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Abstract
The novel cyclopenta[b]benzofuran, silvestrol, isolated from the fruits and twigs of Aglaia
foveolata, has been found to exhibit very potent in vitro cytotoxic activity against several human
cancer cell lines. Furthermore, it was active in the in vivo P388 murine leukemia model. In this study,
the mechanism of cytotoxicity mediated by silvestrol in the LNCaP (hormone-dependent human
prostate cancer) cell line was investigated. Silvestrol induced an apoptotic response, disrupted the
mitochondrial trans-membrane potential and caused cytochrome c release into the cytoplasm.
Immunoblot analysis indicated that, at the protein level, silvestrol produced an increase of bcl-xl
phosphorylation with a concomitant increase of bak. Furthermore, caspase-2, -9 and -10 appeared to
be involved in silvestrol-mediated apoptosis. In contrast, the involvement of caspase-3 and caspase-7
was not detected, either by immunoblot or caspase-3/7-like activity analysis, indicating that these
pathways do not play a crucial role in silvestrol-induced apoptosis. To investigate the relative
contribution of the caspases, inhibition of apoptosis with four different cell-permeable inhibitors was
studied (Boc-D-Fmk, Z-VDVAD-FMK, Z-LEHD-FMK, and Z-AEVD-FMK). Only the general
caspase inhibitor, Boc-D-Fmk, completely inhibited the formation of apoptotic bodies. In contrast,
caspase-2 and caspase-9 selective inhibitors induced about a 40% decreased apoptotic response,
whereas the caspase-10 selective inhibitor caused about a 60% reduction in apoptosis compared to
silvestrol only treated cells. Taken together, the studies described herein demonstrate the involvement
of the apoptosome/mitochondrial pathway and suggest the possibility that silvestrol may also trigger
the extrinsic pathway of programmed cell death signaling in tumor cells.
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Natural products have played an important role in cancer chemotherapy by providing several
new drugs and lead structures for further development (1,2). The cyclopenta[b]benzofuran
core, found only in plants of the genus Aglaia (Meliaceae), has afforded interesting lead
structures due to its unique carbon skeleton and the potent biological activity of some members
of this compound class, known also as rocaglate or rocaglamide derivatives (3,4). In terms of
their potential antitumor propensities, cyclopenta[b]benzofurans have been reported to exhibit
potent antiproliferative and cytostatic activity against human cancer cell lines (3,5). They block
protein synthesis and induce cell-cycle arrest at the G2/M transition in certain tumor cell lines
(6). Furthermore, these compounds inhibit NF-κB activity by blocking inducible NF-κB DNA
binding activity and I-κB degradation as well as expression of NF-κB target genes in T-
lymphocytes (7). In regard to their NF-κB inhibitory activity, it was demonstrated that a
synthetic derivative of rocaglaol is able to reduce tissue inflammation and neuronal cell death
by inhibiting NF-κB and AP-1 signaling, resulting in significant neuroprotection in animal
models of neurodegeneration (8). In addition, some rocaglamide derivatives have been
suggested as a new source of NF-AT specific inhibitors for the treatment of certain
inflammatory diseases (9).

In our recent work, the cyclopenta[b]benzofuran, silvestrol, isolated from the fruits and twigs
of Aglaia foveolata, has been found to show very potent in vitro cytotoxic activity against
several human cancer cell lines (10). Its potency was comparable to that of the well-known
anticancer drug, paclitaxel (Taxol®). Furthermore, silvestrol exhibited potent inhibitory
activity in vivo against several human cancer cells, which were cultivated in hollow fibers, and
implanted intraperitoneally in mice (10). The natural product was also active in the P388 murine
leukemia model (10). Interestingly, silvestrol possesses an unusual dioxanyloxy group at the
C-6 position, which is a major structural difference from other cyclopenta[b]benzofurans, and
it was suggested that this pendant group is important for its potent cytotoxic activity (10,11).
Synthesis of this dioxanyloxy substituent has been completed and synthesis of the molecule
of silvestrol is underway (11). Since silvestrol is worthy of further investigation as an anticancer
drug candidate, a better understanding of its cellular mechanism of action is warranted.
Therefore, the present work was carried out to study silvestrol-mediated apoptosis in the
LNCaP human prostate carcinoma cell line.

