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Abstract Sixteen cardenolide triglycosides (1–16) were iso-
lated from stems, twigs, and leaves of Nerium oleander. 
Among them, 3β-O-(4-O-gentiobiosyl-d-diginosyl)-7β,8-
epoxy-14-hydroxy-5β,14β-card-20(22)-enolide, named 
cardenolide B-3 (16), was isolated from natural sources for 
the fi rst time. The in vitro anti-infl ammatory activities of 
compounds 1–16 were examined on the basis of inhibitory 
activity against the induction of intercellular adhesion mol-
ecule-1 (ICAM-1). Compounds 1–5 were active at an IC50 
value of less than 7 μM. The cytotoxic activity of isolated 
compounds was evaluated against three human cell lines: 
normal human fi broblast cells (W-38), malignant tumor cells 
induced from WI-38 (VA-13), and human liver tumor cells 
(HepG2). Compounds 1–5 were active toward WI-38 cells; 
compounds 1, 3, and 5 were active toward VA-13 cells; and 
compounds 1–5 were active toward HepG2 cells at IC50 
values of less than 10 μM. The multidrug-resistant (MDR) 
cancer-reversal activity of compounds 1–16 was evaluated 
on the basis of the amount of calcein accumulated in MDR 
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human ovarian cancer 2780AD cells in the presence of each 
compound. Compounds 13 and 14 showed signifi cant effects 
on calcein accumulation.
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Introduction

Nerium oleander is a medium-sized (2–5 m in height) ever-
green fl owering tree and is planted throughout Japan as a 
garden and roadside tree. Cardenolides of this plant were 
investigated because of the interest in their biological activi-
ties.1 The cardiac glycosides digitoxin and digoxin have been 
used in treatment of cardiac diseases for many years.1,2 Anti-
cancer utilization of digitoxin, digoxin, and related cardeno-
lides has also been investigated.3,4 We recently took a fresh 
look at the bioactive cardenolides5 and pregnanes6 of N. 
oleander and investigated their biological activities. Further 
investigation of the chemical constituents of stems, twigs, 
and leaves resulted in a new cardenolide triglycoside, carde-
nolide B-3 (16), and fi fteen known cardenolide triglycosides 
1–15 (Fig. 1). We report here their biological activities such 
as anti-infl ammatory activity, cytotoxic activity toward 
human tumor cells, and multidrug-resistant (MDR) cancer-
reversal activity.

Experimental

The instrumentation and chromatography were the same as 
described previously.5,6

Plant material

The stems, twigs, and leaves of N. oleander were collected 
in Niigata City, Niigata Province, Japan, in November 2001. 
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The plant was identifi ed by Dr. K. Yonekura, Department 
of Biology, Faculty of Science, Tohoku University, Sendai, 
Japan. A voucher specimen (2001-11-10) was deposited at 
the Department of Chemistry and Chemical Engineering, 
Niigata University.

Extraction and isolation

From stems and twigs. The n-butanol extract (244 g) was 
obtained from air-dried stems and twigs (19.46 kg) of N. 
oleander by the extraction procedures shown in Fig. 2. This 
material was separated by a combination of column chro-
matography [silica gel, gradient (CHCl3–MeOH)] and 
reversed-phase HPLC [ODS, gradient (MeOH–CH3CN–
H2O)] by the separation procedures shown in Fig. 3. The 
isolated compounds and their yields were as follows: 1 
[7.280 g (0.0374%)], 2 [12.630 g (0.0649%)], 3 [1.627 g 
(0.0084%)], 4 [2.307 g (0.0119%)], 5 [0.717 g (0.0037%)], 6 
[1.036 g (0.0053%)], 7 [0.454 g (0.0023%)], 8 [2.860 g 
(0.0147%)], 9 (0.450 g (0.0023%)), 10 [0.482 g (0.0025%)], 
11 [0.510 g (0.0026%)], 14 [0.741 g, (0.0038%)], 15 [1.977 g, 
(0.0102%)], 16 [0.162 g (0.0008%)].

From leaves. The n-butanol extract (528 g) was obtained 
from air-dried leaves (9.91 kg) of N. oleander by the extrac-
tion procedures shown in Fig. 4. This material was separated 

by a combination of column chromatography [silica gel, 
gradient (CHCl3–MeOH–H2O)] and reversed-phase HPLC 
[ODS, gradient (MeOH–CH3CN–H2O)] by the separation 
procedures shown in Fig. 5. The isolated compounds and 
their yields were as follows: 1 [280 mg (0.0028%)], 2 [142 mg 
(0.0014%)], 3 [277 mg (0.0028%)], 5 [1408 mg (0.0142%)], 
8 [1166.2 mg (0.0118%)], 11 [60 mg (0.0006%)], 12 [115 mg 
(0.0012%)], 13 [147 mg (0.0015%)], 14 [237 mg, (0.0024%)], 
15 [786 mg, (0.0079%)].

