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Abstract

Pristimerin, a naturally occurring triterpenoid, has been
shown to cause cytotoxicity in several cancer cell lines.
However, the mechanism for the cytotoxic effect of
pristimerin was never explored. In the present study,
human breast cancer MIDA-MB-231 cells treated with
pristimerin (1 and 3 pmol/L) showed rapid induction of
apoptosis, as indicated by caspase activation, DNA
fragmentation, and morphologic changes. Pretreatment
of a pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp-fluoromethyl ketone (z-VAD-fmk) completely pre-
vented pristimerin-induced apoptosis. Treatment of
tumor cells with pristimerin resulted in a rapid release
of cytochrome ¢ from mitochondria, which preceded
caspase activation and the decrease of mitochondrial
membrane potential. In addition, neither benzyloxycar-
bonyl-Val-Ala-Asp-fluoromethyl ketone nor permeability
transition pore inhibitor cyclosporin A markedly prevented
pristimerin-induced mitochondrial cytochrome c¢ release.
Pristimerin did not significantly alter the protein level
of Bcl-2 family members (Bcl-2, Bel-X,, and Bax), nor did
it induce Bax translocation. Moreover, Bcl-2 overexpres-
sion fails to prevent pristimerin-induced apoptosis. The
generation of reactive oxygen species in MDA-MB-231
cells was also not affected by pristimerin. In a cell-free
system, pristimerin induced cytochrome c¢ release from
isolated mitochondria. Taken together, these results
suggested that pristimerin is a novel mitochondria-
targeted compound and may be further evaluated as a
chemotherapeutic agent for human cancer. [Mol Cancer
Ther 2005;4(8):1277 - 85]
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Introduction

Activation of apoptosis pathways is a key mechanism by
which anticancer drugs kill tumor cells (1, 2). It is
known that anticancer drugs can induce apoptosis
signaling through two major pathways. One is the
mitochondrial (intrinsic) pathway which is activated by
the release of proapoptotic factors from mitochondria,
such as cytochrome ¢ (3-5). Released cytochrome c
interacts with Apaf-1 and activates caspase-9 that in turn
proteolytically activates downstream caspase-3, one of
the principle protease participating in the execution
phase of apoptosis. Activated caspase-3 cleaves a lot of
substrates, including poly(ADP-ribose)polymerase
(PARP), a DNA repair enzyme, and leads to inevitable
cell death. The other apoptosis pathway is the death
receptor (extrinsic) pathway involving Fas and other
members of the tumor necrosis factor receptor family
that activate caspase-8 (6, 7). Caspase-8 can activate
downstream events either by directly activating caspase-
3 or by cleaving Bid, which then in turn trigger the
mitochondrial pathway.

Many compounds that are used in cancer chemother-
apy are derived from plant sources, such as Vinca
alkaloids, paclitaxel, camptothecin, and etoposide. In
the course of our continuing search for cytotoxic plant
components, 21 compounds have been isolated from
Reissantia buchananii (Celastraceae), and have been tested
for their cytotoxicity. Among them, pristimerin showed
the most potent activity against nine tumor cancer
cell lines, including vincristine-resistant oropharyngeal
cancer KB cells and taxol-resistant ovarian cancer PTX10
cells (8). Pristimerin is a quinonemethide triterpenoid
compound which has been found in various species
belonging to Celastraceae and Hippocrateaceae. Some of
the plants, such as Maytenus chuchuhuasca and Maytenus
laevis, have been used traditionally in the treatment of
arthritis and skin cancer in South America (9, 10). It is
known that pristimerin exhibits antimicrobial, antiinflam-
matory, antiperoxidation, and antitumor effects (8, 10—
12). Pristimerin has been reported to be effective in
preventing inflammatory responses in several animal
models (13). In addition, pristimerin inhibited the
induction of inducible nitric oxide synthase in macro-
phages by suppressing nuclear factor B activation, an
effect which may be responsible for its antiinflamma-
tory activity (14). However, the mechanism for the
antitumor activity of pristimerin was never explored. In
the present study, we show that pristimerin induces
caspase-dependent apoptosis in the human breast cancer
cell line MDA-MB-231. Our results also suggest that the
mechanism of action of pristimerin includes direct
induction of the release of cytochrome ¢ from mitochon-
dria and activation of the caspase cascade.

Mol Cancer Ther 2005;4(8). August 2005



1278 Pristimerin Is a Mitochondria-Targeted Antitumor Agent

Materials and Methods

Materials

RPMI 1640, fetal bovine serum, and streptomycin/
penicillin G were obtained from Life Technologies (Gai-
thersburg, MD). 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, propidium iodide, Hoechst 33342,
cyclosporin A, and N-acetylcysteine were obtained from
Sigma Chemical Co. (St. Louis, MO). Benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk) was from
Calbiochem (San Diego, CA). 2,7-Dichlorodihydrofluor-
escein diacetate and rhodamine 123 were obtained from
Molecular Probes (Eugene, OR). Anti-caspase-3 monoclonal
antibody (mAb), anti-PARP mAb, anti-cytochrome ¢ mAb,
anti-Bcl-2 mAb, anti-Bcl-X;, mAb, and anti-Bax mAb were
purchased from Santa Cruz Biotechnology, Inc., (Santa
Cruz, CA). All other chemicals were obtained from Sigma
Chemical.

