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Congestive heart failure (CHF) occurs when the ventricle
is unable to provide an adequate cardiac output to meet
the metabolic demands of the body! and is characterized
by congestion of the pulmonary or systemic circulation due
to increases in venous pressure.? As CHF progresses to
stages III and IV? its prognosis is generally poor because
the compensatory mechanisms available to the heart are
usually exhausted.*® More than 8 million Americans are
affected by the disease with approximately 250 000 new
cases occurring each year.” Recently, it has been suggested
that CHF is the most prevalent cause of death in hospi-
talized patients.* '

Digitalis and its related cardiac glycosides such as di-
goxin, and digitoxin, have been employed in the treatment
of CHF for nearly 2 centuries.® The action of these com-
pounds as positive inotropes (increase the force of con-
traction of heart muscle) exemplifies the class of thera-
peutic agents commonly referred to as cardiotonic (CT)
drugs. As shown in Figure 1, it is thought that glycosides
(a) bind to cell membrane (b) Na,K-ATPase (c) and inhibit
the pumping of Na™ out of the cell. An increased intra-
cellular Na* concentration then increases Na*/Ca?* ex-
change (d) or, alternatively, increases the displacement of
Ca®* from membrane-associated CaZ* pools (e).? Increased
intracellular Ca®* concentration is directly associated with
increased contraction!” as shown in Figure 2 and described
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in its related text. Unfortunately, the toxicity of the
cardiac glycosides limits their utility as CT drugs.!!:12
Most!® investigators engaged in Na,K-ATPase research
agree that the toxic effects of the glycosides, like their
positive inotropic actions, are intimately related to their
binding to the Na pump.® This situation has led to an
arduous search, on the part of the pharmaceutical industry,
to find a non-glycoside “digitalis replacement”. Finally,
this search may be coming to an end since there are now
several new CT drugs undergoing clinical study for the
treatment of CHF. However, it appears that in most cases
the initially desired target, a selective positive inotropic
agent similar to digitalis, has been replaced by drugs that
have a mixed inotropic-vasodilator profile. This Per-
spective examines how this search has led to the present
drug candidates and briefly discusses possible new ap-
proaches for the design of CT agents based upon recent
biochemical and mechanistic considerations. It will not
discuss the use of diuretics and pure vasodilators, both of
which modify the vascular complications of the disease,
and although increases in cardiac output may also be ob-
tained through the use of these latter drugs, by strict
definition they should not be regarded as CT agents.

The cAMP Cascade and Cardiac Muscle
Contraction

Since the initial'* designation of adenosine 3’,5"-mono-
phosphate (cAMP) as a second messenger,?® details of its
various intracellular actions have been extensively char-
acterized. Several reviews dealing with cAMP in the heart
are available.’®'® The cascade or sequence of events
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Figure 1. The Na,K-ATPase and Na/Ca exchange systems and
the mechanism of the digitalis glycosides: (a) digitalis glycoside
inhibits, (b) sarcolemma, (c) Na,K-ATPase, (d) Na/Ca exchanger
acting in a reverse direction to reduce rising intracellular Na*
concentration, and (e) sarcoplasmic reticulum releasing Ca?* as
a result of a rising intracellular Na* concentration.
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Figure 2. The cAMP cascade in a cardiac muscle cell: (a)
B,-adrenergic receptor, (b) Hy-histaminergic receptor, (c¢) mus-
carinic cholinergic receptor, (d) regulatory component, (e) inhi-
bitory unit, (f) catalytic component (d-f comprise the adenylate
cyclase complex), (g) phosphodiesterase, (h) protein kinase, (i)
phosphorylation of various proteins, (j) Ca?* channel gate, (k)
sarcoplasmic reticulum, (1) contractile proteins.

