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Three new butanolides, kotomolide A (1), isokotomolide A (2), and kotomolide B (3), and a new secobutanolide,
secokotomolide A (4), along with 21 known compounds were isolated from the leaves ofCinnamomum kotoense. Their
structures were determined by spectroscopic analyses. Compound4 was found to induce significant cell death in the
human HeLa cell line. Apoptotic-related DNA damage can be positively related to the dose of compound4. The DNA
damage was measured by the percentage of subG1 (24 h after the treatment of compound4) as determined by cell cycle
analysis and TUNEL assay. Treatment with4 significantly increased intracellular H2O2 and/or peroxide, nitric oxide
(NO) at 1, 3, and 24 h. Our results also showed that compound4 induced (a) noticeable reduction of mitochondrial
transmembrane potential (∆Ψm), (b) activation of caspase 3/7, and (c) up-regulation of the p53 expression. Compound
4-induced DNA damage was found to markedly decrease when the cells were pretreated with an intracellular glutathione
supplement (glutathione ethyl ester). These results suggest that an increase of H2O2 and/or peroxide by compound4 is
the initial apoptotic event. The intracellular GSH depletion is a critical event in compound4-induced apoptosis in HeLa
cells.

Cinnamomum kotoenseKanehira & Sasaki (Lauraceae) is a small
evergreen tree, endemic to Lanyu Island of Taiwan, and has recently
been cultivated as an ornamental plant.1 There are only two papers
describing the constituents of this species.2,3 In continuation of a
program toward the studies of chemotaxonomy and biologically
active metabolites from Formosan Lauraceous plants, an MeOH
extract of the leaves ofC. kotoenseafforded three new butanolides,
kotomolide A [(4S,3Z)-4-hydroxy-5-methylene-3-octylidenedihy-
drofuran-2-one] (1), isokotomolide A [(4S,3E)-4-hydroxy-5-
methylene-3-octylidenedihydrofuran-2-one] (2), and kotomolide B
[3-(1-methoxynonadecyl)-5-methylene-5H-furan-2-one] (3), a new
secobutanolide, secokotomolide A{methyl[(2E)-2-[(1R)-1-hydroxy-
2-oxopropyl]hexadec-2-enoate]} (4), and 21 known compounds,
including two butanolides, obtusilactone A4 and isoobtusilactone
A,4 three flavan-3-ols, (+)-catechin,5 (-)-catechin,6 and (-)-
epicatechin,7 four lignans, (-)-sesamin,8 (+)-syringaresinol,9 plu-
viatilol,10 and clemaphenol A,11 six benzenoids, isoeugenol,12

vanillin,13 vanillic acid,14 ferulic acid,15 p-hydroxybenzaldehyde,16

and syringaldehyde,17 four steroids,â-sitosterol,18 stigmasterol,18

â-sitosteryl-D-glucoside,19 and stigmasteryl-D-glucoside,19 and two
aliphatic compounds, palmitic acid20 and stearic acid.21 In this paper,
we report the structural elucidation of1-4 and the apoptotic
inducing capability of secokotomolide A (4) on a human cervical
cancer cell line, HeLa.

Results and Discussion

Kotomolide A (1) was isolated as a pale yellowish liquid. Its
molecular formula, C13H20O3, was established by HRFABMS. The
UV absorption at 228 nm was similar to that of obtusilactone A,4

indicating the presence ofâ-hydroxy-γ-methylene-R,â-unsaturated-
γ-lactone.22 The IR spectrum showed absorption bands for a
hydroxy group at 3450 cm-1 and anR,â-unsaturatedγ-lactone
moiety at 1768 and 1680 cm-1. The 1H NMR spectrum of1 was
similar to that of obtusilactone A,4 indicating that1 has the same
â-hydroxy-γ-methylene-R,â-unsaturated-γ-lactone skeleton and the
sameZ geometry of the trisubstituted double bond [δ 6.63 (1H, td,
J ) 7.9, 2.1 Hz, H-1′)]. The presence of a broad singlet atδ 1.29

(8H, br s, H-4′-7′) was attributed to protons in an aliphatic chain
in 1. The exocyclic olefinic protons appeared atδ 4.57 and 4.72
(each 1H, dd,J ) 2.8, 1.5 Hz, H-6a, b), and one hydroxymethine
proton was located atδ 5.16 (1H, br s, H-4). Compound1 showed
an [R]25

D -43.2 (c 0.023, CHCl3), indicating theS configuration
at C-4.23 Thus, the structure of kotomolide A was represented as1
and elucidated as (4S,3Z)-4-hydroxy-5-methylene-3-octylidenedi-
hydrofuran-2-one.

Isokotomolide A (2), a pale yellowish liquid, also had the
molecular formula C13H20O3, as deduced from HRFABMS. Its
spectroscopic data (IR, UV,1H and13C NMR) were similar to those
of 1. A large difference involves H-1′, δ 6.93 (td,J ) 7.9, 2.1 Hz)
in 2 versusδ 6.63 in1, suggesting anE configuration for∆3(1′) in
2. The1H NMR spectrum of2 was similar to that of isoobtusilactone
A,4 indicating that2 has the sameâ-hydroxy-γ-methylene-R,â-
unsaturated-γ-lactone skeleton and the sameE geometry of the
trisubstituted double bond [δ 6.93 (1H, td,J ) 7.9, 2.1 Hz, H-1′)].
The presence of a broad singlet,δ 1.27 (8H, br s, H-4′-7′), was
attributed to protons in an aliphatic chain in2. The exocyclic olefinic
protons appeared atδ 4.63 and 4.78 (each 1H, dd,J ) 2.8, 1.5 Hz,
H-6a,b), and one hydroxymethine proton was located atδ 5.32 (1H,
br s, H-4). Compound2 showed an [R]25

D -45.6 (c 0.75, CHCl3),
indicating theS configuration at C-4.24 Thus, the structure of
isokotomolide A was represented as2 and elucidated as (4S,3E)-
4-hydroxy-5-methylene-3-octylidenedihydrofuran-2-one. The1H
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and13C NMR data of2 were assigned by comparison with those
of 1 (Tables 1 and 2).

