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Activity-guided fractionation of Erythrophleum succirubrum for TRAIL resistance-overcoming activity led
to the isolation of four new cassaine diterpenoid dimers, named erythrophlesins A–D (1–4). Their struc-
tures were elucidated by spectral data to show that they have an unsymmetrical dimeric structure
through an ester bond between two cassaine diterpenoids. These new compounds were revealed to have
a significant reversal effect on TRAIL resistance in human gastric adenocarcinoma (AGS) cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In our screening studies for bioactive natural products target-
ing cancer-related signaling pathways,1 we recently investigated
a plant material, Erythrophleum succirubrum, collected from Thai-
land in our screening program for TRAIL resistance-overcoming
substances.2 E. succirubrum (Leguminosae) is a deciduous tall tree
growing in tropical areas. Several diterpenoids, triterpenoids, and
alkaloids have been isolated from the plants of the genus Erythr-
ophleum.3,4 Tumor necrosis factor (TNF)-related apoptosis-induc-
ing ligand (TRAIL), a member of the TNF superfamily, is a
promising agent for new anticancer therapy, since it triggers
apoptosis in a variety of cancer cells but not in many normal
cells.5 TRAIL is a death ligand and is known to bind to death
receptors, such as DR5 (death receptor 5 = TRAIL-R2) or DR4
(death receptor 4 = TRAIL-R1), resulting in the activation of cas-
pase-signaling pathways leading to apoptosis; however, it has be-
come a problem that considerable numbers of cancer cells,
especially some highly malignant tumors, are resistant to apopto-
sis induction by TRAIL. A search for compounds capable of abro-
gating TRAIL resistance has thus become an important strategy
for anticancer drug discovery.6 We recently investigated natural
products which exhibited activities related to TRAIL signaling,
ll rights reserved.

i).
and identified a cadinane–sesquiterpene dimer with DR5 expres-
sion enhancement activity7 and new isoflavones with TRAIL-med-
iated apoptosis induction ability.8 Our screening system of TRAIL
resistance-overcoming activity of the extracts was assessed by
comparing cell viability in the presence and in the absence of
TRAIL against TRAIL-resistant human gastric adenocarcinoma
(AGS) cell lines.9 Bioassay-guided fractionation of the extracts of
E. succirubrum led to the isolation of four cassaine diterpenoid di-
mers (1–4). Here, we report on the isolation, structure identifica-
tion, and TRAIL resistance-overcoming activity of the isolated
compounds.
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Table 1
1H and 13C NMR data of 1–4 in CDCl3

Position 1 2 3 4

dH (J in Hz) dC dH (J in Hz) dC dH (J in Hz) dC dH (J in Hz) dC

1 1.75 m/1.21 m 38.6 1.74 m/1.18 m 38.7 1.79 m/1.18 m 38.6 1.78 m/1.18 m 38.7
2 1.75 m/1.52 m 19.0 1.74 m/1.53 m 19.0 1.73 m/1.53 m 19.0 1.76 m/1.53 m 19.0
3 2.03 m/1.21 m 38.3 2.04 m/1.18 m 38.3 2.04 m/1.18 m 38.3 2.05 m/1.18 m 38.4
4 42.0 42.0 42.0 42.0
5 2.25 s 64.5 2.24 s 64.5 2.25 s 64.5 2.24 s 64.6
6 208.6 208.5 208.6 208.5
7 3.90 d (10.8) 75.5 3.89 d (10.8) 75.8 3.90 d (10.8) 75.7 3.95 d (10.2) 75.9
8 1.89 m 50.3 1.88 m 50.3 1.89 m 50.3 1.88 m 50.3
9 1.74 m 46.4 1.74 m 46.4 1.73 m 46.4 1.73 m 46.4