between extracellular stimulation and contraction of a
cardiac muscle cell are depicted in Figure 2. Stimulation
of either §;-adrenergic receptors (a) or Hy-histaminergic
receptors (b) activates the catalytic component (f) of the
adenylate cyclase complex through close association of
these cell surface receptors with the cell membrane bound
adenylate cyclase regulatory component (d). Since this
enzyme system is responsible for the conversion of ATP
to cAMP, its activation results in increased cellular con-
centrations of cAMP. Higher intracellular cAMP con-
centrations leads to greater interaction of cAMP with the
regulatory subunit of protein kinase (h), which, in turn,
increases its catalytic activity and causes enhanced
phosphorylation (i) of various cellular proteins. Two of
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these proteins are of particular importance for cardiac
muscle contraction. Phosphorylation of specific proteins
associated with the Ca®* channel in the sarcolemma? en-
hances the slow channels responsiveness to voltage acti-
vation (prolongs the gates (j) open time), which results in
a greater influx of Ca?*.?2! The entering Ca?* is thought
to act as a trigger? for release of intracellular Ca?* stored
in the sarcoplasmic reticulum (k). This released Ca2*
subsequently causes contraction through direct interaction
with the contractile proteins (1). Phosphorylation (i) of
specific proteins associated with the sarcoplasmic reticulum
(k) allows for a more rapid and increased re-uptake of Ca2*
after a contractile event has occurred. Thus, when intra-
cellular cAMP levels are raised, both the rate of contraction
(df/dt) and the rate of relaxation (-df/d¢) are increased
and the shape of the resulting contractile force/time curve
retains its symmetry. The latter is useful for characterizing
the mechanism of compounds suspected to act on the
cAMP cascade. Two important regulatory systems are also
depicted in Figure 2. At least one consequence of stimu-
lating muscarinic cholinergic receptors (c) is to decrease
the conversion of ATP to cAMP? through association of
these receptors with an inhibitory component (e) of the
adenylate cyclase complex. Similarly, the degradative
enzyme phosphodiesterase (g; PDE III) decreases intra-
cellular cAMP by converting it to 5-AMP. A recent
Perspective has discussed the various PDE isozymes.?*

From this cascade there are several points of access for
which increases in the end product, cardiac muscle con-
traction, can be attempted. As these pathways have be-
come elaborated, attention has shifted from approaches
involving interaction with cell surface receptor systems to
mechanisms involving specific interaction with the various
intracellular components.

‘Interaction with Cell Surface Receptors

Some of the first attempts to replace the cardiac gly-
cosides involved drugs that were intended to activate
Bi-adrenergic receptors.?® These drugs have shown initial
promise when given by the intravenous (iv) route for short
durations of infusion and are still useful as inotropes when
such therapy is required.?® However, their use in CHF,
which requires long-term oral administration, seems pre-
cluded by the tachyphylaxis that generally becomes ap-
parent after their continued iv administration.?”?® In
addition, as CHF progresses, the 8-adrenergic receptors
appear to down-regulate? with the cascade becoming less
sensitive to stimulation even from endogenous catechol-
amines.?32 While most of the industry has turned away
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Table I. Inotropic Drugs That Activate 8;,-Adrenergic Receptors®
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OH OH
NHR! NHR'! o\)\/NHR"
R R R
R! !
2-5 1,8,9
ref to clinical use
drug R R” in heart failure

1 (prenalterol) OH H CH(CHj,), 34,35
2 (dopamine) OH OH H 26
3 (dobutamine) OH OH chuzcnz—@—-OH 26

L,
4 (dopexamine) OH OH (CH2>5NHCH20H2—@ 36
5 (ibopamine) OCOCH(CHy), OCOCH(CH,), CH; 37, 38
6 (butopamine) OH H cnzcnz—@—on 39

CHy
7 (denopamine) OH H PCHy 40, 41

cwzcwz-<c__/)>~ocu3
8 (xamoterol) OH H CHchzNHCON/—\o 42, 43
9 (doxaminol)? H H @ 44, 45