Identifi cation of isolated compounds

Cardenolide B-3 (16) was newly isolated by us from N. 
oleander and its structure determination was reported sepa-
rately.7 The physical constants and spectral data for the 
identifi cation of 16 are described in this report.7 Although 
the structures of 8 and 10 have already been reported by 
Yamauchi et al., their structure elucidation was based on 
products resulting from acid and enzymatic hydrolyses of 
a mixture of 8 and 10.8 Since we isolated 8 and 10 in pure 
form in this work, their structures were confi rmed by the 
analyses of 1H- and 13C-NMR spectra including 1H-1H 
correlation spectroscopy (1H-1H COSY), distortionless 
enhancement by polarization transfer (DEPT), heteronu-
clear multiple quamtum coherence (HMQC), heteronuclear 
multiple bond coherence (HMBC), and nuclear overhauser 
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Fig. 1. Cardenolide triglycosides 
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Stems and Twigs of Nerium oleander
                          19.46 kg

MeOH 85 L, 20 days

The MeOH extract was concentrated to 4.0 L

Extraction with hexane
 8 x 1 L

n-Hexane extract
65.2 g

Extraction with EtOAc
 3 x 3 L

EtOAc extract
96.5 g

H2O, 1 L

Extraction with n-BuOH
 3 x 3 L

n-BuOH extract
244 g

Cardenolide triglycosides

Fig. 2. Extraction procedures of the stems and twigs of Nerium olean-
der. EtOAc, ethyl acetate

n-BuOH extract
244 g

Silica gel column chromatography
CHCl3–MeOH  gradient

F22-29 (42.1 g) F30-38 (35.50 g) F39-44 (35.5 g)8:2 8:2, 7:3 7:3
CHCl3–MeOH CHCl3–MeOH

    B
 2.82 g

    A
17.46 g

(1:4:10)

C D
9.23 g 9.07g

(3:11:0)
(1:4:13)

16 0.162 g
3 1.250 g

 14 0.741 g
1  4.800 g
5 0.717 g
6 0.680 g

(1:4:11)

 15 1.730 g
8 2.860 g

10 0.482 g

(1:4:11)

  4  1.870 g
2  7.990 g
7  0.454 g
9  0.450 g

11  0.510 g
  3  0.377 g

1  2.480 g

     E
0.773 g

(1:6:12)

  6  0.356 g
15  0.247 g

(1:4:11)

4  0.437 g
2  4.640 g

Reversed phase HPLC   (MeOH–CH3CN–H2O)

CHCl3–MeOH

Fig. 3. Separation procedures of 
n-butanol extract of the stems 
and twigs of Nerium oleander

Leaves of Nerium oleander
                 9.91 kg

MeOH 144 L, 7 days

The MeOH extract was concentrated to 10.0 L

Extraction with hexane
 5 x 5 L

n-Hexane extract
120.2 g

Extraction withEtOAc
 5 x 5 L

EtOAc extract
519 g Extraction with n-BuOH

 4 x 10 L

n-BuOH extract
528 g

Cardenolide triglycosides

H2O, 10 L

H2O, 10 L

Fig. 4. Extraction procedures of the leaves of Nerium oleander

effect spectroscopy (NOESY) experiments. The physical 
constants and NMR and IR spectroscopic data for 8 and 10 
are given below.

3β-O-(4-O-Gentiobiosyl-D-diginosyl)-8,14-epoxy-5β,14β-
card-20(22)-enolide.8 8 was obtained as colorless microcrys-
tals; mp 201°–203°C (acetone-hexane); [α]D

20 +14.6° (c 0.125, 
MeOH). 1H NMR (C5D5N) δ 6.04 (1H, br s, 22-H), 5.14 (1H, 
d, J = 7.8 Hz, 1′″-H), 5.05 (1H, d, J = 7.8 Hz, 1″-H), 4.91 (1H, 

