, the use of positive
inotropic compounds has declined since clinical trials
have shown either no improvement in patient survival
(digoxin) (4) or an increased mortality (cAMP-dependent
drugs) (5, 6).

An alternative concept is to increase the binding of
Ca2+ to the contractile proteins so as to generate more
force for a given cytosolic Ca2+ concentration. Such Ca2+

sensitizers are likely to be selective positive inotropic
compounds with minimal changes in myocardial energy
requirements and less potential to be arrhythmogenic, as
they do not increase cytosolic Ca2+ concentrations.

Pharmacological Actions of EMD-53998

EMD-53998, a racemic mixture of the (+)-enantiomer
EMD-57033 and the (�)-enantiomer EMD-57439,

C22H23N3O4S Mol wt: 425.5100

CAS: 147527-31-9
CAS: 148714-88-9 (as [�]-enantiomer)
CAS: 120223-04-3 (as racemate)

EN: 216364

Synthesis*

Acylation of 1-acetyl-1,2,3,4-tetrahydroquinoline (I)
with 2-chloropropionyl chloride (II) by means of AlCl3 pro-
vides the quinoline derivative (III), which is deacetylated
by treatment with HCl to give 1,2,3,4-tetrahydro-6-(2-
chloropropionyl)quinoline (IV). Condensation of com-
pound (IV) with O-ethyl hydrazinethioformate (V) in reflux-
ing acetonitrile yields the thiadiazinone (VI), which is then
N-acylated at the quinoline ring with 3,4-dimethoxyben-
zoyl chloride (VII) by means of Et3N in methylene chloride
to give the racemate EMD-53998 [rac-(VIII)] (1). Optical
resolution of EMD-53998 can be performed by two dif-
ferent ways: a) enantioseparation via chromatography
with Chiralpak AD in 100% EtOH as eluent (2) and b)
acylation of EMD-53998 with (S)-camphanoyl chloride
(IX) by means of Et3N in methylene chloride followed by
treatment with morpholine in the same solvent to afford a
mixture of (�)-EMD-53998 (EMD-57439) and the cam-
phanoyl amide (X), which are separated by chromato-
graphy. Finally, the (+)-enantiomer, EMD-57033, is isolat-
ed by further treatment of amide (X) with morpholine in
methylene chloride (3). Scheme 1.
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the Ca2+ probe indo-1, where EMD-53998 (0.5-5 µM)
enhanced twitch amplitude without increasing the associ-
ated Ca2+ transient. The Ca2+ concentration-response
curve was shifted to lower concentrations, indicating an
increased sensitivity by EMD-53998 in rat myocytes and
skinned fibers from porcine ventricular muscle and
human failing heart (7, 8).

increases the force of contraction of cardiac muscle. For
example, EMD-53998 (0.5-5 µM) concentration-depen-
dently increased left ventricular systolic pressure in iso-
lated rat hearts. There are two mechanisms underlying
this positive inotropic response: the first is Ca2+ sensitiza-
tion. The Ca2+ sensitizer action was shown in isolated left
ventricular myocytes loaded with the ester derivative of
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hypoxic myocytes. This suggests that Ca2+ sensitizers
may have a deleterious effect on relaxation in the
ischemic myocardium (13).

The positive inotropic effects of EMD-53998 were pre-
served on isolated tissues from human failing hearts.
Thus, EMD-53998 increased force of contraction on the
human left ventricular papillary muscle strips from termi-
nally failing hearts (14).

Separation of EMD-53998 into its (+)- and (�)-enan-
tiomers, EMD-57033 and EMD-57439, respectively, led to
the discovery that the calcium sensitizing action resided
in EMD-57033 while EMD-57439 selectively inhibited
phosphodiesterase (15-18).

Pharmacological Actions of EMD-57033

Isolated cardiac cells/trabeculae

There is compelling evidence that EMD-57033 is a
Ca2+ sensitizer. In guinea pig myocytes loaded with the
ester form of the fluorescent probe indo-1, EMD-57033
(0.5-1.5 µM) increased the twitch amplitude without alter-
ing the Ca2+ transient. Similarly, in canine ventricular
myocytes, EMD-57033 (3 µM) increased the extent of
shortening during twitch contractions without increasing
the peak amplitude of the Ca2+ transient. In unstimulated
guinea pig cells, EMD-57033 reduced the resting length
and indo-fluorescence. In the presence of 2,3-butane-
dione monoxime (BDM), which reduces twitch amplitude
by inhibiting cross-bridge mechanics, EMD-57033
restored the twitch contraction to the pre-BDM levels
without augmenting the Ca2+ transient. EMD-57033 also
caused sensitization of the Ca2+ concentration response
curve in skinned cardiac fibers with an EC50 of 1.7 µM
(15, 16, 18).