CHoCHy O and CHy

©

¢ Although most of these agents have actions at several different receptors, their inotropic effect can be attributed to either direct and/or
indirect activation of 8-adrenergic receptors. For example, 2 and 5 are probably inotropic selective due to their ability to effect preferential
release of norepinephrine over the ventricle.*® Several 8;-selective adrenergic agonists have also been used to treat heart failure. These are
not included in this list because their primary action is likely to be vasodilation and afterload reduction with a lessor degree of direct positive
inotropy. Similarly, highly selective dopaminergic compounds, which are thought to lack involvement with S-receptors, have been excluded.

b This compound is a tertiary rather than secondary amine.

from this approach,? some work in this area has continued.
These efforts have mostly dealt with attempts to address
the poor oral bioavailability associated with the cate-
cholamine nucleus typically present in g-adrenergic
agonists. Several 8-adrenergic CT compounds under de-
velopment for use in CHF are listed in Table 1.
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Alternatively, with regard to histaminergic receptors, it
appears that they do not down-regulate as CHF prog-
resses.®# This, then, would be a new and possibly more
viable cell surface avenue for effecting longer term therapy.
Other authors have similarly suggested that “Hj-agonists
represent a promising alternative to §-adrenergic stimu-
lation in the medical management of cardiac
decompensation”.?® Impromidine, 10, is a potent and
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Table II. Inotropic Drugs That Inhibit cAMP Phosphodiesterase and Very Closely Related Structures under Preclinical Development

NHCOCH,
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CH,
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OCH,

3— CH,

HN R' HN
0 0 0
23, 24 26, 27 28
ref to PDE inhibn
(or to general ref to clinical use
drug X R R’ pharmacology) in heart failure
11 (amrinone) N H NH, 24, 56, 57 57
12 (milrinone) N CH;, CN 58
13 (APP-201533) CH CH; NH, (62)°
14 (SKF-94120) (63)
15 (pelrinone) N CH;, CN 64 (65) 66
16 (BDF-8634) CH,CH, 67 67
17 (piroximone) N CH,CH, 68 (69) 70, 71
18 (enoximone) CHSCH; CH;, 72 (69) 73-75
19 (imazodan) H 76 (77) 78
20 (CI-930) CH, 76 (77, 79)
21 (pimobendan)® 80, 81 82
22 (LY-195562)¢ CH, H H 83
23 (buquineran)® CH N (CH,);CH;,4 84 85
24 (carbazeran)® N CH CH,CH; 86 86
25 (OPC-8212) 87
26 (quazinone) Cl H CH; 88 89
27 (RS-82856) H R/ H 90
28 (ORF-16600) 91

¢This compound is thought to increase intracellular Ca?" sensitivity (see separate discussion of this topic). °This compound is also
claimed to have selective a;-blocking properties (vasodilation). ¢The O-demethylated analogue (UD-CG-212) is also a PDE inhibitor®! and
is under preclinical development. ¢Several related analogues (LY-181512, X absent and R = R’ = H; LY-195114, X = CH,CH; and R = R’
= H; and LY-195115, X absent and R = R’ = CHp) form a family from which at least one compound is likely to be developed for the clinic.

¢In buquineran,

selective Hy-agonist which has been studied for its car-
diovascular effects in man. Even in catecholamine-in-
sensitive congestive cardiomyopathy, significant im-
provement of myocardial function was attained after
treatment with 10.51 However, at least three challenges
become apparent when considering H,-agonists as poten-
tial new CT drugs: (1) achieving selective cardiovascular
actions over Hy-receptor mediated gastric acid secretion;
(2) achieving cardiac selectivity over vascular and respir-
atory actions; and (3) achieving selective positive inotropic
activity over heart rate (chronotropic) increases.’? Of these

(50) Permanetter, B.; Baumann, G.; Dorner, J.; Schunack, W.;
Blomer, H. Agents Actions 1985, 16, 215.

(51) Baumann, G.; Permanetter, B.; Wirtzfeld, A. Pharmacol.
Ther. 1984, 24, 165.