dd, J = 17.5, 1.7 Hz, 21b-H), 4.81 (1H, dd, J = 17.5, 2.0 Hz, 
21a-H), 4.77 (1H, m, 6″b-H), 4.64 (1H, dd, J = 9.6, 1.7 Hz, 
1′-H), 4.48 (1H, m, 6′″b-H), 4.34 (1H, m, 6′″a-H), 4.31 (1H, 
m, 3-H), 4.28 (1H, m, 4′-H), 4.26 (1H, m, 6″a-H), 4.19 
(1H, m, 4′″-H), 4.18 (1H, m, 3′″-H), 4.11 (1H, m, 3″-H), 4.04 
(1H, m, 5″-H), 4.00 (1H, m, 2′″-H), 3.98 (1H, m, 4″-H), 3.91 
(1H, m, 5′″-H), 3.87 (1H, m, 2″-H), 3.53 (1H, q, J = 6.3 Hz, 
5′-H), 3.42 (1H, m, 3′-H), 3.35 (3H, s, OMe), 2.46 (1H, m, 
17-H), 2.35 (1H, m, 2′b-H), 2.12 (1H, m, 2′a-H), 1.95 (1H, m, 
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4.02 (1H, m, 2′″-H), 3.98 (1H, m, 4″-H), 3.92 (1H, m, 5′″-H), 
3.88 (1H, m, 2″-H), 3.52 (1H, q, J = 6.4 Hz, 5′-H), 3.42 (1H, 
m, 3′-H), 3.36 (3H, s, 3′-OMe), 2.36 (1H, m, 2′b-H), 2.12 (1H, 
m, 2′a-H), 1.95 (1H, m, 9-H), 1.92 (1H, m, 5-H), 1.65 (3H, d, 
J = 6.4 Hz, 6′-H), 1.24 (3H, s, 18-H), 1.10 (3H, s, 19-H). 13C 
NMR (C5D5N): see Table 1. IR (KBr): νmax cm−1 3452, 1746.

The structures of the known compounds 1–7, 9, 11–15 
were confi rmed by analyses of 1H- and 13C-NMR spectra, 
including H-H COSY, DEPT, HMQC, HMBC, and NOESY 
experiments as well as by comparison of their spectral data 
and physical data with those reported previously. The physi-
cal constants, IR spectroscopic data, and references are 
given below. For convenience in identifi cation of the com-
pounds, 13C NMR spectroscopic data of compounds 1–16 
are summarized in Table 1.

3β-O-(4-O-Gentiobiosyl-D-diginosyl)-14-hydroxy-
5β,14β-card-20(22)-enolide.8,9 1 was obtained as a colorless 
powder; mp 175°–179°C (acetone–hexane); [α]D

20 −23.5° (c 
0.625, MeOH). IR (KBr): νmax cm−1 3508, 1742.

3β-O-(4-O-Gentiobiosyl-D-digitalosyl)-14-hydroxy-
5β,14β-card-20(22)-enolide. 8,10,11 2 was obtained as a color-
less powder; mp 172°–175°C (acetone–hexane); [α]D

20 −18.9° 
(c 0.730, MeOH). IR (KBr): νmax cm−1 3408, 1745.

3β-O-(4-O-Gentiobiosyl-D-diginosyl)-16β-acetoxy-14-
hydroxy-5β,14β-card-20(22)-enolide.12 3 was obtained as a 
colorless powder; mp 180°–183°C (acetone–hexane); [α]D

20 
−28.0° (c 0.596, MeOH). IR (KBr): νmax cm−1 3408, 1745.

3β-O-(4-O-Gentiobiosyl-D-digitalosyl)-16β-acetoxy-14-
hydroxy-5β,14β-card-20(22)-enolide.13 4 was obtained as a 
colorless powder; mp 185°–190°C (acetone–hexane); [α]D

20 
−18.3° (c 0.769, MeOH). IR (KBr): νmax cm−1 3418, 1738.

3β-O-(4-O-Gentiobiosyl-L-oleandrosyl)-16β-acetoxy-14-
hydroxy-5β,14β-card-20(22)-enolide.8 5 was obtained as a 
colorless powder; mp 169°–173°C (acetone–hexane); [α]D

20 
−60.9° (c 0.465, MeOH). IR (KBr): νmax cm−1 3354, 1738.

3β-O-(4-O-Gentiobiosyl-D-diginosyl)-14-hydroxy-
5α,14β-card-20(22)-enolide (odoroside K).9,14 6 was obtained 
as a colorless powder; mp 166°–168°C (acetone–hexane); 
[α]D

20 −22.8° (c 0.654, MeOH); IR (KBr): νmax cm−1 3250, 1740. 
3β-O-(4-O-Gentiobiosyl-D-digitalosyl)-14-hydroxy-

5α,14β-card-20(22)-enolide.10 7 was obtained as a colorless 
powder; mp 170°–173°C (acetone–hexane); [α]D

29 −23.6° 
(c 0.585, MeOH). IR (KBr): νmax cm−1 3474, 1726.

3β-O-(4-O-Gentiobiosyl-D-digitalosyl)-8,14-epoxy-
5β,14β-card-20(22)-enolide.12 9 was obtained as a colorless 
powder; mp 170°–172°C (acetone–hexane); [α]D

28 −20.6° 
(c 0.631, MeOH). IR (KBr): νmax cm−1 3303, 1746.

3β-O-(4-O-Gentiobiosyl-D-digitalosyl)-8,14-epoxy-
5β,14β-card-16,20(22)-enolide.12 11 was obtained as a color-
less powder; mp 181°–184°C (acetone–hexane); [α]D

20 +28.5° 
(c 0.260, MeOH). IR (KBr): νmax cm−1 3344, 1746.