10 43.0 43.0 43.0 43.0
11 1.92 m/1.12 m 26.4 1.88 m/1.21 m 26.2 1.90 m/1.21 m 26.2 1.90 m/1.21 m 26.3
12 3.79 br d (14.4)/2.03 m 23.7 3.81 m/2.04 m 23.8 3.79 m/2.04 m 23.7 3.72 m/2.04 m 23.8
13 165.9 166.5 165.9 166.5
14 2.82 m 40.4 2.81 m 40.4 2.84 m 40.4 2.81 m 40.4
15 5.73 br s 113.4 5.66 d (1.2) 113.1 5.73 br s 113.5 5.66 br s 113.2
16 166.6 166.1 166.6 166.1
17 1.22* (3H) 13.8 1.21* (3H) 13.8 1.21* (3H) 13.8 1.22* (3H) 13.8
18 1.22* (3H) 28.6 1.21* (3H) 28.7 1.22 s (3H) 28.7 1.22* (3H) 28.7
19 175.5 175.4 175.5 175.4
20 0.89** (3H) 15.2 0.90 s (3H) 15.2 0.90 s (3H) 15.2 0.90 s (3H) 15.2
21 3.69 s (3H) 51.7 3.70 s (3H) 51.7 3.70 s (3H) 51.7 3.70 s (3H) 51.7
10 1.85 m/1.41 m 36.5 1.88 m/1.42 td (13.5, 3.0) 36.6 1.84 dt (12.6, 3.0) 36.5 1.88 m/1.42 m 36.6
20 1.92 m/1.41 m 26.2 2.25 qd (13.5, 3.0)/1.74 m 23.5 1.90 m/1.47 td (13.2, 3.0) 26.4 2.25 m/1.76 m 23.8
30 4.46 td (10.4, 4.4) 76.6 4.66 dd (12.0, 4.2) 78.2 4.45 td (10.8, 4.8) 76.6 4.67 dd (12.0, 4.8) 78.2
40 2.14 m 31.0 45.7 2.15** 31.0 45.7
50 2.14 m 60.6 2.44 s 64.7 2.15** 60.6 2.45 s 64.7
60 209.5 208.1 209.7 208.2
70 4.01 d (10.0) 75.7 3.95 d (10.2) 75.6 4.01 d (10.2) 75.6 3.89 br d (10.2) 75.6
80 1.75 m 52.3 1.88 m 51.0 1.76 m 52.3 1.88 m 51.3
90 1.74 m 43.6 1.74 m 46.3 1.73 m 43.7 1.73 m 46.5

100 42.8 43.0 42.9 43.1
110 1.92 m/1.12 m 26.4 1.88 m/1.21 m 26.2 1.90 m/1.10 qd (12.6, 4.2) 26.4 1.90 m/1.21 m 26.3
120 3.79 br d (14.4)/2.03 m 23.7 3.72 m/2.04 m 23.8 3.15 br d (13.8)/2.04 m 24.6 3.18 br d (15.0)/2.04 m 24.4
130 165.2 165.0 157.5 157.3
140 2.82 m 40.3 2.81 m 40.3 2.84 m 39.9 2.83 m 40.0
150 5.73 br s 113.3 5.74 d (1.2) 113.4 6.00 br s [5.91 d (1.2)] 114.9 6.00 br s [5.92 br s] 115.0
160 167.3 167.2 170.1 170.0
170 1.22* (3H) 13.7 1.21* (3H) 13.7 1.21* (3H) 13.8 1.22* (3H) 13.7
180 0.89** (3H) 16.2 1.21* (3H) 25.8 0.89 d (6.0) (3H) 16.2 1.22* (3H) 25.8
190 — — 172.7 — — 172.7
200 0.68 s (3H) 13.5 0.98 s (3H) 14.4 0.68 s (3H) 13.6 0.99 s (3H) 14.5
210 — — 3.77 s (3H) 51.9 — — 3.77 s (3H) 51.9
220 3.67 s (3H) 51.0 3.68 s (3H) 51.2 3.07 s (3H) [2.99 s] 37.3 3.08 s (3H) [3.00 s] 37.4
230 3.58 m (2H) [3.48 m] 51.2 3.60 m (2H) 51.3
240 3.79 m (2H) [3.75 m] 61.9 3.81 t (4.8) (2H) 61.9

*, **: overlapped with other signals within vertical column.
[ ]: signals for minor conformer at amide group.
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Figure 1. Key 1H–1H COSY and HMBC correlations observed for 1.