= -NH-, and in carbazeran, Y = -O-. /O(CH),CON(CH,)C:H,,.

challenges, the first one is a significant problem for which
the literature is surprisingly sparse. Despite the immense
interest in the Hy-mediated gastric acid system and lit-
erature for Hy-antagonists in that regard, one finds very
few studies where differences in structure activity rela-
tionships (SAR) for Hy-cardiac receptors vs. Hy-gastric
receptors are revealed. Such information would be very
important for the design of agonist compounds that might
possess the desired selectivity.

(52) Increasing heart rate as a means of increasing peripheral
blood supply in CHF is actually detrimental to therapy for
several reasons. Most notable is that increasing heart rate
increases the oxygen requirements of the cardiac muscle that
is already in an ischemic (local situation of low oxygen supply
compared to immediate tissue requirements), sickened state.
While increasing inotropy also has this effect, it is less pro-
nounced than when chronotropy is increased.
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¢AMP PDE Inhibitors

As initial enthusiasm about §-adrenergic approaches
diminished, the industry began to search for a “non-
glycosidic”, “non-catechol” (non-adrenergic) digitalis re-
placement.’® The first breakthrough occurred nearly 10
years ago with the finding that amrinone, 11 (Table II),
was a positive inotropic agent.?3% Although its mecha-
nism of action was at first unknown, it has gradually be-
come linked with inhibition of the low-K,, cAMP-specific
PDE (PDE III).24%5  Accordingly, significant attention
and approaches turned toward PDE inhibition and a very
large effort in this area ensued. As a result, several related
types of heterocyclic compounds that inhibit cAMP PDE
are now entering clinical studies for the treatment of CHF.
Representative compounds are listed in Table II. Sub-
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(Suppl 1), 244.
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Table III. Inotropic Drugs That Are Thought To Increase
Myofibrillar Ca?* Sensitivity ‘

N i
O SCH,
xS
31, 32
mechanistic
(or general
pharmacology) clinical
drug X Y reference reference
13¢ (APP-201533) 62
31 (sulmazole) CH N 100 101, 102°
32¢ (isomazole) N CH (108)¢

2 Structure shown in Table II. ?Clinical studies have been dis-
continued because of tolerance and rapid metabolism after oral
administration (Boehringer Ingelheim Co. communication, 1985).
¢Although the mechanism of action for this compound has not
been delineated, it is included in this table because of its close
structural similarity to 31.

sequently, amrinone was found to have several side effects
(e.g., thrombocytopenia and gastrointestinal disturb-
ances)®” and it has been replaced by milrinone, 12,%2 a close
structural analogue that has considerably higher thera-
peutic potency. At this point it is important to emphasize
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MEDI 68.

(84) Jackson, P. G.; Jackson, G.; Kitson, D.; Jewitt, D. E. Br. J.
Clin. Pharmacol. 1978, 5, 7.

(85) Follath, F.; Kersting, F.; Lewis, G. R. J.; Walden, R. J.;
Woolhouse, N. M.; Dollery, C. T. Clin. Pharmacol. Ther.
1976, 20, 24.

(86) Taylor, C. R.; Baird, J. R. C.; Blackburn, K. J.; Cambridge,
D.; Constantine, J. W.; Ghaly, M. S.; Hayden, M. L.; McIl-
henny, H. M.; Moore, P. F.; Olukotun, A. Y.; Pullman, L. G.;
Salsburg, D. S.; Saxton, C. A.; Shevde, S. Am. Heart J. 1981,
515.

(87) Tiara, N.; Endoh, M,; Ijima, T.; Satoh, K.; Yanagisawa, T.;
Yamashita, S.; Maruyama, M.; Kawada, M.; Morita, T.;
Wada, Y. Arzneim.-Forsch. 1984, 34, 347.

(88) Holck, M.; Thorens, S.; Muggli, R.; Eigenmann, R. J. Car-
diovasc. Pharmacol. 1984, 6, 520.