3β-O-(4-O-Gentiobiosyl- L-oleandrosyl)-14,16β-dihydroxy-
5β,14β-card-20(22)-enolide.12 12 was obtained as a colorless 
powder (acetone–hexane); mp 208°–211°C; [α]D

20 −41.0° (c 
0.315, MeOH). IR (KBr): νmax cm−1 3431, 1728.

3β-O-(4-O-Gentiobiosyl-D-diginosyl)-8β,14-dihydroxy-
5β,14β-card-20(22)-enolide.12 13 was obtained as a colorless 
powder (acetone–hexane); mp 181°–184°C; [α]D

20 −21.5° (c 
0.455, MeOH). IR (KBr): νmax cm−1 3430, 1738.

n-BuOH extract
          528 g

MeOH  1.5 L

Precipitate Filtrate

Extraction with a mixture of CHCl3-MeOH (9:1)

Precipitate Filtrate 184 g

Silica gel column chromatography
CHCl3-MeOH-H2O (8:2:0.2)

B (6.66 g)

Extraction with a mixture of CHCl3-MeOH (8:2)

PrecipitateFiltrate  47.2 g

C (11.9 8 g)

Reversed phase HPLC

(1:4:10) (1:1:2) (1:4:11)

      
(474 mg)

(6.980 g)

1320 mg

3

(0:3:10)

(1:4:12)

(415 mg)

225 mg

(2.150 g)

(931 mg)

(1:4:13)

14
237 mg

(1:4:12)

1
121 mg

5

15
672 mg

B1 (2.28 g)
(0:3:7)

(365 mg)
(1:0:1)

12
115 mg

300 mg
(1:0:1)

13 147 mg

(198 mg)
(1:0:1)

3
52 mg

B2 (787 mg)
(1:4:10)

1
111 mg

(0:28:72)

1 5
48 mg 88 mg

B3 (410 mg)
(3:0:7)

8
96.2 mg

C1 (4.12 g)
(0:3:7)
(0:47:53)

2
142 mg

A (10.59 g)

 (436 mg)

8
1.070 g

(MeOH-CH3CN-H2O)

15
114 mg

11 60 mg

(1:4:12)

B22

A2

A21

A22

A23

B11

B12

B13

A1

Fig. 5. Separation procedures of n-butanol extract of the leaves of 
Nerium oleander

5-H), 1.64 (1H, d, J = 6.3 Hz, 6′-H), 1.07 (3H, s, 19-H), 0.80 
(3H, s, 18-H). 13C NMR (C5D5N): see Table 1. IR (KBr): νmax 
cm−1 3404, 1747.

3β-O-(4-O-Gentiobiosyl-D-diginosyl)-8,14-epoxy-
5β,14β-card-16,20(22)-enolide.8 10 was obtained as colorless 
microcrystals; mp 160°–163°C (acetone-hexane); [α]D

20 22.8° 
(c 0.785, MeOH).1H NMR (C5D5N) δ 6.28 (1H, m, 22-H), 
6.08 (1H, br t, J = 2.8 Hz, 16-H), 5.15 (1H, d, J = 7.6 Hz, 
1′″-H), 5.09 (1H, d, J = 7.8 Hz, 1″-H), 5.09 (1H, br dd, J = 
16.2, 1.7 Hz, 21b-H), 5.05 (1H, br dd, J = 16.2, 1.7 Hz, 21a-H), 
4.79 (1H, dd, J = 11.8, 1.7 Hz, 6″b-H), 4.68 (1H, br dd, J = 
9.5, 2.0, 1′-H), 4.50 (1H, dd, J = 11.6, 2.4 Hz, 6′″b-H), 4.34 
(1H, dd, J = 11.7, 5.4 Hz, 6′″a-H), 4.31 (1H, m, 4′-H), 4.29 
(1H, m, 3-H), 4.27 (1H, m, 6″a-H), 4.21 (1H, m, 4′″-H), 
4.18 (1H, m, 3′″-H), 4.12 (1H, m, 3″-H), 4.07 (1H, m, 5″-H), 
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3β-O-(4-O-Gentiobiosyl-D-diginosyl)-14α-hydroxy-8-
oxo-8,14-seco-5β-card-20(22)-enolide.15 14 was obtained as 
a colorless powder; mp 185°–189°C (acetone–hexane); [α]D

20 
−11.3° (c 0.515, MeOH). IR (KBr): νmax cm−1 3514, 1745.

3β-O-(4-O-gentiobiosyl-D-diginosyl)-14-oxo-15(15→8)
abeo-card-20(22)-enolide.16 15 was obtained as a colorless 
powder; mp 184°–186°C (acetone–hexane); [α]D

20 +14.6° (c 
0.125, MeOH); IR (KBr): νmax cm−1 3403, 1747.

