
Cytotoxic Naphthoquinones from Alkanna cappadocica⊥

Canan Sevimli-Gur, Ismail H. Akgun, Ismet Deliloglu-Gurhan, Kemal S. Korkmaz,* and Erdal Bedir*

Department of Bioengineering, Faculty of Engineering, Ege UniVersity, 35100 BornoVa-İzmir, Turkey
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In a continuing program to discover new anticancer agents from plants, especially naphthoquinones from the Alkanna
genus, Alkanna cappadocica was investigated. Bioassay-guided fractionation of a dichloromethane/methanol (1:1) extract
of the roots led to the isolation of four new and four known naphthoquinones. The known compounds are 11-deoxyalkannin
(1), �,�-dimethylacrylalkannin (2), 11-O-acetylalkannin (3), and alkannin (4). The new compounds 5-O-methyl-11-
deoxyalkannin (5), 8-O-methyl-11-deoxyalkannin (6), 5-O-methyl-11-O-acetylalkannin (7), and 5-O-methyl-�,�-
dimethylacrylalkannin (8) were characterized by spectroscopic analyses (LC-ESIMS, 1D and 2D NMR). Cytotoxicity
of the isolated compounds was evaluated versus 12 human cancer cell lines, HT-29, MDA-MB-231, PC-3, AU565, Hep
G2, LNCaP, MCF7, HeLa, SK-BR-3, DU 145, Saos-2, and Hep 3B together with two normal cell lines, VERO and
3T3, by using the MTT assay. Compound 7 showed remarkable cytotoxicity with IC50 values between 0.09 and 14.07
µM. It was more potent than the other compounds in six out of 12 cancer cell lines and the positive controls doxorubicin
and etoposide. The mono-O-methylated alkannin derivatives and their cytotoxicities are reported for the first time.

Alkanna Tausch, a member of the family Boraginaceae, is a small
genus with about 50 species, originally from Europe, the Mediter-
ranean, and western Asia. The Alkanna genus is represented by 34
species and 40 taxa in the flora of Turkey.1 Since the entire genus
is almost endemic (32 endemic species), one can assume that the
Anatolian peninsula is the gene center of Alkanna species.

Among Alkanna species, the roots of A. tinctoria Tausch is a
well-known dyestuff for fabrics dating back to centuries B.C. Perhaps
the first recorded medicinal use of A. tinctoria roots is found in
the work of Hippocrates (fourth and fifth centuries B.C.), who
described their use for the treatment of ulcers.2 In 1976, the wound-
healing and antimicrobial properties of A. tinctoria root extracts
were described by Papageorgiou and his co-workers, and alkannins
were reported for the first time as the active components.2

Phytochemical investigations performed on the Alkanna genus has
led to the identification of various flavonoids,3 fatty acids,4

pyrolizidine alkaloids,5 and alkannin derivatives.6a–f

Alkannins are naphthoquinones that have two ketone moieties
at C-1 and C-4. 5,8-Dihydroxy derivatives of these classes of
compounds are called hydroxynaphthoquinones (Figure 1). Alkan-
nin and shikonin, which are enantiomers (S and R, respectively),
are isohexenylnaphthazarine derivatives of hydroxynaphthoquinones
and are present as ester derivatives in the outer surface of the roots
of at least 150 species that belong to the genera Alkanna,
Lithospermum, Echium, Onosma, Anchusa, and Cynoglossum of
the Boraginaceae family.7

Isohexenylnaphthazarines are used as natural colorants for food,
cosmetics, and textiles. Recently interest in the isohexenylnapht-
hazarines increased because of their potent anti-inflammatory,8

antifungal,9 antioxidant,10a,b cytotoxic,1 radical scavenging,1 and
enzyme inhibitor properties.13a,b Beside these activities, acyl de-
rivatives of isohexenylnaphthazarines have been investigated for
topoisomerase I inhibition and proved to be potential anticancer
agents.14a–d

During our continuing studies on the genus Alkanna,15a,b we
screened the MeOH root extracts of 16 Anatolian Alkanna species
versus Hep-3B, MCF-7, MDA-MB-231, and PC-3 cancer cell lines
for their cytotoxic activities. A. cappadocica Boiss. & Bal was found

to be a potent tumor inhibitor, with IC50 values of e10 µg/mL.
Thus, a bioassay-guided fractionation study was undertaken to
purify the active principles of A. cappadocica, and here we report
the structure elucidation of four known (1-4) and four new (5-8)
naphthoquinone derivatives together with their cytotoxic activities.

