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ABSTRACT: Syntheses of structurally simplified analogues of
cortistatin A (1), a novel antiangiogenic steroidal alkaloid from
Indonesian marine sponge, and their biological activities were
investigated. The analogues were designed by considering the 3-D
structure of 1. Compound 30, in which the isoquinoline moiety
was appended to the planar tetracyclic core structure, showed
potent antiproliferative activity against human umbilical vein
endothelial cells (HUVECs) together with high selectivity and also
showed in vivo antiangiogenic activity and significant antitumor effect by oral administration.
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Angiogenesis, the formation of new blood capillaries from
preexisting blood vessels, is critical for tumor growth and

metastasis. A growing tumor needs an extensive network of
capillaries to provide nutrients and oxygen, etc. In addition, the
new blood vessels provide a way for tumor cells to enter in the
circulation and to metastasize to another organ. Therefore,
substances that inhibit angiogenesis have a considerable
potential to be novel therapeutic agents for the treatment of
cancer.1

In the course of our study on bioactive substances from
marine organisms, we focused on a search for selective
inhibitors of proliferation of human umbilical vein endothelial
cells (HUVECs) as antiangiogenic substances and isolated
cortistatins,2−5 a family of novel abeo-9(10−19)-androstane-
type steroidal alkaloids, from the Indonesian marine sponge of
Corticium simplex (1−11, Figure 1). We found that cortistatin A
(1), a major constituent, showed remarkably selective
antiproliferative activity against HUVECs and also inhibited
migration and tubular formation of HUVECs induced by VEGF
or bFGF.2 Therefore, cortistatins might have considerable
potential as a novel antiangiogenic drug lead.
The unique structure and characteristic biological properties

of this compound attracted many synthetic chemists, and a
number of synthetic reports, including five total syntheses6−13

have appeared, even though small quantities of the final
compound could be obtained. And there have been no reports
about in vivo antitumor effects of cortistatins. Then we decided
to engage in a synthetic study of structurally simplified and in
vivo active analogues of cortistatins.14−16 We report herein
about the design, synthesis, and biological evaluation of
cortistatin analogues exhibiting an in vivo antitumor effect.
Through examination of the growth inhibitory activity of

eleven naturally occurring cortistatins,2−5 we have analyzed the
structure−activity relationship as follows: (1) the isoquinoline

moiety is crucial for exhibiting potent and selective activity;
cortistatins E−H (5−8) show weak antiproliferative activity
against HUVEC with no selectivity, (2) the presence of the
hydroxyl group at the D-ring (cortistatins B (2) and D (4))
diminishes their activity, and (3) structural modifications at the
A- or B-ring cause some influence but not a critical one;
cortistatins J (9), K (10), and L (11) show comparable potency
and selectivity to those of 1.5
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Figure 1. Chemical structure of cortistatins.
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The X-ray crystallographic analysis of cortistatin A (1) shows
that the core structure of 1, an abeo-9(10−19)-androstane-type
rearranged steroidal backbone with an oxa-bridge between the
5- and 8-positions, possesses an anthracene-like planar ABC-
ring system (Figure 2). Considering the structural property, we
designed two compounds 12 and 13 as novel simplified
analogues of cortistatin A.

As shown in Figure 3, the CD-ring part having an
isoquinoline moiety and the A-ring part having a dimethyla-

mino group in compound 12 were connected through one sp2
carbon linker, to put the isoquinoline and dimethylamino
moieties in the appropriate position. From molecular
mechanics (MM) calculation analysis, these two key
components were expected to locate in a similar position
between 1 and 12. On the other hand, Nicolaou and Chen
reported that an intermediate compound for their total
synthesis of 1, having the ketone group at the C-1 position,
exhibited a similar selective antiproliferative activity to that of 1.