2. Results and discussion

The MeOH extract of the bark of E. succirubrum10 was partitioned
successively with hexane, EtOAc, n-BuOH, and water. The EtOAc
layer, which showed the most potent activity (36% decrease in cell
viability in the presence of TRAIL compared with that in the absence
of TRAIL at 3.1 lg/mL), was subjected to silica gel column chroma-
tography, followed by ODS column chromatography and ODS-HPLC,
to yield four new compounds, erythrophlesins A–D (1–4).11



Figure 2. Effect of compounds 1–3 on the cell viability of AGS cells in the presence
and in the absence of TRAIL.
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Erythrophlesin A (1),12 ½a�20
D � 98 (c 1.0, MeOH), was shown to

have a molecular formula, C41H58O10, by the HRFABMS data ob-
served at m/z 711.4167 (calcd for C41H59O10 [M+H]+, 711.4108).
The UV spectrum of 1 showed an absorption maximum at
223 nm, indicating the presence of conjugated system(s), while
IR absorption bands at 3449 and 1709 cm�1 were suggestive of
the presence of hydroxyl and carbonyl groups. The 1H NMR spec-
trum of 1 (Table 1) revealed signals for six methyl groups (dH

1.22 � 3, dH 0.89 � 2, and dH 0.68 � 1), two methoxy groups (dH

3.69 and 3.67), two olefinic protons (dH 5.73 � 2), and three oxy-
methines (dH 4.46, 4.01, and 3.90), while the 13C NMR spectrum
of 1 (Table 1) showed signals due to two ketones (dC 209.5 and
208.6), three ester carbonyl groups (dC 175.5, 167.3, and 166.6),
two sp2 methine (dC 113.4 and 113.3) and two quaternary sp2 car-
bons (dC 165.9 and 165.2), three oxymethines (dC 76.6, 75.7, and
75.5), three methoxy groups (dC 51.7 and 51.0), and six methyls
(dC 28.6, 16.2, 15.2, 13.8, 13.7, and 13.5). Seven of thirteen unsatu-
ration degrees in compound 1 were thus accounted for, suggesting
that compound 1 has six rings. Since most of these 1H and 13C NMR
signals were observed as pairs, it was inferred that compound 1
had a dimeric structure consisting of two tricyclic diterpenoids.
Detailed analysis of 1H–1H COSY and HMBC correlation data, as
shown in Figure 1, indicated that compound 1 was constructed
from two cassaine diterpenoids (left and right units) connected
through an ester linkage. The presence of a 6-keto-7b-hydroxy
group for both monomer units (left and right units) was revealed
by observation of the signals due to a-axial hydrogens at C-7 and
C-70 positions at dH 3.90 (1H, d, J = 10.8 Hz; H-7, left unit) and dH

4.01 (1H, d, J = 10.0 Hz; H-70, right unit) along with HMBC correla-
tions from H-7 (dH 3.90) to C-6 (dC 208.6) for the left unit and from
H-70 (dH 4.01) to C-60 (dC 209.5) for the right unit. The 1H–1H COSY
spectrum showed proton connectivities for H-7/H-8/H-14/H3-17
for both left and right units. A conjugate ester moiety is located
at the C-13/C-15/C-16 position of both units [dC 165.9 (C-13),
113.4 (C-15), 166.6 (C-16) for the left unit; dC 165.2 (C-130),
113.3 (C-150), 167.3 (C-160) for the right unit], which was revealed
from the HMBC correlations for H-14/C-13, H-14/C-15, H2-12/C-15,
H-15/C-12, and H-15/C-16 observed for each unit. The C-16 ester
carbonyl of the right unit [dC 167.3 (C-160)] was connected to a
methoxy group [C-220: dC 51.0, dH 3.67 (3H, s); HMBC correlation,
H3-220/C-160], while the C-16 ester carbonyl of the left unit [dC