(89) Roche company communication, Dec 1984: phase II clinical
trials with quazinone (R0O-13-6438) have been discontinued.

(90) Alvarez, R.; Bruno, J. J.; Jones, G. H.; Strosberg, A. M.;
Venuti, M. C. Abstracts of Papers, 188th National Meeting
of the American Chemical Society, Philadelphia; American
Chemical Society: Washington, DC, 1982; MEDI 12.

(91) Falotico, R.; Moore, J. B.; Tolman, E. L.; Bandurco, V. T.;
Bell, S.; Tobia, A. J. Pharmacologist 1985, 27, 679 (abstr).

(92) Milrinone is undergoing clinical study for eventual use by the
oral route whereas amrinone has been limited to short-term
treatment of left ventricular failure by parenteral adminis-
tration.



236 Journal of Medicinal Chemistry, 1987, Vol. 30, No. 2

that, in general, these compounds also exhibit pronounced
vasodilator properties. In fact, it appears that amrinone,
the parent or prototype compound responsible for igniting
the PDE inhibitor CT area, causes only modest inotropy
in CHF patients and that its predominant and principal
effect is that of after-load reduction due to vasodilation.?”
While it immediately became fashionable to regard these
newer CT representatives as combination inotropes with
added beneficial vasodilator properties, it has not been
established that the vascular profile obtained from PDE
inhibition is ideally suited to effect therapy in CHF. In
fact, there are few vascular agents that appear to clearly
exhibit sustained therapy in CHF, one example being the
angiotensin converting enzyme inhibitor family. In any
case, because of their vascular activity, these compounds
should not be viewed as pure inotropes, as pure CT drugs,
or, in the strict sense, as digitalis replacements. Since
many of these compounds are now entering the clinic, the
efficacy of the mixed inotropic-vasodilator profile will soon
be determined and the wisdom, on the part of the industry,
for pursuing so many drug examples with this type of
profile can then be evaluated.

Alternatively, it is clear that a compound having selec-
tive inotropic activity would represent a novel addition to
this large group of PDE inhibitors that show combined
inotropic-vasodilator properties. In this sense, it is in-
teresting that a return to the original pharmacological
target, while employing this popular biochemical mecha-
nism, could still afford an opportunity for important new
research in this area.

Analogues of cAMP

While major attention has focused on PDE inhibition,
a small effort® has been directed toward preparing cAMP
analogues with the thought that they might penetrate the
sarcolemma® of cardiac cells and simulate the messenger
roles played by cAMP. However, because of the fragile
nature of cAMP and its susceptibility to PDE, work in this
area has initially sought to obtain only injectable agents.
At least one such compound, the dibutyryl derivative
known as bucladesine, 29, has shown promise as a com-

NHCO(CH,)cH,

(10

0Co(CH,},cH,

29 Buciadesine

bination inotrope and vascdilator after iv administration
to man.? With this precedent, it would seem that there
is now an increased need for research directed toward the
poor biocavailability and problems associated with rapid
degradation of these systems.

Direct Activation of Adenylate Cyclase

The natural product forskolin, 30, is thought to interact
directly with the regulatory subunit or catalytic subunit
of the adenylate cyclase system.?9” This compound ex-

(93) For example, see: Miller, J. P.; Boswell, K. H.; Meyer, R. B.;
Christensen, L. F.; Robins, R. K. J. Med. Chem. 1980, 23, 242
and references cited therein.

(94) Heart cells are normally highly impermeable to cAMP:
Drummond, G. I; Severson, D. L. Circ. Res. 1979, 44, 145.