Two apoptosis pathways are relatively well understood at the molecular level. In the intrinsic
pathway, apoptotic signaling impacts mitochondria to induce the release of mitochondrial
cytochrome c into the cytosol, where it binds to the adaptor protein Apaf-1 (apoptotic protease-
activating factor 1) and procaspase-9. These lead to the formation of the apoptosome and
subsequent activation of executioner caspases, such as caspase-3 or -7 (12). In the extrinsic
pathway, the cell surface death receptor Fas (CD95/Apo-1), a member of the tumor necrosis
factor receptor family, is activated by binding of its ligand leading to the formation of the death-
inducing-signaling-complex (DISC). DISC formation then triggers the sequential activation
of the initiator caspases, caspase-8 or -10, and the executioner caspases, caspase-3 or -7, either
directly or through a mitochondrial pathway.

Our results have demonstrated that silvestrol induces apoptosis through the mitochondrial/
apoptosome pathway, suggesting that it follows the well-characterized intrinsic pathway.
However, silvestrol-mediated apoptosis did not induce the activation of two major executioner
caspases, caspases-3 and -7. We also show the contribution of caspase-10, implicating the
potential involvement of the extrinsic pathway in silvestrol-induced apoptosis.
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Materials and Methods
Cell culture

The human prostate carcinoma cells, hormone dependent LNCaP, were obtained from
American Type Culture Collection (Rockville, MD, USA) and cultured in RPMI-1640 cell
culture medium supplemented with 10% heat-inactivated fetal bovine serum and 1% PSF (100
units/ml penicillin G, 100 μg/ml streptomycin sulfate, 250 ng/ml amphotericin B),
supplemented with 0.1 nM testosterone. The cells were maintained at 37°C and 5% CO2.

Chemicals and antibodies
Silvestrol, {6-O-demethyl-6-[6-(1,2-dihydroxyethyl)-3-methoxy-1,4-dioxan-2-yl]-
aglafolin}, was isolated from the bark and twigs of Aglaia foveolata Pannell (Meliaceae), as
described previously (10,11). Four different cell-permeable inhibitors of caspases (Boc-D-
Fmk, Z-VDVAD-FMK, Z-LEHD-FMK, and Z-AEVD-FMK), anti-caspase-2, anti-
caspase-10, anti-Apaf-1, and anti-cytochrome c antibodies were obtained from Calbiochem
(La Jolla, CA, USA). Anti-caspase-3, anti-caspase-7, anti-caspase-9, anti-poly (ADP-ribose)
polymerase (PARP), anti-bak, and anti-bcl-xl were purchased from Cell Signaling Technology,
Inc. (Beverly, MA, USA).

Colony formation assay
The effect of silvestrol on LNCaP colony formation was evaluated as described previously
(13). LNCaP cells in log phase growth were plated in a 100-mm tissue culture dish (250 cells/
dish). After an incubation period of 24 h, the cells were treated with silvestrol (30 nM or 120
nM). Following additional incubation periods of 24, 48 and 72 h, dishes were washed with
PBS and cultured in drug-free medium for 7 days. Colonies were then fixed with methanol,
stained with Giemsa stain (Fisher Scientific, Itasca, IL, USA), and counted.

TUNEL Assay for quantification of apoptosis
The APO-DIRECT™ apoptosis kit obtained from Phoenix Flow Systems (San Diego, CA,
USA) was used for the quantification of apoptosis. The cells were seeded at a density of
7×104 cells/ml in 100-mm culture dishes and were treated with 30 nM or 120 nM concentrations
of silvestrol for 24 h. The cells were trypsinized, washed with PBS, and fixed with 1% (w/v)
paraformaldehyde in PBS on ice for 30 min. After centrifugation, the cells were suspended in
70% (v/v) ethanol at −20°C until use. All ethanol was removed from the reaction tubes and
cells were washed twice with PBS. The cells were processed for labeling with fluorescein-
tagged deoxyuridine triphosphate nucleotide at 22°C – 24°C overnight, washed, and incubated
with propidium iodide/RNase A solution in the dark for 30 min at room temperature. The
labeled cells were then analyzed by flow cytometry.