Kotomolide B (3) was isolated as a colorless oil. The molecular
formula was determined as C25H44O3 by EIMS ([M]+, m/z 392)
and HREIMS. The presence of anR,â-unsaturatedγ-lactone moiety
was apparent from a UV absorption at 265 nm.25 The IR spectrum
showed anR,â-unsaturatedγ-lactone at 1780 and 1680 cm-1. The
1H NMR spectra of3 exhibited the presence, respectively, of an
exomethylene group atδ 4.88 (1H, d,J ) 2.6 Hz) and at 5.20
(1H, d,J ) 2.6 Hz), as well as an olefinic proton atδ 7.22 (1H, br
s). Also, it showed the signals corresponding to a methoxy
functionality atδ 3.35 (3H, s), an oxymethine proton atδ 4.12
(1H, dd, J ) 7.4, 4.8 Hz), and long-chain aliphatic protons atδ
1.26 (30H, br s) and 1.42-1.68 (4H, m). The structure of3 was
similar to those of the known butanolide 3-(1-methoxyoctadecyl)-
5-methylene-5H-furan-2-one.22 Thus, the structure of3 was eluci-
dated as 3-(1-methoxynonadecyl)-5-methylene-5H-furan-2-one.
Compound3 has a negative specific rotation, but the configuration
at C-1′ remains undefined.

Secokotomolide A (4), a pale yellowish liquid, also had the
molecular formula C20H36O4, as deduced from HRFABMS. The
UV absorption at 215 nm was similar to that of secolincomolide
A,26 indicating the presence of a secobutanolide skeleton.26 The
IR spectrum of4 showed characteristic absorption bands due to
the presence of hydroxyl (3450 cm-1), ester (1735 cm-1), and
ketone (1710 cm-1) groups. The1H NMR spectrum of4 was similar
to that of secomahubanolide,22 except for theE geometry of the
trisubstituted double bond [δ 6.98 (1H, t,J ) 7.6 Hz, H-3)] in4
instead of theZ geometry [δ 6.34 (1H, t,J ) 7.6 Hz, H-3)] in
secomahubanolide.22 Secomahubanolide showed four more meth-
ylene units [δ 1.27 (28H, br s, H-6-19)] than secokotomolide A
(4) [δ 1.28 (20H, br s, H-6-15)] in the side chain. An acetyl and
one O-methyl group were observed atδ 2.12 (3H, s, H-3′) and
3.65 (3H, s, OMe-1), respectively. Compound4 showed negative
specific rotation{[R]25

D -52.1 (c 0.15, CHCl3)}, indicating the
1′Rconfiguration similar to that of secomahubanolide{[R]25

D -11.2
(c 0.029, CHCl3)},22 but contrary to that of secoisolancifolide
{[R]25

D +102.7 (c 0.49, CHCl3)}.25 From the above data, compound
4 was defined as methyl[(2E)-2-[(1R)-1-hydroxy-2-oxopropyl]-
hexadec-2-enoate].

To evaluate the anticancer effects of secokotomolide A (4), we
first examined whether the induction of apoptotic-relevant DNA

damage occurred following the addition of4 in the human HeLa
cell line. The DNA content of secokotomolide A (4)-treated HeLa
cells was determined by staining with propidium iodide (PI) and
using flow cytometry. The DNA histograms and the percentages
of cells in each phase of the cell cycle are shown in Figure 1.
Compared with untreated HeLa cells, treatment with 25, 50, and
100 µM 4 for 24 h resulted in a dose-responsive increase in the
subG1 population, extending from 1.4 to 68.8, 75.6, and 81.8%,
respectively.

Many drugs induce apoptosis through an increased intracellular
reactive oxygen species (ROS). We further examined whether4
affected the intracellular ROS, including superoxide, H2O2, and
peroxide of HeLa cells. Thus, the production of intracellular H2O2

and/or peroxide was determined at 1, 3, and 24 h after the addition
of 4 (100 µM) by flow cytometry and DCFH-DA staining.27 The
intracellular DCF fluorescence markedly increased to 3.4-, 2.9-,
and 3.9-fold as compared with untreated HeLa cells at 1, 3, and 24
h, respectively (Figure 2). On the contrary, the intracellular
superoxide level in the4-treated HeLa cells (as determined by
hydroethidine staining) did not show significant increase (Figure
3). These results suggest that the main ROS produced by4 is H2O2

and/or peroxide rather than superoxide.

