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A screening study for TRAIL resistance-overcoming activity was carried out, and activity-guided fractionations of TheVetia
peruViana and Sapindus emarginatus led to the isolation of four cardenolide glycosides (1-4) and four triterpenoid
saponins (5-8), respectively. In particular, cardenolide glycosides (1 and 2) from T. peruViana were shown to have a
significant reversal effect on TRAIL resistance in human gastric adenocarcinoma cells, and real-time PCR showed that
thevefolin (2) enhanced mRNA expression of death receptor 4 (DR4) and DR5. In addition, 1H and 13C NMR
characterizations are shown for thevefolin (2) for the first time.

Tumor necrosis factor (TNF)-related apoptosis-inducing 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.1 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 caspase-signaling pathways leading
to apoptosis. However, it has become a problem that considerable
numbers of cancer cells, especially some highly malignant tumors,
are resistant to apoptosis induction by TRAIL. A search for
compounds capable of abrogating TRAIL resistance has thus
become an important protocol for anticancer drug discovery.2

During our search for bioactive natural products from various
natural resources,3 we recently identified several natural products
that exhibited activities related to TRAIL signaling, such as a
cadinane-sesquiterpene dimer with DR5 expression enhancement
activity4 and new isoflavones with TRAIL-mediated ability of
apoptosis induction.5 In our screening program for TRAIL resistance-
overcoming substances from natural resources,6 the plants TheVetia
peruViana and Sapindus emarginatus were selected for further
studies of their active constituents. A number of cardiac and flavonol
glycosides having unique bioactivity such as HIV-1 reverse
transcriptase have been isolated from T. peruViana,7 while several
triterpene saponins and flavonoids are known from S. emarginatus.8

TRAIL resistance-overcoming activity of the extracts of these two
plants was assessed by comparing cell viability in the presence and
absence of TRAIL against TRAIL-resistant human gastric adeno-
carcinoma (AGS) cell lines. Bioassay-guided fractionation of the
extracts led to the isolation of four cardenolide glycosides (1-4)
and four triterpenoid saponins (5-8), respectively. Here, we report
the isolation, structure identification, and the TRAIL resistance-
overcoming activity of the isolated compounds.

The MeOH extract of the bark of T. peruViana (Apocynaceae)
was partitioned successively with n-hexane, EtOAc, n-BuOH, and
H2O. The EtOAc layer, which showed the most potent activity (39%
decrease in cell viability in the presence of TRAIL compared with

that in the absence of TRAIL at 2.1 µg/mL), was subjected to silica
gel column chromatography, followed by Sephadex LH-20 and
ODS-HPLC, to yield four cardenolide glycosides, neriifolin (1),9

thevefolin (2),10 peruvoside (3),11 and (20S)-18,20-epoxydigitoxi-
genin R-L-thvetoside (4).12 1H and 13C NMR data of compounds
1,9 3,11 and 413 are available in the literature, and comparison of
these data confirmed the structures of the compounds. On the other
hand, 1H and 13C NMR data of compound 2 were not sufficiently
available in the literature;10 however, the structure of compound 2
[thevefolin10 ) 14-hydroxy-3�-(R-L-thevetopyranosyl)-5R-card-
20(22)-enolide] could be identified by comparison of the 1H and
13C NMR data of 2 with those of the aglycone () uzarigenin) and
sugar () R-thevetopyranose) parts. 1H and 13C NMR chemical shifts
of the aglycone of 2 were consistent with those of the aglycone of
uzarigenin �-D-diginoside13 and 5R-cardenolides,14 while those of
the sugar were identical to those of the thevetosyl moiety of com-
pounds 1, 3, and 4.9,11,12 2D NMR experiments including HMQC
and HMBC spectra of compound 2 provided further structural
support of compound 2. The 1H and 13C NMR chemical shift data
of 2 are summarized in the Experimental Section, and these data
have not been previously described.