Inhibition of apoptosis
To investigate the relative contribution of different caspases in silvestrol-induced apoptosis,
4,6-diamidino-2-phenylindole (DAPI) staining of the nucleus was performed in the presence
of four different cell-permeable inhibitors of caspases: 50 μM Boc-D-Fmk as a general caspase
inhibitor; 10 μM Z-VDVAD-FMK as a caspase-2 inhibitor (14); 20 μM Z-LEHD-FMK as a
caspase-9 inhibitor; and 10 μM Z-AEVD-FMK as a caspase-10 inhibitor. Caspase inhibitors
employed for the current studies were based on previously reported data (15,16). LNCaP cells
(6×104/ml) were plated in 6-well plates and incubated for 24 h. The cells were treated with
240 nM silvestrol for 24 h with or without four different cell-permeable inhibitors of caspases
1 h prior to treatment with silvestrol. The cells were harvested, washed, and fixed with
methanol-acetic acid (1:1) for 30 min at room temperature. Cells were stained with DAPI
(1μg/ml) on glass slides for 15 min at room temperature. DAPI staining of the nucleus was
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observed under fluorescence microscopy. Three independent experiments were performed and
more than 150 cells were counted for each sample. The percentage of apoptotic nuclei was
determined.

Analysis of caspases-3 and -7-like activity
The Apo-ONE™ homogeneous caspase-3/7 assay kit (Promega, Madison, WI, USA) was used
to measure the activities of caspase-3 and -7. Cells (7×104 cells/ml) were treated with silvestrol
(15 nM, 30 nM, 60 nM, 120 nM, and 240 nM) or etoposide for 24 h in a black 96-well plate.
Etoposide, which is known to activate caspases-3/7 in LNCaP cells (17), was used as a positive
control for this assay. At the end of the treatment, lysis buffer and the substrate (Z-DEVD-
rhodamine 110) were mixed and added to the cells. Upon sequential cleavage and removal of
the DEVD peptides by caspase-3 and -7 activity and excitation at 499 nm, the rhodamine 110-
leaving group became intensely fluorescent. The emission maximum is 521 nm. The amount
of fluorescent product generated was proportional to the amount of caspase-3 and -7 cleavage
activity present in the sample. The samples were measured in triplicate. Caspase-3 and -7
activity was indicated by net fluorescence.

Mitochondrial membrane potential analysis
The mitochondrial membrane potential permeability was measured using 40 nM 3,3′-
dihexyloxacarbocyanine iodide (DiOC6; Molecular Probes, Eugene, OR, USA). Cells
(7×104 cells/ml) were plated in 100-mm culture dishes and incubated with silvestrol. At the
end of incubation, cultured cells were incubated with DiOC6 for fifteen min at 37°C. Cells
were washed with PBS before resuspension in 500μl PBS containing 40 nM DiOC6 and 30
μg/ml propidium iodide. Fluorescence intensities were analyzed by flow cytometry with
excitation and emission settings of 484 and 500 nm, respectively. Histograms showed only
viable, propidium iodide-negative cells.

Subcellular fractionation
The ApoAlert® Cell Fractionation kit (Clontech Laboratories, Inc., Palo Alto, CA, USA) was
used as per the manufacturer’s protocol to separate mitochondria from the cytosol of LNCaP
cells treated with silvestrol. After silvestrol exposure, cells as well as the floating cells were
harvested in isotonic buffer including protease inhibitor cocktail and DTT, incubated on ice
for 10 mins and homogenized. Samples were transferred to microfuge tubes and spun at 700
×g for 10 min at 4°C to eliminate nuclei and unbroken cells. The resulting supernatant was
centrifuged at 104×g for 25 min at 4°C to obtain supernatant as a cytosolic fraction and the
pellet as a mitochondrial fraction. To confirm that the mitochondrial fraction was successfully
separated from the cytosolic fraction, each sample was probed with COX4 antibody. These
subcellular fractions were tested for the presence of cytochrome c and bak.