166.6 (C-16)] was connected to an oxymethine [dC 76.6, dH 4.46
(1H, triplet of doublet, J = 10.4 and 4.4 Hz)], which was assignable
to the C-30 position of the right unit (HMBC correlation, H-30/C-16).
The adjacent C-40 position of the right unit bore a hydrogen (H-40)
and a secondary methyl group (C-180), which was suggested from
the 1H–1H COSY correlations for H-30/H-40/H3-180, while the C-4
position of the left unit bore a methoxycarbonyl (C-19 and C-21)
group and a tertiary methyl group (C-18); consistently H-5 of the
left unit resonated as a sharp singlet at dH 2.25. The C-3 of the left
unit was an unoxygenated methylene group (dC 38.3, dH 2.03 and
1.21; HMBC correlation, H3-18/C-3). From these results, the car-
boxylic acid part (left unit) and alcohol part (right unit) of com-
pound 1 were identified as cassminic acid (5)13 and methyl ester
of norerythrofordin A (6),14 respectively. 5 was a cassain diterpene
(C20) previously isolated from Erythrophleum guineense, whereas 6
was a norcassaine (C19) diterpenoid from Erythrophleum fordii. The
NOESY experiment of 1 showed NOE correlations for H-5/H3-18,
H-5/H-7, H-7/H-9, H-7/H3-17, H3-21/H3-20, and H-14/H-15 for
the left unit and H-30/H3-180, H-40/H3-200, H-50/H3-180, H-50/H-70,
H-70/H-90, H-70/H3-170, and H-140/H-150 for the right unit. In the
right unit, the H-30 signal was observed as a triplet of doublet
(J = 10.4 and 4.4 Hz), implying that both H-30 and H-40 are axial
(J20axial,30 = J30 ,40 = 10.4 Hz, J20equatorial,30 = 4.4 Hz). In left and right
units, H-7 and H-70 signals were observed as doublets (J = 10.8
and J = 10.0 Hz, respectively), indicating that both H-7 and H-8
are axial (J7,8 = 10.8 Hz) and both H-70 and H-80 are also axial
(J70 ,80 = 10.0 Hz). Thus, the relative stereochemistry of 1 was de-
duced to be parallel to those of 5 and 6, including the assignment
of the D13,15-double bond of both units as Z (NOE correlations, H-
14/H-15 and H-140/H-150). Compound 1 was converted into its
(R)- and (S)-MTPA esters (1r and 1s), which were esterified at C-
7 and C-70 hydroxyl groups. On the basis of the modified Mosher0s
method,15 the Dd values of H-8 and H3-17 (left unit) were +0.114
and +0.147 ppm, respectively, and those of H-80 and H3-170 (right
unit) were +0.114 and +0.145 ppm, respectively, implying that
the absolute configurations of both C-7 and C-70 were R.16 From
these results, the structure of erythrophlesin A was concluded as 1.

Erythrophlesin B (2),12 ½a�20
D � 111 (c 1.0, MeOH), had a molecu-

lar formula, C43H60O12, as established by HRFABMS data (m/z
769.4140, calcd for C43H61O12 [M+H]+, 769.4163). Comparison of
the 1H and 13C NMR spectra of 2 with those of 1 revealed that these
compounds were similar and, particularly, the carboxyl acid part
(left unit) was identical to that of 1 [= cassminic acid (5)]. The ma-
jor difference of 2 from 1 was the appearance of one additional
methoxy signal [dH 3.77 (3H, s), dC 51.9] and an additional ester
carbonyl signal (dC 172.7), which implied the presence of an addi-
tional methoxycarbonyl group in 2, which is consistent with the
difference of the molecular formula (C2H2O2) between 1 and 2.
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The additional ester carbonyl carbon (dC 172.7) was correlated
with a double doublet signal at dH 4.66 (1H, dd, J = 12.0 and
4.2 Hz) and a sharp singlet at dH 2.44 (1H, s) in the HMBC spectrum
of 2. The double doublet (dH 4.66) was also correlated with another
ester carbonyl (dC 166.1), which was assignable to the C-16 car-
boxyl group in the left unit (HMBC, H-15/C-16). Thus, the double
doublet (dH 4.66) was assigned to H-30 of the right unit. The H-30

of 1 was observed as a triplet of doublet, while that of 2 was a dou-
ble doublet, suggesting the absence of a hydrogen atom at C-4. The
observation of the sharp singlet at dH 2.44 also corroborated the
absence of H-4, since this singlet was assignable to H-50 from its
HMBC correlation with C-60 (dC 208.1), C-40 (dC 45.7), C-100 (dC