In isolated human nonfailing right auricular trabecu-
lae, EMD-57033 at 30 µM increased the force of contrac-
tion, peak rate of rise of contraction and peak rate of
relaxation. The effect on rate of relaxation was more
marked than on the rate of increase, and the time of con-
traction was increased. EMD-57033 had no effect on
diastolic or systolic levels of intracellular Ca2+ as detected
by the fura 2 ratio method (19).

High concentrations of EMD-57033 inhibit phosphodi-
esterase. The IC50 for inhibition of PDE III is 1.94 µM with
EMD-57033, making it about 30 times less potent than
EMD-57439 (IC50 = 60 nM) in inhibiting this enzyme. The
cAMP content of isoprenaline-stimulated rat cardiac
myocytes was increased with EMD-57033 (13.6 µM) by
50% (16).

Mechanisms underlying Ca2+ sensitization

The most logical target for Ca2+ sensitizers is cardiac
troponin C since this contains the Ca2+ binding receptor
on the thin filament of cardiac muscle. Once Ca2+ binds,
hydrophobic residues are exposed which are essential for

The second mechanism underlying the positive
inotropic effect of EMD-53998 is selective inhibition of
phosphodiesterase III (PDE III). EMD-53998 inhibited
guinea pig PDE III with an IC50 of 60 nM, but had little
effect on the other PDE isoenzymes. Associated with this
inhibition, there was an increase in cAMP content of rat
ventricles and a potentiation of the cAMP elevating action
of isoprenaline (7).

The functional response of inhibition of PDE III by
EMD-53998 was shown in the isolated ferret papillary
muscle. In muscles loaded with aequorin to measure
intracellular Ca2+, EMD-53998 at 5 µM increased tension
by 240% and the Ca2+ transient by 85%. The increase in
the Ca2+ transient is not due to Ca2+ sensitization as the
transient was abolished in the presence of guanethidine
to prevent noradrenaline release. This shows that EMD-
53998 is acting via the sympathetic pathway, presumably
by inhibiting PDE III. EMD-53998 also caused a small
prolongation in time course of contraction and a small
reduction in the time course of the Ca2+ transient. At
much higher concentrations (≥ 200 µM), EMD-53998
also increased the resting tension of the ferret papillary
muscle (9).

The Ca2+ sensitizers should have energetic advan-
tages over other positive inotropic compounds. In 6 iso-
lated beating blood-perfused canine hearts, infusion of
CaCl2 or EMD-53998 (5.4 µM) increased contraction and
myocardial oxygen consumption. As no difference could
be detected between CaCl2 or EMD-53998 in the interre-
lationship between contractility and oxygen consumption,
it was concluded that EMD-53998 did not provide an
energetic advantage over the currently used positive
inotropic drugs. However, the concentration of EMD-
53998 that was used would have inhibited phosphodi-
esterase in addition to Ca2+ sensitization, and this may
explain why no beneficial effect was observed on oxygen
consumption (10). In contrast, another study has shown
energetic advantages of EMD-57033, the Ca2+ sensitizing
(+)-enantiomer of EMD-53988, over other positive
inotropic compounds on the guinea pig trabeculae; this is
discussed under EMD-57033 (11).

Although positive isotropic compounds are usually
investigated in healthy cardiac tissues, these agents are
being developed for use in diseased hearts. Thus, it is
more appropriate and important to investigate the effects
of these agents in models of cardiac disease. In hypoxic
or ischemic conditions, inorganic phosphate accumulates
and lowers the contractility of the myocardium by lower-
ing the Ca2+ responsiveness of the myofilaments. EMD-
53998 antagonized this effect of phosphate on the con-
tractility in pig ventricular trabeculae, suggesting that
EMD-53998 may be beneficial in the ischemic heart (12).

In normal ferret papillary muscle, EMD-53998 had a
small but significant negative lusitropic effect that was
considered unlikely to have any clinical significance.
However, in a neonatal rat cell culture model of myocar-
dial hypoxia, EMD-53998 caused a marked impairment of
relaxation, possibly due to the impaired calcium seques-
tration and increased calcium availability exhibited by
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heart rate only with the highest dose, while mean aortic
blood pressure and LV dP/dtmin were not altered. EMD-
57033 also had no effect on pulmonary vascular resis-
tance but decreased systemic and coronary vascular
resistance (28, 29).

During treadmill exercise of pigs, the positive inotrop-
ic actions of EMD-57033 gradually waned at higher levels
of exercise. This waning was probably caused by the
exercise-induced increase in β-adrenoceptor activity,
because after pretreatment with propranolol, the positive
inotropic actions of EMD-57033 were preserved at all lev-
els of exercise. The positive inotropic effects of EMD-
57033 in the presence of propranolol were not altered by
the α-adrenoceptor antagonist phentolamine, and this
indicated that the positive inotropism is not dependent on
intact α-adrenoceptor activity. Therefore, the authors sug-
gested that EMD-57033 might be most effective in
patients with severe loss of β-adrenoceptor responsive-
ness, as in heart failure (29).