The MeOH extract of fruits of S. emarginatus (Sapindaceae) was
partitioned successively with n-hexane, EtOAc, n-BuOH, and H2O.
The most active EtOAc layer (40% decrease in cell viability in the
presence of TRAIL compared with that in the absence of TRAIL
at 50 µg/mL) was subjected to silica gel column chromatography,
followed by purification with ODS-HPLC to afford four triterpenoid
saponins, hederagenin 3-O-(2-O-acetyl-�-D-xylopyranosyl)-(lf3)-
R-L-rhamnopyranosyl-(1f2)-R-L-arabinopyranoside (5),15 heder-
agenin 3-O-(3,4-di-O-acetyl-�-D-xylopyranosyl)-(lf3)-R-L-rham-
nopyranosyl-(1f2)-R-L-arabinopyranoside (6),16 hederagenin 3-O-
(2,4-di-O-acetyl-�-D-xylopyranosyl)-(lf3)-R-L-rhamnopyranosyl-
(1f2)-R-L-arabinopyranoside (7 ) sapinmusaponin N),17 and
hederagenin 3-O-(4-O-acetyl-�-D-xylopyranosyl)-(lf3)-R-L-rham-
nopyranosyl-(1f2)-R-L-arabinopyranoside (8).16 Identification of
these known triterpenoid saponins was confirmed by comparing
1H and 13C NMR data with literature data.15-17

Compounds 1-8 were evaluated for their activity in overcoming
TRAIL resistance in AGS cells through cell viability tests using
FMCA methods,18 and the assay results are summarized in Figure
1. Luteolin was used as a positive control, which produced about
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Figure 1. Continued.
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70% more inhibition along with TRAIL than the TRAIL alone.6,19

Among these compounds, cardenolide glycosides neriifolin (1) and
thevefolin (2) exhibited significant TRAIL resistance-overcoming
activity at submicromolar concentrations. Compounds 1 (29.2 nM)
and 2 (125 nM) showed 36% and 46% decreases, respectively, in
cell viability in the presence of TRAIL (100 ng/mL) compared with
in the absence of TRAIL, and at the same concentration, 1 or 2
alone still showed high cell viability (79% and 65%, respectively),
implying that these compounds (1 and 2) had a synergistic effect
in combination with TRAIL against AGS cells. Triterpenoid
saponins 5-8 also exhibited appreciable TRAIL resistance-
overcoming activity. Particularly, treatment with compound 5 (27.1
µM) and TRAIL decreased cell viability 45% more than with
compound 5 alone. It was revealed that cardenolide glycosides 1-4
showed a synergistic effect at lower concentrations than triterpenoid
saponins 5-8.

The resistance of cancer cells to TRAIL may occur at different
points in the TRAIL-mediated apoptotic pathways including, for
example, the increase of apoptosis inhibitors or decrease of
apoptosis inducers or death receptors. Thus, up-regulation of the
expression of death receptors, such as DR4 or DR5, may be one of
the mechanisms of overcoming TRAIL resistance. Known carde-
nolides, such as oleandrin or digitoxin, were found to exhibit TRAIL
resistance-overcoming activity through enhancement of the expres-
sion of DR4 and DR5.20 We examined the effect of thevefolin (2)
on the mRNA expression of death receptors DR4 and DR5 by real-

time PCR analysis. Thevefolin (2) actually increased the mRNA
expression of DR4 and DR5 in a dose-dependent manner, as shown
in Figure 2.

In conclusion, we investigated a screening program targeting
TRAIL resistance-overcoming activity since compounds capable
of abrogating TRAIL resistance have become an important protocol
for anticancer therapy. As a result of our screening study on extracts
of various natural resources, we selected two plant extracts, T.
peruViana and S. emarginatus, as active samples and isolated
cardenolide glycosides from T. peruViana and triterpenoid saponins
from S. emarginatus through activity-guided fractionations. The
isolated compounds have synergistic activity in sensitizing TRAIL-
resistant AGS cells, and the mechanism of the TRAIL resistance
abrogating activity of thevefolin (2) was suggested through increase
of expression of death receptors, thereby suggesting their possible
useincombinationwithTRAILagainsthumangastricadenocarcinoma.

Experimental Section

General Experimental Procedures. NMR spectra were recorded
on a JEOL JNM ECP600 spectrometer with a deuterated solvent (CDCl3
and CD3OD) whose chemical shift was taken as an internal standard.

Plant Materials. T. peruViana and S. emarginatus plants were
collected in Khon Kaen, Thailand, and were identified by T. Kowith-
ayakorn. Voucher specimens (T. peruViana, 7-213; S. emarginatus,
7-150) have been deposited in our laboratory.