Table 1. 1H NMR Data of Butanolides1 and2 (500 MHz, δ in
ppm,J in Hz, acetone-d6)

proton kotomolide A (1) isokotomolide A (2)

4 5.16 (1H, br s) 5.32 (1H, br s)
6a 4.57 (1H, dd,J ) 2.8, 1.5) 4.63 (1H, dd,J ) 2.8, 1.5)
6b 4.72 (1H, dd,J ) 2.8, 1.5) 4.78 (1H, dd,J ) 2.8, 1.5)
1′ 6.63 (1H, td,J ) 7.9, 2.1) 6.93 (1H, td,J ) 7.9, 2.1)
2′ 2.73 (2H, m) 2.47 (2H, m)
3′ 1.50 (2H, m) 1.54 (2H, m)
4′-7′ 1.29 (8H, br s) 1.27 (8H, br s)
8′ 0.87 (3H, t,J ) 7.0) 0.87 (3H, t,J ) 7.0)
OH-4 2.08 (1H, br s,J ) 7.6) 2.08 (1H, br s,J ) 7.6)

Table 2. 13C NMR Data of Butanolides1 and2 (125 MHz, δ
in ppm, acetone-d6)

proton kotomolide A (1) isokotomolide A (2)

2 166.1 (s) 167.3 (s)
3 128.7 (s) 129.3 (s)
4 69.1 (d) 66.6 (d)
5 159.7 (s) 159.9 (s)
6 88.9 (t) 90.0 (t)
1′ 149.6 (d) 148.5 (d)
2′-5′ 28.6-29.9 (t) 29.6-30.4 (t)
6′ 34.3 (t) 32.7 (t)
7′ 23.4 (t) 23.4 (t)
8′ 14.4 (q) 14.4 (q)

Figure 1. Effect of compound4 on cell cycle of HeLa cell line.
HeLa cells were treated with the indicated concentrations of4 for
24 h. After treatment, cells were collected, fixed with MeOH,
stained with propidium iodide, and analyzed by flow cytometry.
Data on each sample represent the percentage of cells in the G1,
S, G2M, and subG1 phases of the cell cycle, respectively. These
experiments were performed at least three times, and a representa-
tive experiment is presented.

Figure 2. Effect of compound4 on intracellular H2O2 and/or
peroxide of HeLa cell line. HeLa cells were treated with 100µM
4 for 1, 3, and 24 h. After treatment, cells were treated with 10
µM DCFH-DA for 30 min in the dark, washed once with PBS,
detached by trypsinization, collected by centrifugation, and sus-
pended in PBS. The intracellular H2O2 and/or peroxide, as indicated
by the fluorescence of dichlorofluorescein (DCF), was measured
with a Becton-Dickinson FACS-Calibur flow cytometer. The data
in each panel represent the DCF fluorescence intensity within the
cells. These experiments were performed at least three times, and
a representative experiment is presented.
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Some reports have demonstrated that NO has antitumor activity,
and high concentrations of NO can inhibit cell growth and induce
apoptosis.28,29 We tested the effect of4 on the production of
intracellular NO and in HeLa cells by DAF-2 staining. Results
showed that 100µM 4 significantly increased the DAF-2 fluores-
cence to 2.1-fold at every treated period, as compared with untreated
cells (Figure 4). This suggests that4 can maintain a constant
increase of intracellular NO production in HeLa cells.

The cellular redox environment of GSH plays a crucial role in
the progression of apoptosis.30 DNA fragmentation is produced
during apoptosis or necrosis induced by GSH depletion in several
types of mammalian cells.31 We further evaluated the intracellular
GSH level by CMF-DA staining, a GSH-specific probe, and flow
cytometry.27 As shown in Figure 5, 25µM 4 could induce a 49%

GSH-depleted cell population as compared with untreated cells (3%)
at 24 h. Notably, with the treatment of4 at the levels of 50 and
100µM, the percentage of GSH-depleted cells drastically increased
to 92 and 98%, respectively.

A decrease in mitochondrial transmembrane potential (∆Ψm) has
been reported as an early event in apoptosis.32 To measure changes
in the∆Ψm, HeLa cells treated with 100µM 4 and untreated HeLa
cells were stained with 5µM rhodamine 123, a fluorescent dye
reflecting∆Ψm,33 at different times after treatment with4. Reduced
∆Ψm is reflected here in reduced staining with rhodamine 123. The
percentage of cells staining weakly with rhodamine 123 in untreated
cells was less than 1.0% during 1-24 h (Figure 6). On the other
hand, HeLa cells treated with 100µM 4 showed markedly weaker
staining, reflecting the loss of∆Ψm. The percentage of cells staining
weakly with rhodamine 123 was 23.0, 42.4, and 75.1% at 6, 9,
and 12 h, respectively. The percentage of cells staining weakly with
rhodamine 123 was maintained at 75.1% after HeLa cells received
4 at 24 h.

Caspases are cysteine proteases that have a main role in
apoptosis.34,35 To evaluate the role played by caspases in the
apoptotic effect induced by4 (100µM) in HeLa cells, the caspase
3/7 activities were examined after 3, 6, 9, 12, and 24 h of treatment.
Caspase 3/7 activities of the4-treated cells increased about 3.5-
and 5.9-fold at 3 and 6 h of treatment, respectively (Figure 7). In
particular, after treatment with 100µM 4 as compared to untreated
cells, HeLa cell populations were enhanced 9.9-fold, the largest
level at 9 h in caspase 3/7 activities. The activation of caspase 3/7

Figure 3. Effect of compound4 on intracellular superoxide of
HeLa cell line. HeLa cells were treated with 100µM 4 for 1, 3,
and 24 h. After treatment, cells were treated with 10µM
hydroethidine (HE) for 30 min in the dark, washed once with PBS,
detached by trypsinization, collected by centrifugation, and sus-
pended in PBS. The intracellular superoxide, as indicated by the
fluorescence of HE, was measured with a Becton-Dickinson FACS-
Calibur flow cytometer. The data in each panel represent the HE
fluorescence intensity within the cells. These experiments were
performed at least three times, and a representative experiment is
presented.

Figure 4. Effect of compound4 on intracellular nitric oxide (NO)
of HeLa cell line. HeLa cells were treated with 100µM 4 for 1, 3,
and 24 h. After treatment, cells were treated with 1µM DAF-2 for
10 min in the dark, washed once with PBS, detached by trypsiniza-
tion, collected by centrifugation, and suspended in PBS. The DAF-2
fluorescence reflecting the level of intracellular NO in cells was
measured in a Becton-Dickinson FACS-Calibur flow cytometer.
The data in each panel represent the DAF-2 fluorescence intensity
within the cells. These experiments were performed at least three
times, and a representative experiment is presented.