Energy cost

As mentioned previously, in the paced Langendorff-
perfused rat heart, EMD-57033 at 2 µM induced positive
inotropy without increasing myocardial oxygen consump-
tion (25).

The rate of heat production by cardiac tissue can be
used as a measure of the rate of ATP hydrolysis. In
guinea pig trabeculae, both EMD-57033 (2.5, 5 and 10
µM) and the cardiac glycoside dihydro-ouabain (5, 10 and
12 µM) increased heat production and contraction. The
energy cost of active tension was lower in the presence
than in the absence of EMD-57033. Also, the energy cost
of the positive inotropic effect of EMD-57033 was only
half that of dihydro-ouabain. This shows that EMD-57033
causes a change in cross-bridge kinetics that increases
the contractility of cardiac muscle and improves the econ-
omy of chemo-mechanical energy transduction (11).

In isolated, electrically stimulated rat cardiomyocytes,
for a given enhancement of contractile performance (cell
shortening), the increase in energetic demand after appli-
cation of EMD-57033 was lower than that with elevated
extracellular calcium or the beta-agonist isoproterenol.
Lowering the pH to 7 decreased the economy of contrac-
tion, and this could be restored with EMD-57033 (30).

Effects in disease states

As EMD-57033 is being developed for use in disease
states, it is important that it be tested in models of cardiac
disease. Volume overload hypertrophy was induced in
rabbits 12-15 weeks after an operation to form an arteri-
ovenous shunt between the carotid artery and jugular
vein. In myocytes isolated from the hypertrophied hearts,
the cell shortening response to EMD-57033 was main-
tained, whereas the responses to isoprenaline and dobu-
tamine were reduced compared to the responses in

the binding of troponin I, transmission of the Ca2+ signal
to other proteins in the thin filament, and ultimately to acti-
vation of the myosin-actin ATPase reaction. Recent NMR
studies have shown that EMD-57033 binds stereospecif-
ically in the hydrophobic cleft of the Ca2+-saturated
C-domain of human cardiac troponin C; this explains why
EMD-57439, the (�)-isomer, is inactive as a Ca2+ sensi-
tizer. The binding of the inhibitory region of troponin I to
troponin C is a major switch between muscle contraction
and relaxation by moving between troponin C and actin-
tropomyosin; this interaction between troponins I and C
was not inhibited by EMD-57033. EMD-57033 may com-
pete with another epitope of troponin I to enhance the
Ca2+-dependent binding of troponin I to troponin C, thus
increasing the apparent Ca2+ sensitivity of the contractile
system. This direct interaction of EMD-57033 with the
contractile system of the human myocardium increases
the rate of cross-bridge attachment in the strongly bound
force-generating state. This is not the only possible
mechanism of Ca2+-sensitization; the Ca2+-sensitizer
CGP-48506 appears to improve myofilament cooperativi-
ty in the human heart (20-24).

Effects in intact hearts

In the paced-Langendorff-perfused rat heart, both
EMD-57033 (2 µM) and the β-adrenoceptor agonist,
dobutamine (0.2 µM), increased developed pressure by
40%. This positive inotropic effect was associated with
increased myocardial oxygen consumption with dobuta-
mine but not EMD-57033. Lactate production and basal
metabolism were unaffected by either agent (25).

The positive inotropic effect of EMD-57033 is associ-
ated with a prolongation of relaxation. In isolated per-
fused rabbit hearts, EMD-57033 decreased time to peak
isovolumic pressure and prolonged time to 50% pressure
decline, and these changes were greater at slower heart
rates or lower [Ca2+]0. The increase in developed pres-
sure and oxygen consumption with EMD-57033 was
greater for ejecting than isovolumic beats. In isovolumi-
cally beating isolated rabbit hearts, EMD-57033 at 2 µM
induced positive inotropy without altering diastolic tone
but caused a modest prolongation of contraction duration
due both to positive inotropy and a direct lusitropic effect
(26, 27).