Inhibitory activity on induction of intercellular adhesion 
molecule-1 (ICAM-1)

Cells. Human lung carcinoma A549 cells were provided 
by the Heath Science Research Resources Bank (Tokyo, 
Japan). A549 cells were maintained in RPMI 1640 medium 
(Invitrogen, Carlsbad, CA) supplemented with 10% (v/v) 
fetal calf serum (JRH Bioscience, Lenexa, KS) and a 
penicillin–streptomycin–neomycin antibiotic mixture 
(Invitrogen).

Reagent. Mouse anti-human ICAM-1 antibody (clone 15.2) 
was purchased from Leinco (St. Louis, MO), and peroxi-
dase-conjugated goat anti-mouse IgG antibody was obtained 
from Jackson ImmunoResearch (West-Grove, PA, USA). 
Recombinant human IL-1α and TNF-α were kindly pro-
vided by Dainippon Pharmaceutical Co. Ltd. (Osaka, Japan).

Procedures. A549 cells were seeded in a microtiter plate at 
2 × 104 cells/well the day before the assay. After A549 cells 
were pretreated with or without test compounds in 75 μl for 
1 h, 25 μl of IL-1α (1 ng/ml) or TNF-α (10 ng/ml) were 
added to the culture, and the cells were further incubated 
for 6 h. The cells were washed once with phosphate-buff-
ered saline (PBS) and fi xed by incubation with 1% parafor-
maldehyde–PBS for 15 min and then washed once with 
PBS. After blocking with 1% bovine serum albumin–PBS 
overnight, the fi xed cells were treated with mouse anti-
human ICAM-1 antibody for 60 min. After being washed 
three times with 0.02% Tween 20–PBS, the cells were 
treated with horseradish peroxidase-linked anti-mouse IgG 
antibody for 60 min. The cells were washed three times with 
0.02% Tween 20–PBS. The cells were incubated with the 
substrate (0.1% o-phenylenediamine dihydrochloride and 
0.02% H2O2 in 0.2 M sodium citrate buffer, pH 5.3) for 
20 min at 37°C in the dark and assayed for absorbance at 
415 nm by using a microplate reader. Expression of ICAM-1 
was calculated as follows:

Expression of ICAM-1 (% of control) = [(absorbance 
with sample and cytokine treatment − absorbance 
without cytokine treatment)/(absorbance with cytokine 
treatment − absorbance without cytokine treatment)] × 
100

Cell viability. A549 cells (2 × 104 cells/well) were seeded in 
a microtiter plate the day before the assay and incubated in 
the presence or absence of test compounds for 24 h. For the 
last 4 h of induction, the cells were pulsed with 500 μg/ml 
of 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT). MTT formazan was solubilized with 5% 
sodium dodecyl sulfate (SDS) overnight. Absorbance at 
595 nm was measured and cell viability (%) was calculated 
as follows:

Cell viability (%) = [(experimental absorbance 
− background absorbance)/(control absorbance 
− background absorbance)] × 100

Cell growth inhibitory activity of compounds to WI-38 
fi broblast cells, VA-13 malignant tumor cells, and HepG2 
human liver tumor cells in vitro

Experimental details were described in a previous article.17

Cellular accumulation of calcein

Cells. Adriamycin-resistant human ovarian cancer A2780 
cells (AD10) were maintained in RPMI 1640 medium (Invi-
trogen) supplemented with 10% (v/v) FBS (Fitron, Austra-
lia) with 80 μg/ml kanamycin.

Procedures. Medium (100 μl) containing ca. 1 × 106 cells 
was incubated at 37°C in a humidifi ed atmosphere contain-
ing 5% CO2 for 24 h. Test compounds were dissolved in 
dimethyl sulfoxide and diluted with phosphate-buffered 
saline, PBS (−). Test samples (50 μl) were added to the 
medium and incubated for 15 min. Then, 50 μl of the fl uo-
rogenic dye calcein acetoxymethyl ester (AM) [1 μl in PBS 
(−)]was added to the medium, and incubation was contin-
ued for a further 60 min. After removing the supernatant, 
each microplate was washed with 200 μl of cold PBS (−). 
The washing step was carried out three times and 200 ml of 
cold PBS (−) was added. Retention of the resulting calcein 
was measured as calcein-specifi c fl orescence. The absorp-
tion maximum for calcein is 494 nm and the emission 
maximum is 517 nm.