Results and Discussion

Fractionation of the CH2Cl2/MeOH (1:1) root extract of A.
cappadocica resulted in the localization of the cytotoxic activities
in the apolar part. Column chromatography performed on silica
gel, reversed-phase (RP) C-18, and Sephadex LH-20 together with
preparative thin-layer chromatography (PTLC: silica gel and RP
C-18) led to the isolation of eight naphthoquinones (1-8) (Figure
1), of which 1-4 were identified by comparison of their physical
data with those previously reported.14d,6c

Compound 5 was obtained as reddish powder, and its thin-layer
chromatogram demonstrated a typical naphthoquinone profile. The
HR-MALDITOF mass spectrum of 5 (m/z 287.1287 [M + H]+,
calcd for C17H19O4, 287.1283) supported a molecular formula of
C17H18O4.

The 1H NMR spectrum of 5 exhibited a deshielded proton at δ
12.49 (s, O-H), two ortho-coupled and one singlet aromatic proton
(δ 7.33, 1H, d, J ) 9.2 Hz; δ 7.27, 1H, d, J ) 9.2 Hz; δ 6.70, 1H,
s), and an O-methyl at δ 3.97 (s, 3H). Inspection of the 1H and 13C
NMR spectra of 5 (Table 1) showed characteristic signals for a
4-methylpent-3-enyl side chain, which was also present in com-
pound 1 (11-deoxyalkannin) [1H: δ 1.69 and δ 1.60, each s, each
3H, H3-15 and H3-16; δ 5.13, t, J ) 7.2 Hz, H-13; δ 2.28, t, J )
7.6 Hz, 2H, H-11; δ 2.58, q, J ) 7.6 Hz, 2H, H-12; 13C: 30.4, t,
C-11; 26.8, t, C-12; 122.8, d, C-13; 133.6, s, C-14; 25.9, q, C-15;
18.0, q, C-16]. The presence of the deoxyalkannin nucleus was
readily deduced from the proton and carbon chemical shifts.14d,6c

The full assignment of the proton and carbon signals of the
naphthoquinone part of 5, secured by HMQC and HMBC spectra
and the comparison of these data with those of 11-deoxyalkannin
(1), indicated the similarities of these compounds. The significant
differences between the two compounds were (i) the presence of
an OH signal in 5 instead of two OH signals in 1 (δ 12.5 and 12.6),
(ii) the presence of an O-CH3 signal (δ 3.97) in 5, and (iii) two
ortho-coupled aromatic protons (H-6 and H-7 in 5) in place of a
two-proton aromatic singlet in 1. All of these differences in 5 could
be attributed to the presence of a methoxy group, which resulted
in destabilizing the symmetry of ring B and a missing hydrogen
bond between 5-OH and C-4 carbonyl in, for example, 1. Intrigu-
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ingly, as a result of the missing symmetry and absence of the extra
ring system formed by the hydrogen bond, compound 5 behaved
more polar than 1 on thin-layer chromatography [Rf values on silica
gel: 0.27 for 5 and 0.77 for 1 (mobile phase: n-hexane/EtOAc/
HOAc, 80:20:0.2)].