Figure 5. Effect of compound4 on intracellular glutathione (GSH)
of HeLa cell line. HeLa cells were treated with 25, 50, and 100
µM 4 for 24 h. After treatment, cells were treated with 25µM
CMF-DA for 30 min in the dark, then washed once with PBS,
detached by trypsinization, collected by centrifugation, and sus-
pended in PBS. The fluorescence mean intensity was measured by
flow cytometry analysis. Data in each panel represent the percentage
of cell numbers displaying intracellular GSH negative cells. These
experiments were performed at least three times, and a representa-
tive experiment is presented.

Figure 6. Effect of compound4 on mitochondrial transmembrane
potential (∆Ψm) of HeLa cell line. HeLa cells were treated with
100µM 4 for 1, 3, 6, 9, 12, and 24 h. After treatment, the culture
medium was replaced with a new medium with 5µM rhodamine
123 for 30 min in the dark. After the incubation step, cells were
harvested by trypsinization, following which∆Ψm, as indicated
by the fluorescence intensity of rhodamine 123, was analyzed using
a Becton-Dickinson FACS-Calibur flow cytometer. Data in each
panel represent the percentage of cell numbers displaying a
decreased∆Ψm. These experiments were performed at least three
times, and a representative experiment is presented.
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remained greater than untreated cells at 12 and 24 h, as it exhibited
4.6- and 1.7-fold increases, respectively.

It has been suggested that the p53 protein expression is a critical
factor in the apoptosis pathway.36,37 Many anticancer drugs also
induced apoptosis on cancer cells through increasing p53 expres-
sion.38 To determine whether the induction of apoptosis by4 is
related to p53, the expression of p53 was examined by an FITC-
conjugated p53 antibody and flow cytometry analysis. Results
demonstrated that the percentage of p53-positive cells was enhanced
to 28.8% for HeLa cells after exposure to 100µM 4 at 24 h (Figure
8).

To investigate the critical event on4-induced apoptosis, glu-
tathione ethyl ester (GSHEE), an intracellular GSH supplement,39

Boc-Asp(OMe)-fmk, a broad caspases inhibitor,40 cyclosporin A,
a mitochondrial permeability transition opening inhibitor,41 dex-
amethasone, an NO inhibitor,42 and pifithrin-R, a p53 inhibitor,43

were pretreated for 2 h and applied in4-induced apoptosis and
analyzed by TUNEL assay and cell cycle analysis. As shown in

Figure 9A, the percentage of apoptotic cells in the untreated cells
was 1.8%, and this increased to 72.3% at 24 h in the 100µM
4-treated cells. The percentage of apoptosis was markedly decreased
to 5.4% by 10 mM GSHEE pretreatment. Pretreatment with 100
µM Boc-Asp(OMe)-fmk resulted in 39.0% apoptotic cells. In
contrast, the percentages of apoptotic cells were 54.5, 55.3, and
57.3% in 5µM cyclosporin A-pretreated, 10µM dexamethasone-
pretreated, and 10µM pifithrin-R-pretreated cells, respectively. In
the cell cycle analysis, pretreatment with GSHEE also extremely
decreased the percentage of sub G1, 11.3% as compared with 72.3%
in cells treated with only4. The sub G1 in Boc-Asp(OMe)-fmk-,
cyclosporin A-, dexamethasone-, and pifithrin-R-pretreated cells was
74.8, 61.2, 47.7, and 40.9%, respectively.

In this report, we have demonstrated that4 potently induced
apoptosis in HeLa cells with the generation of H2O2, peroxide, and
NO, a GSH depletion, a decrease of∆Ψm, and activation of caspase
3/7 and p53 overexpression. Several studies have demonstrated that
ROS induces apoptosis in several cancer cell lines.44,45Many drugs
also show an anticancer effect by way of an increase in intracellular
ROS.46-51 These results illustrate that4 increased about 3.4-fold
for intracellular H2O2 and/or peroxide, as compared with untreated
cells in an early 1 h period of treatment. The overproduction of
intracellular H2O2 and/or peroxide was still significant even 24 h
post-treatment. We suppose H2O2 and/or peroxide increase induced
by 4 triggers a series of apoptotic events, including GSH depletion,
mitochondrial dysfunction, caspase 3/7 activation, and p53 over-
expression in later treated periods.

Several studies have demonstrated that intracellular GSH deple-
tion is a critical event for the initiation of DNA damage in some
cancer cell lines.31,52-55 In our studies, we found that4-treated HeLa
cells produced large amounts of GSH-depleted cells (Figure 5).
These data also correlate excellently with the results of4-mediated
increase in disruption of∆Ψm and are consistent with the notion
that GSH depletion could induce mitochondrial dysfunction.56,57

Our present studies demonstrated that the apoptotic effect of4 was
obvious blocked by GSHEE (Figure 9). We suggest that the
increased intracellular GSH depletion is a critical event in4-induced
apoptosis in HeLa cells. As to how the underlying mechanism of
4 triggers the occurrence of GSH depletion awaits further investiga-
tion.