This evidence implied that the dimethylamino group
commonly existing at the C-3 position in all cortistatins is
not an essential moiety.7 Furthermore, we presumed that the
bicyclic B-ring structure might be mimicked by a simple pyran
ring. MM calculation revealed that compounds 1 and 13
showed high similarity in their lowest energy conformations
(Figure 3).
The synthesis of analogue 12 was executed as shown in

Scheme 1. Following the literature, stereoselective conjugate

reduction of Hajos−Parrish ketone (14) using tert-BuMgCl,
DIBAL-H, and CuI in the presence of HMPA provided trans-
hydrindanedione 15 in good yield.17,18 After the sterically less-
hindered ketone group was protected as an ethylene ketal, the
other ketone group was further converted to its enol triflate to
give compound 16. Introduction of an isoquinoline moiety with
desired stereochemistry was successfully achieved by a Suzuki−
Miyaura cross-coupling reaction between compound 16 and
isoquinolin-7-yl boronate 207 using standard conditions,
removal of the ketal protection, and subsequent hydrogenation
of the remaining olefin using Pd−C as a catalyst. An NOE
experiment for compound 18 confirmed the desired orientation
of the isoquinoline group. Then Wittig olefination using
(bromomethyl)triphenylphosphonium bromide provided com-
pound 19 as a E/Z mixture (1:1). Finally, an A-ring appendage
was introduced by Suzuki coupling with boronate 21, which
was prepared from 4-aminocyclohexanol.19 After deprotection
and methylation, the objective analogue 12 and its geometrical
isomer 12′ were obtained as a 1:1 mixture. Each isomer was
separated by using reversed-phase HPLC.

Figure 2. X-ray structure of cortistatin A (1).

Figure 3. Design of cortistatin analogues 12 and 13. The top and side
views of the imposed 3D structures with cortistatin A (1) were also
shown.

Scheme 1. Synthesis of Analogue 12a

aReagents and conditions: (a) DIBAL-H, CuI, t-BuMgCl, HMPA,
THF, −78 °C, 77%; (b) ethylene glycol, (COOH)2·2H2O, CH3CN;
(c) PhNTf2, KHMDS, THF, −78 °C, 78% (2 steps); (d) 20,
Pd(PPh3)4, K2CO3, DMF, 50 °C; (e) p-TsOH, acetone/H2O, 52% (2
steps); (f) H2, Pd−C, AcOEt, 92%; (g) BrCH2PPh3Br, NaHMDS,
THF, 86%; (h) 21, Pd(dppf)Cl2, Cs2CO3, AsPh3, DMF, 80 °C, 75%;
(i) 5 N HCl, THF; (j) (HCHO)n, NaBH(OAc)3, CH2Cl2; HPLC
separation, 30% (2 steps).
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The analogue 23, having an aromatic A-ring moiety, was also
prepared by using a simpler method than that for analogue 12
(see Scheme 2). Thus, Wittig reaction between 18 and

phosphonium salt 2220,21 in the presence of NaH afforded
analogue 23 as an E/Z mixture, which was also separated by
HPLC. The stereochemistry of the product was determined by
a downfield shift of the allylic equatorial proton caused by an
anisotropic effect, as well as NOE experiment.
Next, preparation of analogue 13 was investigated starting

from compound 18 (Scheme 3). IBX oxidation of the

kinetically generated silyl enol ether of 18 gave enone 24,
which was further converted to a dienol triflate 25 in good
yield. Then, CO insertion reaction smoothly proceeded to give
a dienoate 26, and subsequent DIBAL-H reduction and Dess−
Martin oxidation provided dienal 27. Finally, the treatment of
27 with 1,3-cyclohexanedione in the presence of ethylenedi-

amine afforded the desired analogue 13, through Knoevenagel
condensation and subsequent electrocyclization,10 in 14%
overall yield. The use of the other amines than ethylenediamine
in this reaction, such as piperidine, provided a substantial
amount of compound 28 as a byproduct, through isomerization
of olefin and the following condensation−cyclization. In the 1H
NMR spectrum of 13, the oxymethine proton signal was
observed as a doublet with J = 11.6 Hz, which indicates that
compound 13 has a planar tetracyclic structure similar to that of
1. The 11,12-dihydro analogue 30 was also prepared using the
same method from enoate 29, which was obtained by
regioselective hydrogenation using the diimide of the
disubstituted olefin of dienoate 26 (Scheme 4). Hydrogenation
using Pd−C as a catalyst resulted in olefin migration.