The position of the O-methyl group was unambiguously deter-
mined by the HMBC experiment (Figure 2). The carbonyl signal
at δ 183.7 showed HMBC connectivities to H2-11 (δ 2.28) and
H-3 (δ 6.70), allowing it to be assigned to C-1. Thus, the carbonyl
signal at δ 190.7 was readily assigned to C-4 (ring A). The chemical
shift of C-4 requires a ca. 7-8 ppm downfield shift in the case of
O-CH3 substitution at C-5. Thus, the position of the methoxy group
was deduced to be at C-5. On the other hand, long-range correlations
from C-9 and C-7 (δ 115.2 and 126.6, respectively) to the OH-
proton (δ 12.49, at C-8) and from C-10 (δ 118.2) to H-3 (δ 6.70)
substantiated our assignments regarding the position of the O-CH3

group.
On the basis of these results, the structure of 5, a new natural

product, was established as 8-hydroxy-5-methoxy-2-(4-methylpent-
3-enyl)naphthalene-1,4-dione (5-O-methyldeoxyalkannin).

The HR-MALDITOF mass spectrum of 6 also showed a
quasimolecular ion peak for [M + H]+ at m/z 287.1280 (calcd for

C17H19O4, 287.1283), in agreement with the molecular formula
C17H18O4, as for 5.

Examination of the 1D and 2D NMR spectra of 6 and comparison
with those of 5 showed their considerable structural similarity: a
4-methylpent-3-enyl side chain, one missing OH proton, and the
presence of an O-methyl group. The main difference between 5
and 6 was evident from the carbon signals of ring B, suggesting
regioisomerism of the methoxy group (Table 1). Indirect confirma-
tion based on the 13C NMR differences together with direct evidence
of the linkage site derived from the HMBC experiment revealed
the location of the O-CH3 group at C-8. On the basis of these results,
the structure of 6 was elucidated as 5-hydroxy-8-methoxy-2-(4-
methylpent-3-enyl)naphthalene-1,4-dione (8-O-methyldeoxyalkan-
nin).

The HR-MALDITOF mass spectra of 7 and 8 showed ion peaks
for [M + H]+ at m/z 345.1332 and 385.1654, in agreement with
the molecular formulas C19H20O6 and C22H24O6, respectively.
Examination of the 1D NMR spectra of 7 and 8 and comparison
with those of 5 showed their considerable structural similarity. The
signals due to the naphthalene-1,4-dione moiety were superimpos-
able. The differences consisted only in the signals of the side chain.
1H and 13C NMR spectra of 7 and 8 suggested the presence of a
4-methylpent-3-en-1-ol moiety instead of a 4-methylpent-3-enyl side
chain of 5.

The 13C and DEPT spectra of 7, excluding the signals ascribable
to the naphthoquinone moiety, showed that the remaining reso-
nances comprise three methyl (δ 18.2, 21.2 and 25.9), one
methylene (δ 33.1), one oxygenated methine (δ 70.3), two olefinic
(δ 118.2 and 136.1), and one carbonyl carbon (δ 169.9).

Comparison of the NMR spectra of 7 with those of 3 suggested
that 7 and 3 had the same 4-methylpent-3-enyl acetate side chain.

In a similar fashion, assignment of the proton and carbon signals
of 8, secured by DQF-COSY and HMQC spectra and the compari-
son of these data with those of 2 (�,�-dimethylacrylalkannin),14d,6c

indicated that both compounds possessed a 4-methylpent-3-enyl
3-methylbut-2-enoate side chain.

Having established the structures of 7 and 8, the configuration
of C-11 remained to be solved. The absolute configurations of
compounds 7 and 8 were resolved using optical rotation data.
Comparison of the specific rotation of 7 and 8 ([R]D

25 -50.0; c 0.02,
CHCl3 for both compounds) with alkannin (4) ([R]20

D -150.5; c
0.05, benzene) and shikonin ([R]D

20 +135.6; c 0.05, benzene)16 was
consistent with 7 and 8 possessing an 11S absolute configuration.

Consequently, the structures of compounds 7 and 8 were es-
tablished as 5-O-methylacetylalkannin [1-(8-hydroxy-5-methoxy-
1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-methylpent-3-enyl acetate]
and 5-O-methyl-�,�-dimethylacrylalkannin [1-(8-hydroxy-5-meth-
oxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)-4-methylpent-3-enyl 3-me-
thylbut-2-enoate].