Experimental Section

General Experimental Procedures. Optical rotations were
measured with a JASCO DIP-370 digital polarimeter. UV spectra
were obtained in MeCN using a JASCO V-530 spectrophotometer.
Melting points were determined using a Yanagimoto micro-melting
point apparatus and are uncorrected. The IR spectra were measured
on a Hitachi 260-30 spectrophotometer.1H (500 MHz, using CDCl3
or acetone-d6 as solvents for measurement),13C (125 MHz), DEPT,
HETCOR, COSY, NOESY, and HMBC NMR spectra were
obtained on a Unity Plus Varian NMR spectrometer. LRFABMS
and LREIMS spectra were obtained with a JEOL JMS-SX/SX 102A
mass spectrometer or a Quattro GC-MS spectrometer with a direct
inlet system. HRFABMS and HREIMS were measured on a JEOL
JMS-HX 110 mass spectrometer. Silica gel 60 (Merck, 230-400
mesh) was used for column chromatography. Precoated silica gel
plates (Merck, Kieselgel 60 F-254, 0.20 mm) were used for
analytical TLC, and precoated silica gel plates (Merck, Kieselgel
60 F-254, 0.50 mm) were used for preparative TLC. Spots were
detected by spraying with 50% H2SO4 and then heating on a hot
plate. Flow cytometry analysis was done by a Becton-Dickinson
FACS-Calibur flow cytometer. Labeling dyes such as propidium
iodide (PI) and rhodamine 123 were used to investigate the events
involved in apoptosis.

Plant Material. The leaves ofC. kotoensewere collected from
Fooyin University, Kaohsiung County, Taiwan, in May 2004. A
voucher specimen was characterized by Dr. Pei-Fang Lee of the

Figure 7. Effect of compound4 on caspase 3/7 activities of HeLa
cell line. HeLa cells were treated with 100µM 4 for 3, 6, 9, 12,
and 24 h. After treatment, the cells were washed once with PBS,
detached by trypsinization, and collected by centrifugation. Aliquots
of 1 × 106 cells were suspended in a DMEM medium, then a
homogeneous substrate reagent, Z-DEVD-R110, for caspase 3/7
was added to the cells, maintaining a 1:1 ratio of reagent to cell
solution. After 1 h of incubation at 37°C, the cells were washed
once with PBS, collected by centrifugation, and suspended in PBS.
The substrate cleavage to release free R110 fluorescence intensity
in cells was analyzed using a Becton-Dickinson FACS-Calibur flow
cytometer. The data in each panel represent the R110 fluorescence
intensity within the cells. These experiments were performed at
least three times, and a representative experiment is presented.

Figure 8. Effect of compound4 on p53 expression of HeLa cell
line. HeLa cells were treated with 100µM 4 for 0, 3, 6, 12, and 24
h. After treatment, both floating and adherent cells were harvested
and fixed using 1% paraformaldehyde for 15 min at 4°C. After
fixation, cells were permeated with 70% EtOH for 30 min at 4°C,
followed by two washes with phosphate-buffered saline (PBS)
containing 0.2% BSA. To evaluate the p53 expression, (1-2) ×
106 cells were incubated with 20µL of FITC-conjugated mouse
anti-p53 monoclonal antibody for 1 h at 37°C in a humidified 5%
CO2-in-air atmosphere. After antibody incubation, cells were
washed twice with PBS, suspended in PBS containing 50µg/mL
PI and 50 µg/mL DNase-free RNase A for 30 min at room
temperature in the dark, and then analyzed by a Becton-Dickinson
FACS-Calibur flow cytometer. The data in each panel represent
the percentage of p53-positive cells. These experiments were
performed at least three times, and a representative experiment is
presented.
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Graduate Institute of Biotechnology, Fooyin University, Kaohsiung
County, Taiwan, and deposited in the Basic Medical Science
Education Center, Fooyin University, Kaohsiung County, Taiwan.

Extraction and Isolation. The air-dried leaves ofC. kotoense
(11.0 kg) were extracted with MeOH (80 L× 6) at room
temperature, and the MeOH extract (201.2 g) was obtained upon
concentration under reduced pressure. The MeOH extract, sus-
pended in H2O (1 L), was partitioned with CHCl3 (2 L × 5) to
give fractions soluble in CHCl3 (112.4 g) and H2O (56.8 g). The
CHCl3-soluble fraction (112.4 g) was chromatographed over silica
gel (800 g, 70-230 mesh) usingn-hexane-EtOAc-acetone as
eluent to produce five fractions. Part of fraction 1 (5.31 g) was
subjected to Si gel chromatography by eluting withn-hexane-
EtOAc (20:1), then enriched with EtOAc to furnish 10 fractions
(1-1-1-10). Fraction 1-1 (1.84 g) was re-subjected to Si gel
chromatography, eluting withn-hexane-EtOAc (50:1) and enriched
gradually with EtOAc to obtain five fractions (1-1-1-1-1-5).
Fraction 1-1-1 (0.36 g) was further purified by another silica gel
column usingn-hexane-EtOAc to obtain stearic acid (35 mg) and
palmitic acid (46 mg). Fraction 1-1-2 (0.53 g) eluted with
n-hexane-EtOAc (30:1) was further separated using silica gel CC
and preparative TLC (n-hexane-EtOAc (30:1)), giving kotomolide
B (3) (12 mg) and secokotomolide A (4) (327 mg). Fractions 1-1-3
(0.12 g) and 1-1-4 (0.24 g) were re-subjected to Si gel CC and
purified by preparative TLC to yield vanillin (12 mg) and vanillic
acid (6 mg). Fraction 1-4 (3.12 g) was re-subjected to Si gel
chromatography, eluting withn-hexane-EtOAc (40:1) and enriched
gradually with EtOAc, to obtain three fractions (1-4-1-1-4-3).
Fraction 1-4-2 (3.01 g), eluted withn-hexane-EtOAc (40:1), was
further separated using silica gel CC and preparative TLC (n-
hexane-EtOAc (30:1)) and gave isoobtusilactone A (2.88 g) and
obtusilactone A (121 mg). Part of fraction 2 (8.76 g) was subjected
to Si gel chromatography by eluting withn-hexane-EtOAc (10:
1), then enriched with EtOAc to furnish six fractions (2-1-2-6).
Fraction 2-1 (1.24 g) was re-subjected to Si gel chromatography,
eluting with CHCl3-MeOH (100:1) and enriched gradually with
MeOH, to obtain 10 fractions (2-1-1-2-1-10). Fraction 2-1-2 (0.18
g) and fraction 2-1-3 (0.25 g) were re-subjected to Si gel CC and
purified by preparative TLC to yield ferulic acid (7 mg),p-
hydroxybenzaldehyde (5 mg), and syringaldehyde (11 mg). Fraction
2-3 (1.54 g) was re-subjected to Si gel chromatography, eluting
with n-hexane-EtOAc (40:1) and enriched gradually with EtOAc,
to obtain four fractions (2-3-1-2-3-4). Fraction 2-3-2 (1.06 g) eluted
with n-hexane-EtOAc (20:1) was further separated using silica
gel CC and preparative TLC (n-hexane-EtOAc (40:1)) and gave