Immunoblotting
Silvestrol-treated cells, including the floating cells, were washed three times with ice-cold PBS
and lysed in 500 μl of buffer (20 mM Tris base (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA,
1mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM
Na3VO4, 1 μg/ml leupeptin, and 1 mM PMSF). Cells were scraped from the plate and sonicated.
Lysates were incubated at 0–4°C for 30 min and vigorously vortexed before centrifugation at
12,500 ×g for 15 min at 4°C. Total proteins (30 μg) were separated on 8–15% SDS-PAGE,
and blotted onto polyvinylidene difluoride membranes using a semi-dry blotting system
(Fisher-Scientific, Springfield, NJ, USA). The membrane was blocked with 5% nonfat dry
milk in TBST (20 mM Tris-HCl (pH 7.6), 8.2 g/l NaCl, and 0.1% Tween 20) for 1 h at room
temperature before incubation with primary antibody diluted with 5% nonfat dry milk in TBST
at 4°C overnight. The membranes were washed three times with TBST and incubated with
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secondary antibody conjugated with horseradish peroxidase at room temperature for 1 h.
Proteins were visualized using an enhanced chemiluminescence system (Amersham Pharmacia
Biotech Inc., Piscataway, NJ, USA) after three washings in TBST.

Results
Silvestrol is cytotoxic towards LNCaP cells

We previously reported the potent activity of silvestrol (Figure 1) in inhibiting the growth of
various human tumor cell lines, including the human hormone-dependent prostate carcinoma,
LNCaP (10). In order to better understand the possible mode of action of this agent, we assessed
the effect of silvestrol on colony formation using LNCaP cells. As shown in Figure 2, the
number of colonies was significantly reduced by treatment with silvestrol. More specifically,
exposure of tumor cells with the natural product for more than 48 h resulted in complete
inhibition of colony formation, suggesting that silvestrol functions by a cytotoxic rather than
cytostatic mechanism in the LNCaP cell line.

Silvestrol induces apoptosis, which can be prevented by Boc-D-Fmk
As an explanation for its cytotoxic effect, the capability of silvestrol to induce apoptosis in the
LNCaP cell line was investigated. Apoptosis was measured by the TUNEL assay. As shown
in Figure 3A, silvestrol treatment of LNCaP cells resulted in a 53% and 77% increase in
TUNEL-positive cells when exposed to 30 nM or 120 nM silvestrol, respectively. A dose- and
time-dependent increase of PARP cleavage was also observed after treatment with silvestrol,
confirming that this compound induced apoptosis in LNCaP cells (Figure 3B).

Inhibition of silvestrol-mediated apoptosis by a general caspase inhibitor, Boc-D-Fmk, was
observed in the immunoblotting for PARP cleavage, suggesting the involvement of certain
caspases. The cleaved PARP (85 kDa) was not observed in cells pretreated with the general
caspase inhibitor, Boc-D-Fmk (Figure 3C).

Silvestrol induces apoptosis through the mitochondrial pathway
It has been suggested that a dissipation of the mitochondrial transmembrane potential (ΔΨm)
precedes apoptosis and may represent an early signaling event (18). It is known to be part of
the death pathway of cells exposed to chemotherapeutic drugs and several proteins located
between the inner and outer mitochondrial membranes can affect depolarization. Several
studies suggest that phosphorylation of the anti-apoptotic proteins, bcl-2 or bcl-xl, make them
inactive, thus promoting apoptosis, possibly by freeing bax or bak from (bcl-2 or bcl-xl)/(bak
or bax) dimers and by releasing cytochrome c from the mitochondria to the cytoplasm.

Using the DiOC6 fluorescent probe, we analyzed the ΔΨm of LNCaP cells treated with
silvestrol. Silvestrol treatment of 30 nM or 120 nM showed a slight ΔΨm reduction that was
not reduced further by extending the incubation to time 24 h (Figure 4A). However, silvestrol
treatment did induce cytochrome c release from mitochondria to the cytoplasm (Figure 4B).
In addition, proteins located in the mitochondrial membrane were tested by immunoblotting
and it was found that phosphorylated bcl-xl and bak were associated with silvestrol-induced
apoptosis, indicating the involvement of mitochondria in this phenomenon (Figure 4B).