Compounds 5-8 represent the first examples of naphthoquinone-
type compounds from the Boraginaceae family possessing a distinct
mono-O-methyl unit at C-5 or C-8.

All of the tested compounds demonstrated cytotoxic activity
against the entire cell lines (Table 2). Compounds 1, 2, 7, and 8
exhibited superior activity than the other compounds and positive
controls. Compounds 7 and 8 were effective versus HT-29, MDA-
MB-231, PC-3, AU565, HepG2, HeLa, and SK-BR-3 lines with
IC50 values ranging between 0.09 and 0.97 µM. Compound 1 had
greater activity toward MCF-7 and DU 145 cell lines (IC50 ) 0.79
and 1.24 µM, respectively), whereas 2 was the most active
metabolite against Saos-2 (0.84 µM).

Among the cancer cell lines, MDA-MB-231, AU565, HeLa, and
SK-BR-3 turned out to be the most susceptible cell lines inhibited
by naphthoquinones 1-8. Interestingly, three of the most sensitive
cell lines (MDA-MB-231, AU565, and SK-BR-3) were breast
cancers. Especially the new metabolite 7 showed a significant IC50

Figure 1. Structures of compounds 1-8.
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value (0.09 µM) against the estrogen-receptor negative cell line
MDA-MB-231, for which new therapeutics urgently need to be
developed.

Earlier studies indicated that acylation of C-11(O) potentiates
the cytotoxicity due to the enhancing effect of acylation on the
electrophlicity of the quinonoid moiety.17 The most effective
compounds identified in this study (2, 7, and 8) possessed C-11-
O-acyl groups. Although the presence of acylation at C-11 seemed
to be important, 11-O-acetylalkannin (3) was found to be 13- (HT-
29), 26- (MDA-MB-231), 7- (Hep G2 and HeLa), 6- (Saos-2), and
10-fold (PC-3) less active than 2, having a �,�-dimethylacryl unit.

Additionally it was intriguing to observe that the 5-O-methyl
derivative of 11-O-acetylalkannin (7) was 17-, 15-, 14-, 9-, 10-,
and 4-fold more active than the congener 3 against HT-29, MDA-
MB-231, PC-3, Hep G2, HeLa, and SK-BR-3, respectively, whereas
5-O-methyl-�,�-dimethylacrylalkannin (8) and its congener �,�-
dimethylacrylalkannin (2) were almost equally active versus most
of the cancer cell lines, implying a complex relationship between
structure and activity.

Compounds 1-8 and positive controls were also cytotoxic toward
normal cell lines VERO and 3T3 (murine cell line) (Table 2). The
distinctive mono-O-methylated alkannin derivatives 7 and 8 (5-O-
methylated) are good candidates for semisynthesis studies to
improve the therapeutic index and develop new chemical entities
as drug leads for the treatment of cancer.

Experimental Section

General Experimental Procedures. IR spectra were obtained on
an ATI Mattson Genesis Series and Jasco 430 FT-IR spectrometers.
The LC-MS spectrometric analysis was performed on an Agilent Series

1100 SL equipped with an ESI source. Exact masses were measured
by a Voyager DE mass spectrometer. Samples were analyzed by
MALDITOF mass spectrometry. Optical rotation measurements were
done on an Autopol IV polarimeter in CHCl3 at 25 °C. NMR spectra
were recorded on a Varian Oxford AS400 NMR spectrometer. Proton
and carbon chemical shifts are relative to the internal standard TMS.
Multiplicity determinations (DEPT) and 2D NMR spectra (COSY,
HMQC, HMBC) were run using standard pulse programs. Column
chromatography was carried out on silica gel (Merck, 40 µm), Sephadex
LH-20 (Amersham Biosciences, 17-0090-02), and RP (C-18, 40 µm)
(Merck). TLC analyses were carried out on silica gel 60 F254 (Merck)
and RP-18 F254s (Merck) plates. Compounds were detected by UV and
30% H2SO4 spraying reagent followed by heating at 105 °C for 1-2
min.