kotomolide A (1) (37 mg) and isokotomolide A (2) (453 mg).
Fraction 2-5 (5.43 g,n-hexane-EtOAc (10:1)) was further purified
on a silica gel column (300 g, 230-400 mesh) using CHCl3-MeOH
to obtain a mixture ofâ-sitosterol and stigmasterol (2.74 g). Part
of fraction 3 (5.51 g) was subjected to Si gel chromatography by
eluting with n-hexane-EtOAc (1:1), then enriched with EtOAc,
to furnish five fractions (3-1-3-5). Fraction 3-1 (2.42 g) was further
purified by another silica gel column using CHCl3-MeOH to obtain
eugenol (2.01 g). Fraction 3-3 (1.75 g) was further purified on a
silica gel column using CHCl3-MeOH to obtain sesamin (1.04 g)
and syringaresinol (21 mg). Fraction 3-4 (0.83 g) was purified on
a silica gel column using CHCl3-MeOH to obtain pulviatilol (11
mg) and clemaphenol A (4 mg). Part of fraction 4 (3.38 g) was
subjected to Si gel chromatography by eluting withn-hexane-
EtOAc (1:3), then enriched with EtOAc, to furnish five fractions
(4-1-4-5). Fraction 4-3 (2.41 g) was further purified on a silica
gel column (150 g, 230-400 mesh) using CHCl3-MeOH to obtain
(-)-catechin (46 mg), (+)-catechin (64 mg), and (-)-epicatechin
(51 mg). A mixture ofâ-sitosteryl-D-glucoside and stigmasteryl-
D-glucoside (233 mg) was recrystallized (MeOH) from fraction 5
to afford crystals. Known compounds have been characterized by
comparison of their spectroscopic data with literature values.4-21

Kotomolide A [(4S,3Z)-4-hydroxy-5-methylene-3-octylidene-
dihydrofuran-2-one] (1): pale yellowish liquid; [R]25

D -43.2 (c
0.023, CHCl3); UV λmax (MeCN, log ε) 228 (4.11) nm; IR (neat)
νmax 3450 (br, OH), 1768, 1680 (R,â-unsaturatedγ-lactone), 1464,
1365, 1090 cm-1; 1H NMR data, see Table 1;13C NMR data, see
Table 2; FABMSm/z 225 [M + H]+ (62), 211 (13), 167 (7), 149
(11), 139 (13), 125 (29), 111 (100), 97 (80), 83 (81), 69 (89);
HRFABMSm/z225.1473 [M+ H]+ (calcd for C13H21O3, 225.1491).

Isokotomolide A [(4S,3E)-4-hydroxy-5-methylene-3-octyl-
idenedihydrofuran-2-one] (2): pale yellowish liquid; [R]25

D -45.6
(c 0.75, CHCl3); UV λmax (MeCN, logε) 225 (4.13) nm; IR (neat)
νmax 3445 (br, OH), 1768, 1670 (R,â-unsaturatedγ-lactone), 1465,
1270, 1027 cm-1; 1H NMR data, see Table 1;13C NMR data, see
Table 2; FABMSm/z 225 [M + H]+ (60), 211 (14), 167 (9), 149
(23), 139 (11), 125 (32), 111 (100), 97 (77), 83 (83), 69 (93);
HRFABMSm/z225.1485 [M+ H]+ (calcd for C13H21O3, 225.1491).

Kotomolide B [3-(1-methoxynonadecyl)-5-methylene-5H-
furan-2-one] (3): colorless oil; [R]25

D -47.6 (c 0.04, CHCl3); UV
λmax (MeCN, logε) 265 (4.07) nm; IR (neat)νmax 3455 (br, OH),
1780, 1680 (R,â-unsaturatedγ-lactone), 1290 cm-1; 1H NMR (500
MHz, CDCl3) δ 0.87 (3H, t,J ) 6.8 Hz, H-19′), 1.26 (30H, br s,
H-4′-18′), 1.42-1.68 (4H, m, H-2′, 3′), 3.35 (3H, s, OMe-1′), 4.12
(1H, dd,J ) 7.4, 4.8 Hz, H-1′), 4.88, 5.20 (each 1H, d,J ) 2.6