The antiproliferative activities of the synthetic analogues
against endothelial cells (HUVECs) and KB3-1 cells were
evaluated (Table 1). This revealed that analogue 12 showed

moderate antiproliferative activity against HUVEC (IC50: 2.0
μM) with only 9-fold selectivity over KB3-1 cells (IC50: 18 μM)
and that compound 23, having an aromatic A-ring moiety,
showed no selectivity (1.5-fold). The geometrical isomers of 12
and 23 showed weaker activity or selectivity (see Supporting
Information). On the other hand, analogues 13 and 30 showed
good antiproliferative activities against HUVEC (IC50: 0.1 or
0.035 μM) with high selectivity (>100-fold) over KB3-1 cells
(IC50: 10.5 μM each). Particularly, analogue 30 exhibited
comparable activity against HUVEC, with high selectivity, to
that of cortistatin A (1). These results imply that the planar
structure of the tetracyclic core part would be an essential
structural element for HUVEC-selective growth inhibitory
activity. The byproduct 28 showed weaker activity than 13 (see
Supporting Information), which indicates that the structural
resemblance to cortistatin A (1) is also an important factor.
Then, we evaluated the in vivo activity of analogue 30 on the

formation of new blood vessels, by the matrigel plug assay22 in

Scheme 2. Synthesis of Analogue 23a

aReagents and conditions: (a) NaH, THF, 18, 50 °C; HPLC
separation, 23%.

Scheme 3. Synthesis of Analogue 13a

aReagents and conditions: (a) TMSCl, NaI, HMDS, CH3CN; (b)
IBX, DMSO, 71% (2 steps); (c) PhNTf2, KHMDS, THF, −78 °C,
94%; (d) CO (gas), Pd(PPh3)4, MeOH, Et3N, DMF, 98%; (e)
DIBAL-H, CH2Cl2, −78 °C; (f) Dess−Martin periodinane, NaHCO3,
CH2Cl2, 67% (2 steps); (g) 1,3-cyclohexanedione, ethylenediamine,
AcOEt, 97%.

Scheme 4. Synthesis of Analogue 30a

aReagents and conditions: (a) potassium azodicarboxylate, AcOH,
99%; (b) L-Selectride, THF, 80%; (c) Dess−Martin periodinane,
NaHCO3, CH2Cl2; (d) 1,3-cyclohexanedione, ethylenediamine,
AcOEt, 64% (2 steps).

Table 1. Antiproliferative Activities of Cortistatin Analogues

IC50 (μM)

cell line 1 12 23 13 30

HUVEC 0.0018 2.0 15 0.1 0.035
KB3-1 7.0 18 20 10.5 10.5
K562 7.0 n.t.a n.t. 6.0 5.0
Neuro2A 6.0 n.t. n.t. 10.5 10.5
NHDF 6.0 n.t. n.t. 10.5 4.0

an.t.: not tested.
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mice. As shown in Figure 4, the oral administration of
compound 30 prevented new blood capillary formation in the

matrigel plug induced by bFGF. Compound 30 significantly
decreased the hemoglobin content in the plug, and the 25 mg/
kg dosage of 30 reduced the hemoglobin content to the same
level of the negative control. These results indicated that
analogue 30 effectively inhibited in vivo angiogenesis.
We further examined an in vivo antitumor effect of analogue

30. Compound 30 significantly inhibited growth of the tumor
with more than 5 mg/kg of oral administration, and ∼90%
reduction of tumor weight was observed at the dose of more
than 25 mg/kg in comparison with that of control (Figure 5).
Moreover, up to 100 mg/kg administration of compound 30
exhibited no significant acute toxicity, such as body weight loss
or diarrhea. Considering the result of these in vivo experiments,
the potent antitumor activity of compound 30 is presumed to
come from the intensive inhibition of angiogenesis promoted
by the implanted tumor. Compound 13 also showed potent in
vivo antitumor activity, by oral administration (data not
shown).
In summary, we achieved syntheses of readily accessible and

orally active analogues of cortistatin A (1). Analogue 30 is a
first example of the cortistatin-related compound exhibiting a
potent in vivo antitumor effect through inhibition of angio-
genesis. Furthermore, the synthetic scheme of compound 30
was very simple and scalable. Actually, we could prepare >100
mg of the final compound for in vivo study without any

difficulty. We are further investigating to develop more practical
and promising anticancer drug candidates based on analogue
30 as a structural template.
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