Results and discussion

In vitro anti-infl ammatory activity

Expression of ICAM-1 is induced by interleukin-1 (IL-1) 
and tumor necrosis factor-α(TNF-α) on the surface of endo-
thelial cells of blood vessels. The interaction between 
ICAM-1 expressed on vascular endothelium and its coun-
terpart lymphocyte function-associated antigen-1 (LFA-1) 
on leukocytes plays an essential role in the transendothelial 
migration of leukocytes into infl ammation sites.18 Attacks 
from leukocytes cause serious damage to infl ammatory 
tissue. Infl ammatory cytokines such as IL-1 and TNF-α 
target neighboring endothelial cells to activate the NF-κB 
signaling pathway that induces a variety of genes, including 
ICAM-1.19 Expression of excess ICAM-1 on the surface of 
activated endothelial cells of blood vessel plays an impor-
tant role in the progress of the infl ammatory reaction. These 
facts suggest that an inhibitor of induction of ICAM-1 may 



62

turn out to yield a new type of anti-infl ammatory agent. 
With this in mind, we began to examine compounds 1–16 to 
determine their inhibitory activities on the induction of 
ICAM-1 through bioassays. The in vitro anti-infl ammatory 
activity of isolated compounds 1–16 was estimated by inhi-
bition of the induction of ICAM-1 in the presence of IL-1α 
and TNF-α20–22 using human cultured cell line A549 cells, an 
in vitro human endothelial cell model. Cell viability was 
measured by MTT assay (Table 2). The assay results of 1–16 
are summarized as follows: (1) The 14-hydroxy-5β,14β-
card-20(22)-enolide structure is important for the inhibitory 
activity on the induction of ICAM-1, such as that shown 
for 1–5. (2) Among these, 3β-O-(4-O-gentiobiosyl-l-
oleandrosyl)-16β-acetoxy-14-hydroxy-5β,14β-card-20(22)-
enolide (5) is the most effective compound. Since 5 showed 
very weak cytotoxic activity (IC50 > 316 μM), it may be a 
potentially desirable anti-infl ammatory agent. (3) Structural 
changes at C-3 of 5 from 3β-O-(4-O-gentiobiosyl-l-
oleandrosyl) to 3β-O-(4-O-gentiobiosyl-d-diginosyl) or 
3β-O-(4-O-gentiobiosyl-d-digitalosyl) did not result in as 
great a change in activity as similar changes in 3 and 4 did. 
(4) Elimination of an acetoxy group at C-16 in 3 and 4 did 
not induce as great a change in activity as similar elimina-
tions in the corresponding compounds 1 and 2 did. (5) Intro-
duction of an additional hydroxyl group at C-8 in 1 to 13 or 
a change of the 14-hydroxy group of 2 to the 8,14-epoxide 
ring of 9 led to a large decrease in activity. Changing the 
14-hydroxy group of 1 to the 8,14-epoxide ring of 8 led to 
a loss of activity. (6) The change of the 5β,14β-card-20(22)-
enolide structure of 1 and 2 to the corresponding 5α,14β-
card-20(22)-enolide structure of 6 and 7 led to a large 
decrease of activity. (7) Introduction of an epoxide ring at 
the 7,8 position of 1 led to as large a decrease of activity as 
that shown for 16. In conclusion, 14-hydroxy-5β,14β-card-
20(22)-enolide is the essential structure for the inhibitory 
activity of induction of ICAM-1. Introduction of one more 
hydroxy group at C-8 or C-16 or the change of the 
14-hydroxy group to an 8,14-epoxy group led to a large 
decrease of activity, as shown in 13, 12, and 9, or the loss of 
activity, as shown in 8. Introduction of a new epoxide ring 
at the 7β,8β position of 1 also led to a large decrease of 
activity in 16. Compounds 1–7 and 9–16 showed inhibitory 

activity on the induction of ICAM-1 induced by IL-1α and 
TNF-α at roughly the same level. These results suggest that 
the compounds block the common signaling pathway of 
NF-κB activation downstream of IκB kinase activation, the 
de novo RNA/protein synthesis of ICAM-1, or its intracel-
lular transport to the plasma membrane.

Cytotoxic activities of compounds toward human cancer 
and normal cells

Cytotoxic activities of 1–16 were evaluated against three 
cell lines: WI-38 fi broblast cells, VA-13 malignant tumor 
cells, and HepG2 human liver tumor cells (Table 3). The 
results for 1–16 are summarized as follows: (1) The 
14-hydroxy-5β,14β-card-20(22)-enolide structure is impor-
tant for the cell growth inhibitory activity of cardenolides. 
Thus compounds 1 and 2, with 14-hydroxy-5β,14β-card-
20(22)-enolide functionalities, showed stronger activities 

Table 2. Effect of compounds on induction of intercellular adhesion molecule-1 (ICAM-1) and on cell viability (IC50, μM)

Assay 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

IL-1αa,b 5.31 3.16 4.71 6.54 1.69 65.4 34.3 >316 67.8 >316 78.1 36.2 66.6 53.6 >316 150
TNF-αa,b 3.40 2.01 2.48 3.29 1.20 46.0 25.2 >316 44.5 203 62.2 25.7 49.0 36.5 149 66.2
Cell viability by 

MTT assayc,d
>316 >316 >316 >316 >316 >316 >316 >316 >316 >316 >316 >316 >316 >316 >316 >316