Plant Material. Alkanna cappadocica was collected from Karapınar
Village, Konya, Turkey, in June 2007, and identified by Serdar G. Senol
(Deparment of Biology, Faculty of Sciences, Ege University, Izmir,
Turkey). Voucher specimens (SG 3263) have been deposited at the
herbarium of the Department of Botany, Faculty of Science, Ege
University, Izmir, Turkey.

Extraction and Isolation. The air-dried, powdered roots (153.4 g)
of A. cappadocica were extracted for four days with CH2Cl2/MeOH
(1:1, 4 × 2.5 L) by stirring at room temperature, and the extraction
unit was protected from light to prevent polymerization of the
naphthoquinones. The solvent was removed by rotary evaporation at
45 °C, yielding 17.7 g of extract. The extract was subjected to VLC
using silica gel (500 g, 70-230, 7 × 50 cm) as stationary phase and
employing n-hexane (3 L), n-hexane/EtOAc gradient mixtures (8:2, 3
L; 6:4, 3 L; 4:6, 3 L; 2:8, 3 L), EtOAc (3 L), and MeOH (1 L) for
elution to afford eight fractions (A1-A8). Fractions A1, A2, A3, A4,
A5, and A6 were rich in naphthoquinones. Fractions A1-A6 showed
the most potent cytotoxicity (IC50 < 10 µg/mL). Fraction A1 (1.2 g)
was subjected to open column chromatography (Si gel 60, 120 g, 2 ×
60 cm) using n-hexane (750 mL), n-hexane/EtOAc [9.9:0.1, 9.5:0.5,
9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8 (each 500 mL)], EtOAc (500 mL),
and MeOH (500 mL), yielding five main fractions (A1-F1-A1-F5).
Fractions A1-F1 and A1-F4 (301 and 420 mg, respectively) were further
separately applied to Sephadex LH-20 (10 g, 2 × 50 cm) column
chromatography and eluted with MeOH (500 mL), yielding compounds
1 and 2 (46.9 and 100.3 mg, respectively).

Fractions A3 and A4 (each 1.2 g) were combined and chromato-
graphed on a Si gel column (200 g, 2 × 60 cm) eluted with n-hexane
(1 L), n-hexane/EtOAc (9:1, 3 L; 8:2, 2 L; 7:3 2 L; 6:4, 2 L; 5:5, 2 L;
4:6, 2 L; 3:7, 500 mL; 2:8, 500 mL), EtOAc (500 mL), and MeOH
(500 mL) to yield 10 fractions (B1-B10). Fractions B1 and B3 (10
and 577 mg, respectively) were further separately applied to Sephadex

Table 1. NMR Spectroscopic Data (400 MHz, CDCl3) for Compounds 5-8

5 6 7 8

position δH (J in Hz) δc
a δH (J in Hz) δc

a δH (J in Hz) δc
a δH (J in Hz) δc

a

1 183.7 s 191.0 s 182.1 s 182.1 s
2 154.6 s 153.8 s 152.2 s 152.6 s
3 6.70 s 133.2 d 6.80 t (1.2) 138.3 d 6.76 d (1.2) 131.6 d 6.75 d (1.2) 131.6 d
4 190.7 s 183.8 s 190.3 s 190.4 s
5 154.3 s 156.9 s 154.5 s 154.5 s
6 7.27 d (9.2) 123.2 d 7.27 d (9.2) 126.5 d 7.28 d (9.2) 123.6 d 7.28 d (9.2) 123.6 d
7 7.33 d (9.2) 126.6 d 7.34 d (9.2) 123.6 d 7.35 d (9.2) 127.0 d 7.35 d (9.2) 127.0 d
8 156.4 s 148.7 s 156.6 s 156.6 s
9 115.2 s 118.0 s 114.8 s 114.9 s
10 118.2 s 115.3 s 117.7 s 117.8 s
11 2.28 t (7.6) 30.4 t 2.55 dt (7.6, 1.2) 29.1 t 5.95 ddd (1.2, 4.4, 5.6) 70.3 d 6.02 ddd (1.2, 3.4, 6.8) 70.1 d
12 2.58 q (7.6) 26.8 t 2.28 q (7.6) 26.5 t 2.43 dd (7.6, 15.2) 33.1 t 2.47 m 33.2 t