43.0), C-180 (dC 25.8), and C-200 (dC 14.4). From these observations,
the additional methoxycarbonyl group was reasonably attached at
C-40of the right unit. Thus, the structure of the alcohol part (right
unit) of 2 was revealed to be identical to the methyl ester of ery-
throfordin A (7),10 a cassaine diterpenoid (C20) previously isolated
from E. fordii.

The molecular formula of erythrophlesin C (3),12 ½a�20
D � 73

(c 1.0, MeOH), was revealed as C43H63O10N on the basis of
HRFABMS data (m/z 754.4591, calcd for C43H64O10N [M+H]+,
754.4530). Different from compound 1 or 2, compound 3 contained
a nitrogen atom. Detailed comparison of the spectral data of com-
pound 3 with those of 1 suggested that erythrophlesin C (3), sim-
ilar to erythrophlesin A (1), consisted of one cassaine (C20) and one
norcassaine (C19) diterpenoid, and the methyl ester group (C-160

position) in the right unit of 1 was replaced with an amide group
in 3. The 1H and 13C NMR spectra of 3 showed signals due to an
N-methyl group [dH 3.07 (3H, s), dC 37.3] and 2-hydroxyethyl group
[dH 3.58 (2H) and 3.79 (2H); dC 51.2 and 61.9], thus suggesting that
a (2-hydroxylethyl)methylamine was attached at C-160 position
through an amide bond in the right unit of 3. 1H NMR signals
due to H-150, H3-220, H2-230, and H2-240 were observed as paired
signals, which were ascribed to a minor conformer around the
amide bond; this observation further supported the presence of
the amide group for 3. Erythrophlesin D (4),12 ½a�20

D � 55 (c 0.5,
MeOH), had a molecular formula, C45H65O10N, as established by
HRFABMS data (m/z 812.4554, calcd for C45H66O12N [M+H]+,
812.4585). The 1H and 13C NMR spectral data of 4 revealed that
erythrophlesin D (4) consisted of two cassaine (C20) diterpenoids,
having a methoxycarbonyl group at C-40 of the right unit, similar
to erythrophlesin B (2). Compound 4 also possessed an N-(2-
hydroxyethyl)methylamide group at C-160 position in the right
unit, similar to erythrophlesin C (3).

Diterpenoid dimers connected through an ester bond are still
rarely known previously as natural products, although a kaurane
diterpene dimer was previously isolated from Parinari campes-
tris.17,18 Erythrophlesins A–C (1–3) isolated here were evaluated
for TRAIL resistance-overcoming activity in AGS cells through cell
viability tests using FMCA methods,9,19 and the assay results are
summarized in Figure 2. In this experiment, luteolin was used as
a positive control, which produced about 70% more inhibition
along with TRAIL than with TRAIL alone.2,20 As a result, these com-
pounds proved to exhibit a significant TRAIL resistance-overcom-
ing activity at micromolar concentrations, implying that these
compounds (1–3) had a synergistic effect in combination with
TRAIL against AGS cells. In particular, compound 3 at 10 lM
showed a 37% decrease in cell viability in the presence of TRAIL
(100 ng/mL) compared with that in the absence of TRAIL, and, at
the same concentration, 3 alone showed still high cell viability
(92%). Resistance of cancer cells to TRAIL may occur at different
points in the TRAIL-mediated apoptotic pathways including, for
example, increase of apoptosis inhibitors, or decrease of apoptosis
inducers or death receptors. Studies clarifying the mechanism of
TRAIL resistance-overcoming activity of these diterpenoid dimers
are underway. Here we report the isolation of four new cassaine
diterpenoid dimers from E. succirubrum as having synergistic activ-
ity in sensitizing TRAIL-resistant AGS cells, thereby suggesting
their possible use in combination with TRAIL against human gas-
tric adenocarcinoma.
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