MTT, 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyl tetrazolium bromide
a IC50 was calculated using the following equation. Expression of ICAM-1 (% of control) = [(absorbance with sample and IL-1α/TNF-α 
treatment − absorbance without IL-1α/TNF-α treatment)/(absorbance with IL-1α/TNF-α treatment − absorbance without IL-1α/TNF-α 
treatment)] × 100. IC50 values are means of two independent experiments except for 16
b A549 cells (2 × 104 cells/well) were pretreated with various concentrations of the compounds for 1 h and then incubated in the presence of 
IL-1α or TNF-α for 6 h. Absorbance of 415 nm was assayed after treatment of the cells with primary and secondary antibodies and addition of 
the enzyme substrate. The experiments were carried out in triplicate cultures
c IC50 was determined using the following equation. Cell viability (%) = [(experimental absorbance − background absorbance)/(control absor-
bance − background absorbance)] × 100. The representative IC50 of two independent experiments are shown except for 16
d A549 cells were incubated with serial dilutions of the compounds for 24 h. Cell viability (%) was measured by MTT assay
The experiments were carried out in triplicate cultures

Table 3. Cell growth inhibitory activities of compounds against WI-38, 
VA-13, and HepG2 cells

Compound IC50 (μM)a

WI-38 VA-13 HepG2

 1 3.32 7.06 3.06
 2 3.93 10.9 4.00
 3 7.20 9.80 4.90
 4 3.16 13.8 6.00
 5 0.56 5.88 2.71
 6 78.3 97.5 66.4
 7 68.5 99.1 39.9
 8 >100 >100 >100
 9 86.5 >100 69.3
10 >100 >100 >100
11 84.8 >100 63.1
12 14.3 69.1 25.8
13 48.2 94.7 37.0
14 9.66 60.2 43.4
15 77.4 >100 96.9
16 64.8 88.2 65.9

Paclitaxel 0.19 0.038 1.48
Adriamycin 2.38 0.18 0.40
a IC50 values are the means of duplicate determinations
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toward WI-38, VA-13, and HepG2 cells than those of the 
corresponding compounds 6 and 7 with 14-hydroxy-5α,14β-
card-20(22)-enolide functions. (2) 3β-O-(4-O-Gentiobiosyl-
l-oleandrosyl)-16β-acetoxy-14-hydroxy-5β,14β-card-
20(22)-enolide (5) is the most effective compound toward 
WI-38, VA-13, and HepG2 cells. Its 3β-O-(4-O-gentiobiosyl-
d-diginosyl) derivative (3) and 3β-O-(4-O-gentiobiosyl-d-
digitalosyl) derivative (4) also showed strong activity toward 
HepG2. (3) Change of the functional group of 1 from the 
14-hydroxy group to the 8,14-epoxy group led to the loss of 
activity, as shown by the IC50 value (>100 μM) of 8. Change 
of the functional group of 2 from the 14-hydroxy group to 
the 8,14-epoxy group led to a large decrease of activity 
toward WI-38 and HepG2 and the loss of activity toward 
VA-13, as shown by the IC50 values of 9. (4) Introduction of 
an additional hydroxyl group at C-8 in 1 led to a large 
decrease of activity, as shown by the increase in the IC50 
values of 13. (5) Introduction of a new epoxide ring in the 
7β,8β position of 1 also led to a large decrease of activity, 
as shown by the increase of the IC50 values of 16. (6) Change 
of the functional group at C-16 of 5 from a 16-acetoxy group 
to a 16-hydroxy group led to a large decrease of activity, as 
shown by the increase in the IC50 values of 12. In conclusion, 
14-hydroxy-5β,14β-card-20(22)-enolide is the essential 
structure for expression of cytotoxic activity toward WI-38, 
VA-13, and HepG2. Introduction of one more hydroxy 
group at C-8 or C-16, a new epoxide ring at the 7β,8β posi-
tion, or the change of the 14-hydroxy group to a 8,14-epoxy 
group led to a large decrease of activity or the loss of activ-
ity, as shown in 8 and 10.

MDR-cancer reversal activity of compounds

In cancer chemotherapy, the occurrence of multidrug resis-
tance (MDR) in cancer cells caused by repeated administra-
tion of anticancer agents is a serious problem. One 
mechanism of MDR is overexpression of P-glycoprotein 
(P-gp), which is the effl ux pump of anticancer drugs.23–25 
P-gp is a transporter for a wide range of reagents utilizing 
energy by hydrolysis of ATP. When P-gp is expressed on the 
cell membrane of cancer cell, it transports various kinds of 
anticancer agents from inside the cell to the outside. We 
estimated the effects of cardenolide triglycosides 1–16 as 
MDR reversal agents by measuring the increase of cellular 
accumulation of the fl uorogenic dye calcein, which was 
derived from calcein AM in the course of the assay by enzy-
matic hydrolysis inside the cell and was used as an effective 
functional fl uorescent probe for the drug effl ux protein. We 
assayed the increase of cellular accumulation of calcein in 
MDR human ovarian cancer 2780AD cells. The effects of 
cardenolide triglycoside derivatives 1–16 on the cellular 
accumulation of calcein in MDR human ovarian cancer 
2780AD cells were examined. Compounds 9–11 and 13–15 
showed weak to moderate effects on the accumulation of 
calcein in MDR 2780AD cells in comparison with the 
control (Tables 4–8). It is interesting to note that the cyto-
toxic activities of compounds 13 and 14 toward HepG2 were 
moderate in addition to the signifi cant effect on the accu-