In vivo with or without exercise

The positive inotropic effect of EMD-57033 is main-
tained in the intact animal. In anesthetized rats and dogs
and conscious dogs, EMD-57033 (30 mg/kg i.p. in rats
and 3 mg/kg in dogs) induced positive inotropy measured
as LV first derivative of change in systolic pressure over
time (dP/dtmax) without affecting blood pressure or heart
rate. In awake pigs under resting conditions, EMD-57033
(0.2-0.8 mg/kg/min i.v.) increased LV dP/dtmax up to 65%
and stroke volume up to 20%. There was an increase in
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(0.2 mg/kg/min for 60 min) increased systolic shortening,
end-systolic elastance and maximum rate of fall of myo-
cardial elastance. EMD-57033 also decreased the time
constant of the decay of elastance, while end-diastolic
elastance remained unchanged. EMD-57033 had similar
effects in normal myocardium. EMD-57033 increased
cardiac output by up to 27% and LV dP/dtmax by 86%. It
was concluded that EMD-57033 was a prime candidate
for use in acute states of heart failure, because it was a
powerful enhancer of systolic performance in vivo at
doses that do not exert adverse effects on diastolic func-
tion. Further studies showed that the reduction in con-
tractile responses in open-chested anesthetized pigs to
intracoronary Ca2+ infusion was reduced by EMD-57033
(38, 39).

EMD-57033 (0.6 mg/min/kg) exerted a positive
inotropic effect in the canine pacing-induced model of
dilated heart failure. Thus, there was an increased peak
LV dP/dt with a subsequent increase in cardiac output at
the same mean arterial pressure. Another study using the
canine pacing model of heart failure confirmed this posi-
tive inotropism with the agent (41). Thus, in contrast to
the blunted dobutamine responses in heart failure, low-
dose EMD-57033 (0.4 mg/kg/min for 20 min) markedly
enhanced contractility, doubling end-systolic elastance
and raising fractional shortening in conscious dogs with
normal and failing hearts. EMD-57033 also improved
diastolic function, lowering LV end-diastolic pressure and
increasing the filling rate. At equipotent inotropic doses
and matched preload, EMD-57033 lowered the oxygen
cost of contractility by 11%, whereas it rose 64% with
dobutamine and 28% with the phosphodiesterase
inhibitor milrinone. Doubling the EMD-57033 dose further
augmented the positive inotropy in nonfailing and failing

18 EMD-57033

myocytes from normal hearts. EMD-57033 at 1 µM had a
similar effect on cell shortening in myocytes from normal
and pacing-induced heart failure dogs and did not alter
diastolic cell length or resting intracellular Ca2+ (31, 32).

In isolated ferret papillary muscles, acidosis caused a
shift of the pCa-tension curve to the right, indicating a
desensitization of the myofilaments to Ca2+, which could
be reversed with EMD-57033. Hypoxia decreased maxi-
mum force, and this was not reversed by EMD-57033
(33).

Being an effective positive inotropic compound in the
presence of cardiac disease in animal models and the
human heart, EMD-57033 increased the force of contrac-
tion of cardiac tissues from rats with thyroid dysfunction,
diabetes or hypertension. Hyperthyroidism increased the
maximal ventricular response to EMD-57033 (30 µM) rel-
ative to calcium chloride, whereas hypothyroidism and
streptozotocin-induced diabetes decreased these maxi-
mal responses. However, a recent study has shown the
increase in force of contraction with a submaximal con-
centration of EMD-57033 (10 µM) was not different in
nondiabetic and streptozotocin-diabetic rat papillary mus-
cles; furthermore, responses in isolated myocytes and
skinned cardiac fibers were identical in control and dia-
betic preparations. The slower time course of relaxation
observed in diabetic papillary muscles was further pro-
longed in the presence of EMD-57033 to a similar extent
as that observed in nondiabetic muscles. In anesthetized
rats, echocardiography showed that intraduodenal
administration of EMD-57033 increased left ventricular
systolic function without affecting variables of diastolic fill-
ing in both groups (34, 35).

Ventricular responses were unchanged in rat models
of systemic hypertension but were reduced in pulmonary
hypertension. In left ventricular papillary muscles from
2K1C renal hypertensive rats, positive inotropic respons-
es to noradrenaline were increased after 4 weeks but
then decreased after 8 weeks; responses to EMD-57033
and calcium chloride were unchanged (Fig. 1). EMD-
57033 was a weak positive inotrope in human isolated
right atrial trabeculae, where the maximum response
was only 14% that of calcium chloride. EMD-57033 pro-
duced endothelium-dependent relaxation of rat thoracic
aortic rings and positive chronotropy in rat right atria at
similar concentrations to those causing positive inotropy
(34, 36).

EMD-57033 was also effective in the stunned
myocardium or in ischemic contractile failure. In isolated
rabbit hearts, stunning with depressed left ventricle func-
tion was induced by 30 min of reperfusion that followed a
period of no-flow ischemia. EMD-57033 (30 µM)
improved systolic and diastolic function, increased coro-
nary blood flow and increased oxygen consumption with-
out positive chronotropic or arrhythmogenic effects. This
suggests that EMD-57033 may be useful in treating the
poorly functioning reperfused myocardium (37).

Myocardial stunning was produced in porcine
myocardium in vivo by 15 min of coronary occlusion and
30 min of reperfusion. In the stunned region, EMD-57033
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Although EMD-57033 was not arrhythmogenic in the
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