Figure 9. Evaluation of the critical role in4-induced apoptosis. HeLa cells were cultured in 60 mm tissue-culture dishes. The culture
medium was replaced with a new medium when the cells were 80% confluent. HeLa cells were untreated and then treated with 100µM
4 alone for 24 h, pretreated with 10µM pifithrin-R, 10µM dexamethasone, 5µM cyclosporin A, 100µM Boc-Asp(OMe)-fmk, and 10 mM
glutathione ethyl ester (GSHEE) for 1 h, exposed to 100µM 4 for 24 h, and then proceeded to the (A) TUNEL assay or (B) cell cycle
analysis. In the TUNEL assay, the representative plots depict DNA content on thex-axis and BrdU-FITC-labeled apoptotic DNA strand
breaks on they-axis. Data represent the percentage of apoptotic cells in the upper box. These experiments were performed at least three
times, and a representative experiment is presented.
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Hz, H-6a, b), 7.22 (1H, br s, H-4);13C NMR (125 MHz, CDCl3)
δ 14.3 (C-19′), 22.7 (C-18′), 25.5 (C-3′), 29.0-30.0 (C-4′-16′),
31.8 (C-17′), 35.2 (C-2′), 57.5 (OMe-1′), 77.3 (C-1′), 97.9 (C-6),
137.7 (C-4), 137.8 (C-3), 155.1 (C-5), 169.8 (C-2); EIMSm/z 392
[M] + (1), 280 (8), 267 (5), 179 (7), 165 (13), 149 (14), 142 (100),
123 (24), 111 (31), 97 (45), 83 (41), 69 (74), 55 (92); HREIMS
m/z 392.3277 [M]+ (calcd for C25H44O3, 392.3290).

Secokotomolide A{methyl[(2E)-2-[(1R)-1-hydroxy-2-oxopro-
pyl]hexadec-2-enoate]} (4): pale yellowish liquid; [R]25

D -52.1
(c 0.15, CHCl3); UV λmax (MeCN, logε) 215 (3.79) nm; IR (neat)
νmax 3450 (br, OH), 1735 (ester), 1710 (ketone) cm-1; 1H NMR
(500 MHz, acetone-d6) δ 0.88 (3H, t,J ) 6.8 Hz, H-16), 1.28 (20H,
br s, H-6∼15), 1.47 (2H, m, H-5), 2.12 (3H, s, H-3′), 2.34 (2H, q,
J ) 7.4 Hz, H-4), 3.65 (3H, s, OMe-1), 4.08 (1H, br d,J ) 3.2
Hz, OH-1′, D2O exchangeable), 4.78 (1H, br d,J ) 3.2 Hz, H-1′),
6.98 (1H, t,J ) 7.6 Hz, H-3);13C NMR (125 MHz, acetone-d6) δ
14.1 (C-16), 22.6 (C-15), 24.5 (C-3′), 28.6 (C-4), 28.7 (C-5), 29.0-
30.0 (C-6-13), 31.9 (C-14), 52.1 (OMe-1), 74.1 (C-1′), 129.5 (C-
2), 149.4 (C-3), 166.5 (C-1), 206.3 (C-2′); FABMS m/z 341 [M +
H]+ (2), 323 (1), 309 (6), 297 (69), 265 (74), 247 (8), 237 (12),
219 (18), 191 (9), 167 (10), 155 (16), 149 (23), 125 (41), 115 (78),
97 (81), 83 (97), 69 (92), 55 (100); HRFABMSm/z 341.2689 [M
+ H]+ (calcd for C20H37O4, 341.2692).

Cell Culture and Drug Treatments. HeLa cells were seeded
into 60 mm tissue culture dishes (5× 105 cells/dish) 48 h before
the experiment. The basal medium was Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FCS, 100 units/mL
penicillin G, 100µg/mL streptomycin, and 250µg/mL amphotericin
B. The stock solution of compound4 (100 mM) was dissolved in
DMSO, and experimental concentrations were prepared in the basal
medium. The final concentration of DMSO in the medium was
0.1%. Cells were exposed to medium containing various concentra-
tions of 4 for different periods.

Propidium Iodide (PI) Staining of Cellular DNA. After drug
treatment, adherent and floating HeLa cells were pooled, washed
with PBS, fixed in PBS-MeOH (1:2, v/v) solution, and maintained
at 4 °C for at least 18 h. After an additional wash with PBS, the
cell pellets were stained with the fluorescent probe solution
containing PBS, 50µg of propidium iodide/mL, and 50µg of
DNase-free RNaseA/mL for 30 min at room temperature in the
dark. Cells were then analyzed using a FACS-Calibur cytometer
(Becton Dickinson, San Jose, CA) with excitation at 488 nm, and
gating out of doublets and clumps using pulse processing and
collection of fluorescence emission above 580 nm. The percentage
of cells undergoing DNA damage was defined as the percentage
of cells in the subdiploid region (subG1) of the DNA distribution
histograms.

Analysis of Intracellular H 2O2 and/or Peroxide by Flow
Cytometry. Production of intracellular H2O2 and/or peroxide was
detected by flow cytometry using 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA).27 Cells were cultured in 60 mm tissue-culture
dishes. The culture medium was replaced with new medium when
the cells were 80% confluent and then exposed to 100µM 4 for 1,
3, and 24 h. After drug treatment, cells were treated with 10µM
DCFH-DA for 30 min in the dark, washed once with PBS, detached
by trypsinization, collected by centrifugation, and suspended in PBS.
The intracellular H2O2 and/or peroxide, as indicated by the
fluorescence of dichlorofluorescein (DCF), was measured with a
Becton-Dickinson FACS-Calibur flow cytometer.

Analysis of Intracellular Superoxide by Flow Cytometry.
Production of intracellular superoxide was detected by flow
cytometry using hydroethidine (HE). Cells were cultured in 60 mm
tissue-culture dishes. The culture medium was replaced with new
medium when the cells were 80% confluent and then exposed to
100µM 4 for 1, 3, and 24 h. After drug treatment, cells were treated
with 10 µM HE for 30 min in the dark, washed once with PBS,
detached by trypsinization, collected by centrifugation, and sus-

pended in PBS. The intracellular superoxide, as indicated by the
fluorescence of HE, was measured with a Becton-Dickinson FACS-
Calibur flow cytometer.