2.61 dd (15.2, 5.6) 2.66 m
13 5.13 t (7.6) 122.8 d 5.13 t (7.6) 122.7 d 5.12 dt (7.6, 1.2) 118.2 d 5.15 t (7.6) 118.4 d
14 133.6 s 133.7 s 136.1 s 135.9 s
15 1.60 s 25.9 q 1.59 s 25.8 q 1.58 s 25.9 q 1.59 s 26.0 q
16 1.69 s 18.0 q 1.69 s 18.0 q 1.69 s 18.2 q 1.68 s 18.2 q
O-CH3 3.97 s 57.1 q 3.97 s 57.1 3.98 s 57.1 q 3.98 s 57.1 q
1′ 169.9 s 166.6 s
2′ 2.12 s 21.2 q 6.15 dq (6.0, 1.2) 127.5 d
3′ 139.7 s
4′ 2.00 dd (1.6, 5.6) 20.7 q
5′ 1.95 dd (1.2, 1.6) 16.0 q
a Multiplicities of carbon signals were determined by DEPT (135°) experiments.

Figure 2. Key long-range correlations of compound 5.
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LH-20 (10 g, 2 × 50 cm) column chromatography and eluted with
MeOH (500 mL), yielding compounds 2 (52 mg) and 3 (319.3 mg),
respectively. Fraction B6 (504 mg) was subjected to a Si gel column
(100 g) using n-hexane (1 L), n-hexane/EtOAc mixtures (9:1, 1 L; 8:2,
1 L; 7:3, 1 L; 6:4, 1 L; 5:5, 500 mL; 4:6, 500 mL; 3:7, 500 mL; 2:8,
500 mL), EtOAc (500 mL), and MeOH (500 mL), yielding three
fractions (B6-F1-B6-F3). B6-F3 was subjected to Sephadex LH-20
(10 g, 2 × 50 cm) column chromatography and eluted with MeOH
(500 mL) to yield compound 4 (3.5 mg). Fr. B7 (500 mg) was subjected
to column chromatography using Si gel (120 g) as stationary phase,
eluting with n-hexane/EtOAc (9:1, 1 L; 8:2, 1 L; 7:3, 500 mL; 6:4,
500 mL; 5:5, 500 mL; 4:6, 500 mL; 3:7, 500 mL; 2:8, 500 mL), EtOAc
(500 mL), and MeOH (500 mL) to give four fractions (B7-F1-B7-
F4). Fraction B7-F1 was subjected to column chromatography using
Sephadex LH-20 (10 g) as stationary phase, eluting with MeOH (500
mL), to give an additional sample of compound 4 (1.2 mg). Fraction
B7-F2 (300 mg) was chromatographed on a Si gel (120 g, 2 × 60 cm)
column. Elutions were carried out with n-hexane/EtOAc mixtures (9:
1, 1 L; 8:2, 1 L; 7:3, 500 mL; 6:4, 500 mL; 5:5, 500 mL; 4:6, 500 mL;
3:7, 500 mL; 2:8, 500 mL) and EtOAc (500 mL), yielding three
fractions (B7-F2-SC1 to B7-F2-SC3). Fr. B7-F2-SC2 was respectively
applied to TLC (20 × 20 cm) on Si gel and reversed-phase material
(C-18) using n-hexane/EtOAc (7:3 for silica gel) and H2O/MeOH (3:7
for C-18) as a mobile phase, and then the recovered material from the
C-18 plate was subjected to column chromatography using Sephadex
LH-20 (10 g, 2 × 50 cm) as stationary phase, eluting with MeOH (500
mL), to give compound 5 (0.8 mg). Fraction A5 (500 mg) was
chromatographed on reversed-phase material (C-18, 3 × 90 cm, 200 g)
eluted with H2O/MeOH (3:7, 500 mL; 2:8, 2 L) to yield four fractions
(C1-C4). Fraction C2 (150 mg) was applied to column chromatography
using reversed-phase material (C-18, 70 g, 2 × 60 cm). Elution was