(95) Reported at the Gen. Meet. Jpn. Soc. Intensive Care 1984,
9, 59.
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30 Forskolin

hibits both inotropic and pronounced vasodilator prop-
erties.®® There are few compounds that exhibit inotropy
via this type of stimulation and it would seem worthwhile
to explore the SAR associated with this unique mechanism.
In this regard, forskolin uniquely provides a structural
template for new research that might define the minimum
structural requirements for stimulation of adenylate cyc-
lase. For instance, one approach would be to retain fea-
tures and stereochemistry located along a single edge of
forskolin (see darkened edge of 30). This is based on a
report® where binding interactions with adenylate cyclase
are apparently still retained when the other edge of the
molecule is attached to polymers for use in chromatogra-

phy.

Agents Acting on Systems Closely Linked to the
cAMP Cascade

For classification, agents in this category do not increase
cAMP levels and the shape of their contraction curves need
not retain symmetry. There are several such agents that
represent new approaches toward achieving inotropy. One
approach involves compounds that are thought to increase
myofibrillar Ca?* sensitivity. A few structural repre-
sentatives for this category are shown in Table III.
Sulmazole, 31, showed initial promise in treating CHF
although it has now been dropped from clinical study. Like
the PDE inhibitors, the profile generally observed for these
agents appears to be that of positive inotropy with sig-
nificant vasodilation.

Another new area is represented by the “Ca®?* channel
partial agonists”.1% Bay K 8644, 33, is a representative
from this category that acts primarily as an agonist.1® Its
positive inotropic activity results from its ability to pro-
mote an influx of Ca®" (see Figure 2) via direct interaction
with the Ca?* channel. However, this compound, through
the same mechanism, also causes vasoconstriction. If such
compounds are to be utilized in CHF, it is clear that se-
lectivity for cardiac muscle will be vitally important for
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Forsch. 1981, 31, 253.

(102) Renard, M.; Jacobs, P.; Dechamps, P.; Dresse, A.; Bernard,
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(104) This author prefers this designation for these types of com-
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Finally, several new compounds exhibit two or more
mechanisms from which their inotropy can be derived. In
addition to combinations of the mechanisms already dis-
cussed, recent studies suggest that some inotropes may,
like the glycosides, increase intracellular Na*. However,
their mechanism for this effect is thought to involve pro-
longation of the open time for the Na* channel gates rather
than an inhibition of Na,K-ATPase. Representative
structures having this additional property include 25!% and
349 The inotropic polypeptide anthopleurin-A (AP-A)1%®
may owe its cardiotonic effects entirely to this mecha-
nism.1” Compound 34 was initially thought to act by
increasing myofibrillar Ca?* sensitivity.11%!1! It has also
been reported to have significant vasodilator effects.!!?
Although their mechanism for increasing intracellular Na*
is different from the glycosides, it would seem prudent to
establish the arrhythmogenic potential (and therapeutic
index) of these representatives before emphasizing major
new research in this area.
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Summary

There are now several new CT drugs undergoing clinical
study for the treatment of CHF. While most of these new
agents are like digitalis in that they possess significant
inotropic activity, they differ from digitalis in that they
tend to also have pronounced vasodilator properties. Such
compounds, because they are not pure CT agents, should
not be regarded as true digitalis replacements. Despite
the increased understanding about the cAMP cascade and
about cardiac muscle contraction in general, the long
search for a specific digitalis replacement cannot be re-
garded as having been accomplished. It should also be
noted that the initial clinical assessment for any of these
new compounds will be complicated by the fact that they
are tested in only the latter stages of CHF where prognosis
is very poor and the possibility of showing significant im-
provement in mortality is extremely difficult. It will be
unfortunate if the potential for positive inotropic agents
(pure CT drugs) is compromised by clinical studies that
employ mixed inotropic-vasodilator compounds in ex-
tremely sick patient populations. The continued use of
the digitalis glycosides for such a long period of history
implies that at least some subpopulation of CHF patients
should derive benefit!!? from therapy with an appropriately
selective CT drug. Neither the appropriate drug nor the
appropriate specific patient population; both of which are
needed to properly address the eventual role of inotropic
therapy in CHF, have, as yet, been identified.
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