Extraction and Isolation from T. peruWiana. Air-dried bark (400
g) was extracted with MeOH. The combined extract (35.5 g) suspended
in 10:90 MeOH/H2O (300 mL) was partitioned with n-hexane (300

Figure 1. Effect of compounds 1-8 on the cell viability of AGS cells in the presence and absence of TRAIL.
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mL × 3), EtOAc (300 mL × 3), and n-BuOH (300 mL × 3). The
EtOAc-soluble fraction (2.1 g) was subjected to silica gel column
chromatography (3.2 × 20 cm) using a gradient of increasing MeOH
(0-100%) in CHCl3. The fraction (0.15 g) eluted with 10:90 MeOH/
CHCl3 was further separated by Sephadex LH-20 (1.7 × 55 cm) eluted
with MeOH, followed by reversed-phase HPLC with 65:35 MeOH/
H2O (Inertsil ODS-3, 10 × 250 mm; flow rate, 2.5 mL/min; UV
detection at 230 nm) to give compounds 1 (2.1 mg, tR ) 32 min), 2
(1.5 mg, tR ) 35 min), 3 (0.9 mg, tR ) 16 min), and 4 (1.2 mg, tR )
20 min).

1H and 13C NMR Data of Compound 2: 1H NMR (CDCl3) δH

1.73 (1H, dt, J ) 13.6 and 3.6 Hz; H-1a), 0.98 (1H, m; H-1b), 1.83
(1H, m; H-2a), 1.50 (1H, m; H-2b), 3.53 (1H, m; H-3), 1.64 (1H,
m; H-4a), 1.23 (1H, m; H-4b), 1.05 (1H, m; H-5), 1.36 (1H, m; H-
6a), 1.23 (1H, m; H-6b), 1.91 (1H, dd, J ) 12.8 and 3.6 Hz; H-7a),
1.05 (1H, m; H-7b), 1.50 (1H, m; H-8), 0.90 (1H, m; H-9), 1.50
(1H, m; H-11a), 1.23 (1H, m; H-11b), 1.50 (1H, m; H-12 a), 1.36
(1H, m; H-12b), 2.08 (1H, m; H-15a), 1.64 (1H, m; H-15b), 2.08
(1H, m; H-16a), 1.83 (1H, m; H-16b), 2.76 (1H, m; H-17), 0.86
(3H, s; H3-18), 0.79 (3H, s; H3-19), 4.96 (1H, dd, J ) 18.0 and
1.6 Hz; H-21a), 4.78 (1H, dd, J ) 18.0 and 2.0 Hz; H-21b), 5.85
(1H, br s; H-22), 4.88 (1H, d, J ) 4.4 Hz; H-1′), 3.53 (1H, dd, J )
8.8 and 4.4 Hz; H-2′), 3.22 (1H, t, J ) 8.8 Hz; H-3′), 3.11 (1H, t,
J ) 8.8 Hz; H-4′), 3.74 (1H, dq, J ) 9.2 and 6.4 Hz; H-5′), 1.23
(3H, d, J ) 6.4 Hz; H3-6′), and 3.65 (3H, s; MeO-3′); 13C NMR
(CDCl3) δC 37.1 (C-1), 29.3 (C-2), 77.2 (C-3), 34.2 (C-4), 44.2 (C-
5), 28.5 (C-6), 27.3 (C-7), 41.6 (C-8), 49.7 (C-9), 35.8 (C-10), 21.1
(C-11), 39.8 (C-12), 49.5 (C-13), 85.5 (C-14), 33.1 (C-15), 26.8
(C-16), 50.8 (C-17), 15.7 (C-18), 12.2 (C-19), 174.4 (C-20), 73.4
(C-21), 117.7 (C-22), 174.4 (C-23), 97.0 (C-1′), 72.8 (C-2′), 84.4
(C-3′), 74.9 (C-4′), 67.3 (C-5′), 17.5 (C-6′), and 60.8 (MeO-3′).

