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Analysis of anti-PDE3 activity of
2-morpholinochromone derivatives reveals multiple

mechanisms of anti-platelet activity
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Abstract—A series of synthetic 2-morpholinochromones have been evaluated as inhibitors of platelet phosphodiesterase, PDE3A.
While previous assertions about the anti-PDE3 activity of this class have been confirmed, in some cases the reported anti-platelet
activities clearly derive from a non-PDE3 regulated mechanism. The potential utility of 2-morpholinochromones either as PDE3
inhibitors and/or anti-thrombotic agents thus remains only poorly examined.
� 2005 Elsevier Ltd. All rights reserved.
The cyclic nucleotides, cAMP and cGMP, play impor-
tant roles in cells as second messenger molecules, acti-
vating and co-ordinating intracellular activity of an
array of proteins. The regulation of cyclic nucleotides
by phosphodiesterases is very complex with most cells
utilising multiple PDE isoforms to effect hydrolysis.1,2

These multiple isoforms have varied expression,
subcellular compartmentalisation and other means of
activation or inhibition, including cross-isoform
communication, with cGMP and cAMP competing for
catalytic and allosteric sites on specific isoforms, which
determine the mode and extent of nucleotide hydrolysis.
Phosphodiesterases (PDEs) therefore effectively
distribute cyclic nucleotides around the cell and regulate
downstream activation of specific protein kinases and so
can be considered active contributors to cell signalling
pathways.

Subclassification of PDEs was originally established
according to the substrate preferences and the effect of
certain pharmacological inhibitors. The isozyme now
known as PDE3 was first characterised as �low-Km,
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cGMP-inhibited, cAMP phosphodiesterase�. That phar-
macological classification still holds up today, but with
additional refinements relating to recognition of homol-
ogous but distinct gene products and splice variants
within those classes. The PDE3 family consists of two
distinct gene products, PDE3A and PDE3B, from chro-
mosomes 12 and 11, respectively.3

Early studies suggested that PDE3 inhibitors such as
milrinone, enoximone and cilostazol (Fig. 1) showed po-
sitive inotropic and anti-platelet effects which could have
utility in the treatment of heart failure and thrombosis,
respectively. However, adverse outcomes in early clinical
studies hampered progress in this area.4 More recently,
re-analysis of clinical data suggests that improved dos-
ing regimes may improve the therapeutic window of
PDE3 inhibitors against heart failure.5 The FDA
approval of Pletal� (cilostazol) for use in peripheral ar-
tery occlusive disease (PAOD) is showing the utility of
PDE3 inhibitors in an anti-thrombotic context.6 Phos-
phodiesterase inhibition has re-emerged as a promising
strategy for treating many diseases, as improved phar-
macological studies dissect the fine requirements for
therapeutic efficacy, including isozyme selectivity.7–9

The study of synthetic 2-morpholinochromones has
yielded a number of bioactive molecules in the past
two decades (Fig. 2). The most notable member of this
chemical class is LY294002, a selective phosphatidylino-
sitol 3-kinase inhibitor,10,11 which has been widely used
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Figure 2. Structures of reported 2-morpholinochromones.
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Figure 1. Structures of known inhibitors of PDE3.
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in the characterisation of that enzymes� cellular func-
tions including those in platelets.12 Other synthetic
2-morpholinochromones described with biological
activity include U86983, an inhibitor of cell proliferation
and migration, and inhibitors of platelet aggregation.13

U84569 (4) was one of an array of analogues of
compound 3 that were prepared and the anti-platelet
activity of U84569 was determined to be due to inhibi-
tion of PDE3 in platelets. Later, compound 5 was
reported as a potent inhibitor of platelet aggregation
that showed anti-thrombotic activity in vivo in the Folts�
canine model of thrombosis.14 By analogy with studies
of U84569, inhibition of PDE3 was proposed as the
mechanism of action. In addition, Leoncini et al. have
proposed this mechanism of action for the anti-platelet
activity of other 2-aminochromones and a host of
analogues.15,16

In an earlier report, we showed that LY294002 was only
a poor inhibitor of PDE3A with an IC50 of approxi-
mately 100 lM, but had significant activity against the
PDE2 isoform.17 The array of activities shown for these
compounds against platelet enzymes other than PDE3A
suggested that other mechanisms of anti-platelet activity
might have confounded attempts to develop structure–
activity relationships. We decided to perform a more
systematic survey of the PDE3A inhibition of 2-mor-
pholinochromones than had been previously described.
The library of 2-morpholinochromones tested is
summarised in Table 1. The general synthetic routes
used to prepare them were performed as described
previously.14,17,18 The aryl ethers, 13 and 18 were
prepared by copper mediated coupling of the precursor
phenols with phenylboronic acid, albeit in low yield
(8% and 3%, respectively) according to the conditions
outlined in Scheme 1.19,20

The PDE3A isozyme was purified from human platelet
lysate by anion exchange chromatography according
to the general procedure of Dickinson et al.21 Activity
of pooled fractions was determined by assays of AMP
product formation quantified by reverse-phase HPLC.22

The activity of the PDE3A isoform was confirmed by
the use of the selective inhibitors cilostamide and
milrinone.