performed with H2O/MeOH (3:7, 500 mL; 2:8, 2 L (8:2, 6:4)) to give
two fractions (C2-F1 and C2-F2). Fraction C2-F2 (50 mg) was subjected
to a Sephadex LH-20 column (10 g) using MeOH (1 L) to yield four
fractions (C2-F2-SH1 to C2-F2-SH4). C2-F2-SH2 and C2-F3-SH3 were
combined and respectively applied to preparative TLC on Si gel and
reversed-phase material (C-18) using the above-mentioned methodology
to obtain an additional portion of compound 5 (0.5 mg). Fraction C4
(200 mg) was chromatographed on reversed-phase material (C-18, 2
× 70 cm, 200 g) eluted with H2O/MeOH (3:7, 500 mL; 2:8, 2 L) to
yield three fractions (C4-F1-C4-F3). Fraction C4-F3 was applied to a
VLC column using reversed-phase material (C-18, 200 g, 3 × 50 cm).
Elution was performed with H2O/MeOH (4:6, 500 mL; 3:7, 500 mL;
2:8, 2 L) and MeOH to give three fractions (fractions C4-F1-RP1 to
C4-F1-RP3). Fr. C4-F1-RP3 was applied to Sephadex LH-20 (10 g)
column chromatography. Elution was carried out with MeOH (500 mL),
yielding compound 8 (1.9 mg). Active fraction A6 was subjected to
open column chromatography (Si gel 60, 150 g, 60 × 2 cm) using
n-hexane/EtOAc (9:1, 300 mL; 8:2, 2 L; 7:3, 2 L; 6:4, 600 mL; 5:5,
600 mL; 4:6, 600 mL), EtOAc (500 mL), and MeOH (500 mL) to
afford seven fractions (A6-B1 to A6-B7). Fraction A6-B3 (435 mg)
was subjected to Si gel (100 g, 2 × 60 cm) column chromatography.
Elution was performed with n-hexane/EtOAc mixtures (9:1, 300 mL;
8:2, 2 L; 7:3, 2 L; 6:4, 300 mL; 5:5, 300 mL; 4:6, 200 mL), EtOAc
(500 mL), and MeOH (500 mL) to yield seven fractions (A6-B3-SC1
to A6-B3-SC7). Fractions A6-B3-SC3 and A6-B3-SC6 were combined
(273 mg) and subjected to column chromatography using reversed-
phase material (70 g, 2 × 60 cm) as stationary phase, eluting with
H2O/MeOH (3:7, 500 mL; 2:8, 2 L), to give nine fractions (A6-B3-
SC1-RP1 to A6-B3-SC1-RP9). Fractions A6-B3-SC1-RP2 and A6-B3-
SC1-RP6 were further separately subjected to Sephadex LH-20 (10 g,
2 × 50 cm) column chromatography and eluted with MeOH (500 mL),
yielding compounds 7 (27.6 mg) and 6 (7.7 mg), respectively.

Cell Culture. The eight pure compounds were dissolved in DMSO
to a final concentration of 10 mM. Subsequent dilutions were made in
culture medium. The same proportion of DMSO/culture medium was
added to the controls. The final DMSO content was never above 0.1%.
MTT [3′-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
was purchased from Sigma Chemical Company (St. Louis, MO).
Doxorubicin hydrochloride and etoposide were purchased from Pfizer
Inc. (USA), Applichem GmbH (Germany, catalog number A 4361),
and Sigma-Aldrich (USA, catalog number E1383), respectively.