Caspase-2, -9, and -10 are involved in silvestrol-induced apoptosis but caspase-3 and -7 are
not

To further define the caspases involved, the processing of caspase-1, -2, -3, -4, -5, -6, -7, -8,
-9, and caspase-10 was monitored by immunoblot. This revealed that silvestrol increased the
level of cleaved caspase-9 (p37) and caspase-2, as well as an increase of Apaf-1 (Figure 5A).
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Several studies suggest that Apaf-1 and procaspase-9 assemble into a heptameric wheel-like
caspase-activating complex termed the apoptosome. Procapase-9, which is thought to be
activated by autoprocessing upon recruitment to the apoptosome, subsequently activates
procaspase-3 and -7. However, in this study, immunoblot analysis did not reveal cleavage of
procaspase-3 or -7. To confirm the results from immunoblot analysis of caspase-3 and -7,
caspase-3 -7-like activity was monitored using the Apo-ONE™ Homogeneous Caspase-3 -7
assay kit. Etoposide served as positive control since it known to induce caspase-3 and -7
activities in LNCaP cells (17). Etoposide concentrations used were based on previous studies
(17). As expected from immunoblot analysis, there were no differences between untreated-
cells and silvestrol-treated cells at the highest dose of 240 nM. In contrast to silvestrol-treated
cells, etoposide-treated cells exhibited significant caspase-3 and -7 like activity (Figure 5B),
confirming that neither caspase-3 nor -7 is responsible for silvestrol-induced apoptosis in
LNCaP cells.

In addition to the effects on caspase-2 and -9, it was also found that caspase-10 is involved in
silvestrol-induced apoptosis (Figure 5A). However, immunoblotting revealed that silvestrol
did not induce the cleavage of procaspase-10 for its activation; rather it induced up-regulation
of procaspase-10 expression. Furthermore, we did not detect any changes of procaspase-1, -4,
-6, or -8 (data not shown).

To confirm the involvement of caspase-2, -9 and -10, and to investigate the relative contribution
of these caspases in silvestrol-induced apoptosis, we observed the formation of apoptotic
bodies with DAPI staining with four different caspase inhibitors, namely, for general caspase,
caspase-2, caspase-10, and caspase-9 inhibition. As illustrated in Figure 5C, all three selective
caspase inhibitors demonstrated some reduction in silvestrol-induced apoptosis, although none
of them completely inhibited the formation of apoptotic bodies. In contrast, the general caspase
inhibitor, Boc-D-Fmk, effectively reduced apoptosis to the level of the untreated cells.
Interestingly, the caspase-10 inhibitor was the most effective of the selective inhibitors for the
reduction of silvestrol-induced apoptosis while the caspase-2 and caspase-9 inhibitors showed
similar but less pronounced effects.

Discussion
The results of the present study suggest that silvestrol, a plant-derived cyclopenta[b]benzofuran
with an unusual dioxanyloxy ring functionality, induces apoptosis in LNCaP cells. While some
members of this compound class are cytostatic against various human cancer cell lines (6,
13), in the present study silvestrol (Figure 1) exhibited a cytotoxic rather than cytostatic effect
in a colony formation assay with LNCaP cells (Figure 2). This result is consistent with the
observations by others that silvestrol is cytotoxic rather than cytostatic in THP-1 and A549
cells (19). A major difference of silvestrol with other cyclopenta[b]benzofurans is the
dioxanyloxy group at the C-6 position, suggesting that the novel dioxanyloxy substituent is
important for mediating cytotoxicity.

In the current study, we observed that silvestrol induced cell death through an apoptosis
pathway that was inhibited by the general caspase inhibitor, Boc-D-Fmk (Figure 3). Inhibition
of apoptosis with pretreatment of Boc-D-Fmk indicated that caspases were functionally and
actively involved in silvestrol-induced apoptosis. Recently, induction of apoptosis triggered
by certain cyclopenta[b]benzofurans (flavaglines) was reported in colorectal cancer cells
(20). Silvestrol induced apoptosis associated with depolarization of the mitochondrial
membrane, down-regulation of bcl-xl, and activation of p38 (20). However, the caspases
involved in cyclopenta[b]benzofuran-induced apoptosis were not demonstrated. In the present
study, the involvement of caspase-2, -9, and -10 were detected (Figure 5A). Although silvestrol
treatment did not induce a dramatic change in the mitochondrial membrane potential (Figure
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4A), it did induce cytochrome c release, up-regulation of the proapoptotic protein bak and
phosphorylation of the antiapoptotic protein bcl-xl, suggesting mitochondrial involvement in
silvestrol-induced apoptosis (Figure 4B). In addition, involvement of the apoptosome was
suggested by up-regulation of Apaf-1 (Figure 5A), which, along with cytochrome c and
caspase-9, is a component of the apoptosome.