Analysis of Intracellular NO by Flow Cytometry. Production
of intracellular NO was detected by flow cytometry using 4,5-
diaminofluorescein (DAF-2). Cells were cultured in 60 mm tissue-
culture dishes. The culture medium was replaced with new medium
when the cells were 80% confluent and then exposed to 100µM 4
for 1, 3, and 24 h. After drug treatment, cells were treated with 1
µM DAF-2 for 10 min in the dark, washed once with PBS, detached
by trypsinization, collected by centrifugation, and suspended in PBS.
The DAF-2 fluorescence reflecting the level of intracellular NO in
cells was measured in a Becton-Dickinson FACS-Calibur flow
cytometer.

Analysis of Intracellular GSH Content by Flow Cytometry.
The level of intracellular GSH per cell was determined by flow
cytometry after staining with chloromethylfluorescein diacetate
(CMF-DA).27 Cells were cultured in 60-mm tissue-culture dishes.
The culture medium was replaced with new medium when the cells
were 80% confluent and then exposed to 25, 50, and 100µM 4 for
24 h. After drug treatment, adherent and floating HeLa cells were
pooled and washed with PBS. The CMF-DA was added at 25µM
in cell suspensions adjusted at (1-2) × 106 cells per mL. After 30
min of incubation at 37°C, cells were washed twice in PBS,
resuspended at a concentration of 106 cells/mL in PBS, and analyzed
on a Becton-Dickinson FACS-Calibur flow cytometer.

Analysis of ∆Ψm by Flow Cytometry. The∆Ψm per cell was
determined by flow cytometry after staining with rhodamine 123.33

Rhodamine 123 is a fluorescent dye that is incorporated into
mitochondria in a transmembrane potential-dependent manner. Cells
were cultured in 60 mm tissue-culture dishes. The culture medium
was replaced with new medium when the cells were 80% confluent
and then exposed to 100µM 4 for 1, 3, 6, 9, 12, and 24 h. After
drug treatment, cells were treated with 5µM rhodamine 123 for
30 min in the dark, washed once with PBS, detached by trypsiniza-
tion, collected by centrifugation, and suspended in PBS. The∆Ψm

determined by the fluorescence level of rhodamine 123 was
analyzed using a Becton-Dickinson FACS-Calibur flow cytometer.

Analysis of Caspase 3/7 Activities by Flow Cytometry.
Caspase 3/7 activities were measured by a method modified from
an experienced user’s protocol on the Apo-one homogeneous
caspase-3/7 assay kit. The Z-DEVD-R110 substrate for caspase 3/7
was diluted with a buffer to make the desired amount of
homogeneous substrate reagent. Cells were cultured in 60 mm
tissue-culture dishes. The culture medium was replaced with a new
medium when the cells were 80% confluent and then treated with
100µM 4 for 3, 6, 9, 12, and 24 h. After drug treatment, the cells
were washed once with PBS, detached by trypsinization, and
collected by centrifugation. An aliquot of 1× 106 cells was
suspended in DMEM medium, then Z-DEVD-R110 substrate
reagent was added, maintaining a 1:1 ratio of reagent to cell
solution. After 1 h of incubation at 37°C, the cells were washed
once with PBS, collected by centrifugation, and suspended in PBS.
Substrate cleavage to release free R110 fluorescence intensity
representing the caspase-3/7 activities was measured in a Becton-
Dickinson FACS-Calibur flow cytometer with excitation wavelength
set at 488 nm and emission wavelength at 520 nm.

Analysis of p53 Expression by Flow Cytometry.Cells were
cultured in 60 mm tissue-culture dishes. The culture medium was
replaced with new medium when the cells were 60% confluent and
then exposed to 100µM 4 for 0, 3, 6, 12, and 24 h. After treatment
with 4, both floating and adherent cells were harvested and fixed
using 1% paraformaldehyde for 15 min at 4°C. After fixation, cells
were permeated with 70% EtOH for 30 min at 4°C, followed by
two washes with phosphate-buffered saline (PBS) containing 0.2%
BSA. To evaluate the p53 expression, (1-2) × 106 cells were
incubated with 20µL of FITC-conjugated mouse anti-p53 mono-
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clonal antibody for 1 h at 37°C in a humidified 5% CO2-in-air
atmosphere. After antibody incubation, cells were washed twice
with PBS, suspended in PBS containing 50µg/mL PI and 50µg/
mL DNase-free RNase A for 30 min at room temperature in the
dark, and then analyzed by a Becton-Dickinson FACS-Calibur flow
cytometer.

TUNEL Assay for Apoptosis. Following incubation with
various drugs, TUNEL was performed using the “Apo-BrdU” kits
(BD Pharmingen, San Diego, CA), with the standard protocol
provided by the manufacturer being used. Both floating and adherent
cells were harvested and fixed using 1% paraformaldehyde for 30
min at 4°C. After fixation, cells were permeated with 70% EtOH
for 30 min at-20 °C, followed by two washes with phosphate-
buffered saline (PBS) containing 0.2% BSA. To label DNA strand
breaks, (1-2) × 106 cells were incubated with 50µL of TUNEL
reaction buffer containing terminal deoxynucleotidyl transferase and
fluorescein-BrdUTP, then incubated for 1 h at 37°C in a humidified
5% CO2-in-air atmosphere. Cells were washed twice with PBS,
suspended in PBS containing 40µg/mL PI and 40µg/mL DNase-
free RNase A for 30 min at room temperature in the dark, and
then analyzed by a Becton-Dickinson FACS-Calibur flow cytom-
eter.
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