Twelve human tumorigenic cell lines [PC-3 (human prostate
adenocarcinoma), HT-29 (human colon colorectal adenocarcinoma),
MDA-MB-231 (human breast adenocarcinoma), AU565 (human breastT
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adenocarcinoma), Hep G2 (human hepatocellular carcinoma), MCF7
(human breast adenocarcinoma), HeLa (human cervix adenocarcinoma),
SK-BR-3 (human breast adenocarcinoma), DU 145 (human prostate
carcinoma), Saos-2 (human osteosarcoma), Hep 3B (human hepato-
cellular carcinoma), LNCaP (human prostate carcinoma)] and two non-
tumorigenic cell lines [3T3 (Swiss albino mouse fibroblasts) and VERO
(African green monkey kidney epithelial)] were used. The cells were
cultured in RPMI 1640 or DMEM-Ham’s F12 supplemented with 10%
fetal bovine serum, L-glutamine (2 mmol/L), penicillin (100 U/mL),
and streptomycin (100 µg/mL) and maintained at 37 °C with 5% CO2

in a humidified atmosphere.
Cytotoxic Activity Assay. The cytotoxic activity of the compounds

and doxorubicin and etoposide, which were used as positive controls
on the various cancer cells, was measured by the MTT assay. Cells in
the exponential growth phase were placed in 96-well plates to make
6000 cells/wells. After 24 h of incubation and adding sample solutions
in concentrations ranging from 0.1 to 10 µM, respectively, in each well,
they were incubated for 48 h.

Cell proliferation was determined by adding 0.5 mg/mL per well,
prepared as a sterile stock solution of 5 mg/mL in Dulbecco’s
phosphate-buffered saline (Gibco, USA), diluted 1:10 with medium
prior to use. Medium was removed 3 h later, and blue formazan crystals
were dissolved in 200 µL of 100% DMSO per well. Quantities of blue
formazan product were measured at 570-690 nm using a microplate
reader (Versamax, tunable microplate reader, USA). For the cells, strong
correlations between numbers of cells present and amounts of MTT
formazan product were observed.

The data were obtained from three independent assays, using three
sets of wells for each assay. Cytotoxic effects of the compounds were
determined according to percent cell viability.

Compound 5: amorphous, reddish powder; IR (KBr) νmax 3414,
2921, 2853, 1737, 1655, cm-1; LC-ESIMS m/z 309.12 [M + Na]+;
HR-MALDITOFMS m/z 287.1287 [M + H]+ (calcd for C17H19O4,
287.1283); 1H NMR (CDCl3, 400 MHz) and 13C NMR (CDCl3, 100
MHz) data, see Table 1.

Compound 6: amorphous, reddish powder; IR (KBr) νmax 3415,
2923, 2851, 1724, 1655 cm-1; LC-ESIMS m/z 309.12 [M + Na]+; HR-
MALDITOFMS m/z 287.1287 [M + H]+ (calcd for C17H19O4,
287.1280); 1H NMR (CDCl3, 400 MHz) and 13C NMR (CDCl3, 100
MHz) data, see Table 1.

Compound 7: amorphous, reddish powder; [R]D
25 -50.0 (c 0.02,

CHCl3); IR (KBr) νmax 3414, 2921, 1637, 1617 cm-1; LC-ESIMS m/z
367.16 [M + Na]+; HR-MALDITOFMS m/z 345.1332 [M + H]+ (calcd
for C19H21O6, 345.1338); 1H NMR (CDCl3, 400 MHz) and 13C NMR
(CDCl3, 100 MHz) data, see Table 1.

Compound 8: amorphous, reddish powder; [R]D
25 -50.0 (c 0.02,

CHCl3); IR (KBr) νmax 3419, 2921, 2853, 1637, 1618 cm-1; LC-ESIMS
m/z 407.22 [M + Na]+; HR-MALDITOFMS m/z 385.1654 [M + H]+

(calcd for C22H25O6, 385.1651); 1H NMR (CDCl3, 400 MHz) and 13C
NMR (CDCl3, 100 MHz) data, see Table 1.
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