Table 4. Effect of compounds 1, 2, and 8 on accumulation of calcein 
in MDR 2780AD cells

Compound Concentrationa 
(μg/ml)

Average 
fl uorescence/wellb

±SD Percentage of 
controlc

Control 0 2373 77
1 0.25 2683 463 113

2.5 2331 149 98
25 1920 85 81

2 0.25 2325 152 98
2.5 2193 268 92
25 1880 83 79

8 0.25 2360 164 99
2.5 2255 28 95
25 2209 206 93

a The amount of calcein accumulated in multidrug-resistant human 
ovarian cancer 2780AD cells was determined with the control in the 
presence of 0.25, 2.5, and 25 μg/ml of compounds
b Values represent means of triplicate experiments
c Values are relative amount of calcein accumulated in the cell com-
pared with the control

Table 5. Effect of compounds 3, 12, and 13 on accumulation of calcein 
in MDR 2780AD cells

Compound Concentrationa 
(μg/ml)

Average 
fl uorescence/wellb

±SD Percentage 
of controlc

Control 0 3456 352
3 0.25 2966 460 86

2.5 3045 535 88
25 2591 299 75

12 0.25 3200 31 93
2.5 3499 420 101
25 2298 386 66

13 0.25 3611 78 104
2.5 3505 364 101
25 4044 72 117

a The amount of calcein accumulated in multidrug-resistant human 
ovarian cancer 2780AD cells was determined with the control in the 
presence of 0.25, 2.5, and 25 μg/ml of compounds
b Values represent means of triplicate experiments
c Values are relative amount of calcein accumulated in the cell com-
pared with the control

Table 6. Effect of compounds 4 and 15 on accumulation of calcein in 
MDR 2780AD cells

Compound Concentrationa 
(μg/ml)

Average 
fl uorescence/wellb

±SD Percentage 
of controlc

Control 0 2448 66
4 0.25 2747 225 112

2.5 2528 284 103
25 2300 35 94

15 0.25 2658 440 108
2.5 2588 331 106
25 2511 202 103

a The amount of calcein accumulated in multidrug-resistant human 
ovarian cancer 2780AD cells was determined with the control in the 
presence of 0.25, 2.5, and 25 μg/ml of compounds
b Values represent means of triplicate experiments
c Values are relative amount of calcein accumulated in the cell com-
pared with the control
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mulation of calcein in MDR 2780AD. In contrast, com-
pounds 9–11 and 15 showed very weak or no cytotoxic 
activity toward VA-13 and HepG2. Thus, compounds 9–11 
and 15 are possible lead compounds for MDR cancer rever-
sal agents and compounds 13 and 14 are expected to be lead 
compounds in development of anti-MDR cancer agents.

Conclusion

3β-O-(4-O-Gentiobiosyl-l-oleandrosyl)-16β-acetoxy-14-
hydroxy-5β,14β-card-20(22)-enolide (5)  showed the most 

effective inhibitory activity of induction of ICAM-1 as well 
as the most effective cytotoxic activity toward WI-38, VA-13, 
and HepG2 among cardenolide triglycosides 1–16 isolated 
from N. oleander. Analogously, compounds 1–4, with modi-
fi ed 14-hydroxy-5β,14β-card-20(22)-enolide structures, 
showed signifi cant inhibitory activity of induction of 
ICAM-1 as well as effective cytotoxic activity toward WI-38, 
VA-13, and HepG2. Thus, the 14-hydroxy-5β,14β-card-
20(22)-enolide structure is the essential structure with or 
without an acetoxy group at C-16 for the expression of these 
biological activities. Introduction of a hydroxy group at the 
C-8 or C-16 positions or displacement of the 14-hydroxy 
group with an 8,14-epoxy group in the 14-hydroxy-5β,14β-
card-20(22)-enolide structure induced a large decrease in 
activity or a complete loss of activity. Compounds 13 (with 
an 8,14-hydroxy-5β,14β-card-20(22)-enolide structure) and 
14 (with a 14α-hydroxy-8-oxo-8,14-seco-5β-card-20(22)-
enolide structure) showed signifi cant effects on the accumu-
lation of calcein in MDR 2780AD cells in addition to 
moderate cytotoxic activity toward HepG2. Thus, com-
pounds 13 and 14 are expected to be lead compounds in the 
development of an anti-MDR cancer agent.
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