It is well known that caspase-2 and -9 are engaged in the intrinsic pathway by responding to
changes in mitochondrial potential (21), whereas caspases-8 and -10 are engaged in the
extrinsic pathway by detecting activation of the death receptor (22). Activation of these initiator
caspases leads to processing of the downstream effector caspases, caspase-3 and -7. Therefore,
it would be logical to propose the involvement of caspase-3 or -7, regardless of which pathway
is involved. However, in the case of silvestrol-induced apoptosis, we did not detect cleavage
of either procaspase-3 or -7 by immunoblot (Figure 5A). This result is surprising since PARP
cleavage was observed in silvestrol-treated cells and PARP is a classical substrate of caspase-3
and -7 (23). Furthermore, caspase-7 is known as the predominant caspase in LNCaP cells
(24,25). To confirm the lack of involvement of caspase-3 and -7 in silvestrol-induced apoptosis,
caspase-3 and -7-like activities were analyzed and the results were consistent with immunoblot
analysis, indicating that caspase-3 and caspase-7 did not play a crucial role in silvestrol-induced
apoptosis (Figure 5B). In addition to classic apoptotic mechanisms involving caspases,
alternative programmed cell death signaling programs are beginning to emerge and several
proteins have been discovered to lead to apoptosis by themselves, in the absence of caspases
(26). Based on our results, some of these proteins may be involved and responsible for typical
apoptotic cell morphology instead of the effector caspase-3 and -7. Clearly, further
investigations in this area are warranted.

The involvement of caspase-10 was also detected in silvestrol-induced apoptosis (Figure 5A),
as were caspase-2 and caspase-9. However, immunoblotting revealed an increase of
procaspase-10 expression instead of the typical procaspase cleavage for its activation. Most
studies on apoptosis are based on the assumption that caspase precursors are activated by
cleavage, which is a common mechanism for many zymogens. Although this appears to be true
for the executioner caspases, recent research indicates that proximity-induced dimerization
without cleavage may be responsible for the activation of caspase-8 and caspase-10 in the DISC
(22, 27, 28). Furthermore, it was found that caspase-10 is frequently down-regulated in several
tumor cell lines (29) and that caspase-8 is deleted or silenced preferentially in childhood
neuroblastoma (30) suggesting that down-regulation of caspase -8 and -10 may contribute to
oncogenesis (27). Therefore, it is conceivable that one potential mechanism of silvestrol-
induced apoptosis may be via up-regulation of caspase-10 expression, resulting in an increase
of procaspase-10, proximity-induced dimerization as well as subsequent activation of the DISC
mediated apoptotic pathway.

The ability of four specific caspase inhibitors to block silvestrol-induced apoptosis was studied
to confirm caspase involvement and to assess their relative contributions to cell death. Although
a general caspase inhibitor totally abrogated this process, inhibitors of caspase-2, -9, or -10
only partially inhibited silvestrol-induced apoptosis. Interestingly, both the caspase-2 and
caspase-9 inhibitors exhibited about a 40% reduced apoptotic response, whereas the caspase-10
inhibitor showed about a 60% decrease in apoptosis compared to silvestrol-only treated cells.
Since it is known that caspase-2 and -9 are initiator caspases in mitochondrion-dependent
apoptosis and caspase-10 is the initiator caspase in death receptor-mediated apoptosis, it seems
likely that the contribution of the extrinsic pathway with caspase-10 is greater than the intrinsic
pathway involving caspase-2 and -9 in silvestrol-induced apoptosis.