Synthetic 2-morpholinochromones of different structur-
al classes were evaluated against isolated PDE3A in a
screening assay at 50 lM. The results of this screen are
shown in Table 1. The most potent inhibitors in this
screen were all 8-methyl-7-substituted compounds,
which reaffirmed the original postulate that members
of this class of compounds are, in general, inhibitors
of PDE3A. Strikingly however, the only inactive com-
pound in this class was compound (5), a result apparent-
ly at odds with its reported anti-platelet potency. In
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Table 1. Molecular structures and PDE3 inhibition of the 2-morpholinochromones
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Compound R6 R7 R8 Ref. % PDE3 inhibitiona

1 H H Ph 11 35 ± 2

2 H H OCH2(3-Pyridyl) 14 5 ± 5

3 H OCH2Ph Me 13,14 86 ± 2

5 H (CH2)2(4-Me-1-Piperazinyl) Me 13 �10 ± 3

6 OMe H (4-Cl)Ph 17 63 ± 2

7 H H OCH2Ph 14 �7, n = 1

8 H H C„CPh 14 60 ± 1

9 H H (CH2)2Ph 14 28 ± 1

10 H OCH2(3-pyridyl) Me 13,14 68 ± 4

11 H Ph Me 14 83 ± 2

12 H C„CPh Me 14 44 ± 4

13 H OPh Me b 78 ± 5

14 H OCH2Ph H 14 49 ± 1

15 H OCH2(3-pyridyl) H 14 19 ± 3

16 H Ph H 17 50 ± 5

17 H C„CPh H 17 70 ± 1

18 H OPh H b 43 ± 2

a (% basal) at 50 lM. All values are means ± SE (nP 2) except where indicated.
b See Scheme 1. HR-ESI-MS 13 m/z 338.1388 (M+H, C20H19NO4 requires 338.1392); 18 m/z 324.1231 (M+H, C19H17NO4 requires 324.1236).
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Scheme 1. Reagents and conditions: Cu(OAc)2, phenylboronic acid,

triethylamine DCM, rt, 48 h.
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addition, compound (10) was found to be less active
than (3), despite reportedly being a more potent inhibi-
tor of platelet aggregation.

Inhibition of PDE3A was reduced to less than 50% in
compounds where 8-methyl substitution was removed
(compounds 14–16, 18). Similarly, compounds with
substitution in position 8, such as LY294002 (1) and
U-86983 (2), showed relatively poor ability to inhibit
PDE3A. The exception to these generalisations was
the alkynyl compounds, with phenylethynyl compounds
(8) and (17), both more potent than the 8-methyl
counterpart (12). It should be noted that these two
compounds also inhibit PDE2 quite strongly.17 The
results from the preliminary screen prompted us to give
attention to the most potent compound of the series, (3).
PDE3A inhibition was demonstrated in a dose-depen-
dent manner (Fig. 3), and was equipotent with milrinone
in this assay, with an IC50 of 0.6 lM.

While our results showed that compound (5) possessed
no anti-PDE3 activity, we were able to confirm that it
potently inhibited ADP-induced aggregation of platelet
rich plasma (PRP), as reported.14 Moreover, the poten-
cy of other compounds (3) and (10) was also consistent
with those reported data. As yet we have no explana-
tion for the mechanism of action, but we have been
able to rule out inhibition of PI3 kinase and PDE2
activity, which are similarly refractory to treatment
with 5. One telling observation is that the anti-platelet
activity is not preserved if aggregations are performed
using washed platelet suspensions,23 with concentra-
tions of 100 lM insufficient to block aggregation by
the platelet agonists, PAR4AP (Fig. 4), TRAP and col-
lagen related peptide (CRP) under those conditions,
while compound (3) at 25 lM completely abolished
aggregation consistent with its PDE3 inhibitory poten-
cy (Fig. 4). The implication is that the anti-platelet
activity of 5 is dependent upon some factor from
plasma.



Figure 4. Inhibition of PAR4AP-induced washed platelet aggregation

by 3 (25 lM) and 5 (20 and 100 lM) in comparison with DMSO

(vehicle).
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Interestingly, compound 10 showed intermediate
activity between that observed for 3 and 5 in both
platelet assays and PDE3 inhibition assays (46 ± 4%
inhibition at 6.25 lM), suggestive of a combination of
the observed anti-PDE3 activity and the other yet-to-
be-characterised activity. A comparable activity was
shown by the recently described 4-(1-piperazinyl)cou-
marin, RC-414, which has a very similar substituted
structure (Fig. 5).16 RC-414 also shows a relatively
enhanced anti-platelet activity in PRP compared to
washed platelet suspensions, and its activity has been
speculated to relate to combined PDE3 inhibition and
increased nitric oxide formation. It is tempting to
suggest that the same additional mechanism may apply
in the case of 5 and 10.

In summary, these results reveal new features of the
anti-platelet effects of 2-morpholinochromones, includ-
ing multiple mechanisms of action that mean the anti-
PDE3 activity of these compounds and the biological
consequences of that inhibition remaining largely unex-
plored. Our general screen of inhibitors has given us
some indicators of features desirable to maintain
PDE3A activity. In particular, the C8 methyl function
with a C7 aryl moiety appears to give the most potent
inhibitors. This profile is also distinct from that typical
of PDE2, PI3 kinase or DNA-dependent protein
kinase24 for which 2-morpholinochromones have
recently been assessed.
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Figure 5. Structures of RC-414 and 10.
In addition, renewed analysis of the mechanism by
which compound 5 exerts its effects is warranted. This
compound has been shown to have efficacy in vivo in
a canine model of thrombosis, with significant separa-
tion from hemodynamic effects.14 Determination of the
mechanism might generate a useful new path to novel
anti-thrombotic agents.
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