Extraction and Isolation from S. emarginatus. Air-dried fruit (40
g) was extracted with MeOH. The combined extract (16.6 g)
suspended in 10:90 MeOH/H2O (200 mL) was partitioned with
n-hexane (200 mL × 3), EtOAc (200 mL × 3), and n-BuOH (200
mL × 3). The EtOAc-soluble fraction (3.6 g) was subjected to silica
gel column chromatography (column A, 2.3 × 550 cm) using a
gradient of increasing MeOH (0-100%) in CHCl3. A fraction (0.33
g) of column A eluted with 17:83 MeOH/CHCl3 was further
separated by ODS open column chromatography (1.7 × 60 cm) using
a gradient of increasing MeOH (29-100%) in H2O, followed by
Diol-HPLC [Inertsil Diol, 6.0 × 250 mm; flow rate, 0.9 mL/min;
RI detection; eluant, 90:10:1 CHCl3/MeOH/H2O] to give compound
5 (4.9 mg, tR ) 18 min). A fraction (0.14 g) of column A eluted
with 9:91 MeOH/CHCl3 was purified by reversed-phase HPLC
[YMC-Pack C18 Pro, 10 × 250 mm; flow rate, 1.5 mL/min; UV
detection at 210 nm; eluant, 55:45 CH3CN/H2O] to give compound
6 (9.4 mg, tR ) 32 min). A fraction (0.13 g) of column A eluted
with 10% MeOH in CHCl3 was purified by reversed-phase HPLC
[YMC-Pack C18 Pro, 10 × 250 mm; flow rate, 1.8 mL/min; UV
detection at 210 nm; eluant, 45:55 CH3CN/H2O] to give compound
7 (13.5 mg, tR ) 72 min). Another fraction (0.19 g) of column A
eluted with 10:90 MeOH/CHCl3 was purified by reversed-phase
HPLC [Develosil C30-UG-5, 10 × 250 mm; flow rate, 1.3 mL/

min; UV detection at 210 nm; eluant, 50:50 CH3CN/H2O] to give
compound 8 (6.1 mg, tR ) 48 min).

Fluorometric Microculture Cytotoxicity Assay (FMCA).19 AGS
cells were seeded in a 96-well culture plate (6 × 103 cells per well) in
200 µL of RPMI medium containing 10% FBS. Cells were incubated
at 37 °C in a 5% CO2 incubator for 24 h, and then the test samples
with or without TRAIL (100 ng/mL) at different concentrations were
added to each well. After 24 h incubation, the cells were washed with
PBS, and 200 µL of PBS containing fluorescein diacetate (10 µg/mL)
was added to each well. The plates were then incubated at 37 °C for
1 h, and fluorescence was measured in a 96-well scanning spectrof-
luorometer at 538 nm, following excitation at 485 nm.

Real-Time RT-PCR Analysis. 4 RNA samples, obtained from
cultured AGS cells treated with three concentrations (125, 250, and
500 µM) of compound 2, were reverse transcribed using RT-PCR
SuperScript III Platinum Two-step qRT-PCR Kit (Invitrogen) and
TaKaRa PCR Thermal Cycler Dice (TaKaRa). The template cDNA
thus obtained was incubated with 200 nM gene-specific primers
(Fasmac) and a Platinum SYBR Green SuperMix-UDG (Invitrogen)
in a Mx3000 QPCR System (Stratagene). The thermal cycling program
was initial incubation (50 °C for 2 min), initial denaturation (95 °C for
2 min), and 40 cycles of denaturation (95 °C for 15 s), annealing, and
extension (60 °C for 30 s). The primer sets were as follows:
glyceraldehydes-3-phosphate dehydrogenase (GAPDH), 5′-ATGGG-
GAAGGTGAAGGTCG-3′ and 5′-TAAAAGCAGCCCTGGTGACC-
3′; DR5 (TRAIL-R2), 5′-GAGCTAAGTCCCTGCACCAC-3′ and 5′-
AATCACCGACCTTGACCATC-3′; DR4 (TRAIL-R1), 5′-CCGCGG-
CCACACCCAGAAAGT-3′ and 5′-GTACATGGGAGGCAAGCAAA-
CAAA-3′. A fluorescence signal was collected at the end of each cycle.
After the reactions were terminated, the signal at each temperature,
from 60 to 95 °C, was also collected for dissociation curve analysis.
All reactions were performed in triplicate to confirm reproducibility,
and the amount of target mRNA in each sample was normalized with
that of mean GAPDH, an endogenous control.
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