Interestingly, several studies have indicated that LNCaP cells are resistant to Fas-mediated
apoptosis, despite expressing both Fas receptor and Fas ligand (31), and are also resistant to
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TRAIL-induced apoptosis (32,33). Therefore, it is possible that part of silvestrol’s mechanism
of action may be by overcoming resistance to Fas-mediated apoptosis, which could explain the
involvement of the extrinsic pathway as seen in our studies. Likewise, studies have
demonstrated that anti-Fas treatment of both resistant and sensitive cell lines induced rapid
tyrosine phosphorylation ordephosphorylation of multiple proteins in human prostate
carcinoma cell lines (31). Specifically, treatment with a protein synthesis inhibitor,
cycloheximide, converted the phenotype from Fas-resistant to Fas-sensitive, suggesting that
resistance may be regulated by an apoptosis suppressor factor or factors such as a FLICE-
inhibitory protein (34,35). This raises the possibility that silvestrol may inhibit these apoptosis
suppressor factors to restore sensitivity to Fas-mediated apoptosis in LNCaP cells.

The studies described herein have demonstrated the involvement of the apoptosome/
mitochondrial as well as extrinsic pathway in silvestrol-induced programmed cell death.
Furthermore, results from the current study suggest that, in addition to the classic apoptotic
mechanisms, alternative programmed cell death processes may also be engaged. For example,
additional factors may be involved in silvestrol-induced programmed cell death pathway and
identification of these factors could be the focus of future studies. These data should be useful
for understanding the apoptotic cellular mechanism mediated by cyclopenta[b]benzofurans
and should be helpful in the further characterization of silvestrol as a potential cancer drug
candidate.
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Figure 1.
Structure of silvestrol.
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Figure 2.
Silvestrol is cytotoxic to LNCaP cells. LNCaP cells were plated in a 100 mm tissue culture
dish (250 cells/dish), and treated with 30 nM and 120 nM silvestrol for 24, 48, or 72 h. Dishes
were then washed and cultured in drug-free medium for an additional 7 days. Colonies were
then fixed, stained with Giemsa stain, and scored. Results are expressed as the means of
triplicate determinations.
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Figure 3.
Silvestrol induces apoptosis in LNCaP cells and the general caspase inhibitor, Boc-D-Fmk,
inhibits silvestrol-induced apoptosis. (A) The TUNEL assay was used for quantification of
silvestrol-induced apoptosis. LNCaP cells were treated with 30 nM or 120 nM silvestrol for
24 h, harvested, fixed, stained with FITC-dUTP and analyzed by flow cytometry as detailed
in “Material and Methods.” (B) Immunoblot of PARP cleavage with treatment of silvestrol (30
nM or 120 nM). (C) LNCaP cells were treated with 30 nM or 120 nM silvestrol for 24 h in the
absence or presence of 50 μM Boc-D-Fmk. An antibody specific for cleaved PARP was used.
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Figure 4.
Silvestrol induces apoptosis through the mitochondrial pathway. (A) LNCaP cells were treated
with silvestrol as indicated in the figure. The cells were then sequentially stained with
DiOC6 and propidium iodide followed by flow cytometric analysis. Note the leftward shift in
the peaks silvestrol exposed cells relative to controls, which is indicative of mitochondrial
membrane depolarization. (B) Immunoblot of the effect of silvestrol on cytochrome c, bak,
and phosphorylated bcl-xl.
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Figure 5.
Apaf-1, Caspase-2, caspase-9, and caspase-10 are involved in silvestrol-induced apoptosis but
caspase-3 and 7 are not. (A) Immunoblot analysis showing the involvement of Apaf-1 and
caspase-2, -9, and -10. LNCaP cells were treated with 30 nM and 120 nM silvestrol for 6 h, 12
h, and 24 h. (B) Caspase-3/-7 like activity determined after silvestrol treatment of the LNCaP
cells for 24 h using the DEVD-R110 cleavage assay. Etoposide was incubated with LNCaP
cells for 24 h as a positive control for the assay. Results are the means of experiments performed
in triplicate. (C) Induction of apoptosis induced by 240 nM silvestrol for 24 h in LNCaP cells
pretreated with 50 μM Boc-D-Fmk (general caspase inhibitor), 10 μM Z-VDVAD-FMK
(caspase-2 inhibitor), 20 μM Z-LEHD-FMK (caspase-9 inhibitor), or 10 μM Z-AEVD-FMK
(caspase-10 inhibitor). Apoptosis was quantified by counting nuclei stained with DAPI. Results
are the means of three experiments performed in triplicate.
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