Pristimerin (Fig. 1A) was isolated from R. buchananii as
described previously (8). The DMSO stock solution was
kept at —20°C and freshly diluted to the desired
concentration with cultured medium immediately before
use (the final concentration of DMSO in culture medium
was 0.2%).

Cell Culture

The human breast cancer cell lines (MCF-7 and MDA-MB-
231), the human liver cancer cell lines (HepG2 and Hep3B),
the human lung cancer cell line (A549), and the human
mammary epithelial cell line (MCF-10A) were from Amer-
ican Type Culture Collection (Rockville, MD). All cell lines,
except MCF-10A cells, were propagated in RPMI 1640
supplement with 10% (v/v) fetal bovine serum, 100 units/
mL penicillin, and 100 pg/mL streptomycin at 37°C in a

humidified atmosphere of 5% CO, and 95% air. MCF-10A
cells were cultured in a 1:1 mixture of DMEM/Ham’s F-12
medium containing 10 pg/mL bovine insulin, 20 ng/mL
epidermal growth factor, 100 ng/mL cholera enterotoxin,
0.5 pg/mL hydrocortisone, and 10% fetal bovine serum.

In the Bcl-2 overexpression study, transient transfections
were carried out using Lipofect AMINE 2000 reagent (Life
Technologies). MDA-MB-231 cells were cultured to 80%
confluence in 6 X 35 mm plates. Cells were transfected
either with 2 pg of pUSE-empty vector or same vector
containing a cDNA encoding human Bcl-2 (generously
provided by Professor C.M. Teng) with 5 pL Lipofect-
AMINE 2000 in serum-free Opti-MEM (Life Technologies)
at 37°C for 4 hours. Then the cells were cultured in regular
medium for 24 hours before appropriate treatment.

Cell Viability Assay

The inhibitory effect of pristimerin on the cell viability
was measured by the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide colorimetric method. Cells
were seeded at densities of 5,000 to 10,000 cells/well in
96-well tissue culture plates. On day 2, cells were treated
with pristimerin for various time periods. After drug
treatment, attached cells were incubated with 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(0.5 mg/mL, 1 hour) and subsequently solubilized in
DMSO. The absorbency at 550 nm was then measured
using a microplate reader. The ICs is the concentration of
agent that reduced the cell viability by 50% under the
experimental conditions.

Detection of Apoptosis by Flow Cytometry

Apoptotic cells were detected by flow cytometry using
propidium iodide staining. Briefly, after incubation with
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pristimerin, floating cells in the spent medium and
adherent cells were collected by combining the spent
medium and trypsin-treated samples, and cells were
harvested by centrifugation (3,000 X g for 5 minutes),
washed with PBS and fixed in ice-cold 75% ethanol at
—20°C overnight. Cells were washed and resuspended in
PBS containing 25 pg/mL RNase and 0.5% Triton X-100.
Samples were then incubated with 50 pg/mL propidium
iodide at 37°C for 30 minutes and analyzed in a flow
cytometer (Beckman Coulter, Miami, FL).

Nuclear Staining with Hoechst 33342

After treatment, cells were harvested and washed with
ice-cold PBS, fixed in 4% paraformaldehyde at 4°C for 30
minutes. The cells were then incubated in nuclear
fluorochrome Hoechst 33342 at a final concentration of
5 pg/mL at room temperature for 30 minutes. Nuclear
morphology was then examined with a Zeiss fluorescent
microscope.

Western Blot Assay

Cells were lysed with lysis buffer containing 150 mmol/
L NaCl, 1% Triton X-100, 5 mmol/L EDTA, 5,000 units/
mL aprotinin, 20 pg/mL leupeptin, 1 mmol/L phenyl-
methylsulfonyl fluoride, 2 mmol/L sodium orthovana-
date, 50 mmol/L NaF, 5% glycerol, 10 mmol/L Tris-HCI
(pH 7.4), and 2% SDS. Protein concentrations were
determined using a protein assay kit (Bio-Rad, Richmond,
CA). Equal amounts of protein were separated by SDS-
PAGE (7.5% for PARP, 12% for caspase-3, and Bcl-2
family proteins, 15% for cytochrome c), and electroblotted
onto nitrocellulose membrane, which was then blocked
with 5% nonfat milk in 0.1% Tween 20-PBS overnight at
4°C. The membrane was immunoblotted with primary
antibodies against caspase-3, PARP, Bcl-X;, Bcl-2, Bax, and
cytochrome c. After washing with Tween 20-PBS, the
membrane was incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 hour. After washing
with Tween 20-PBS, protein bands on the membrane were
visualized by an enhanced chemiluminescence Western
blotting detection system (Western Lightning, Perkin-
Elmer, Norwalk, CT).

Translocation of Bax to Mitochondria

Cells treated with pristimerin were harvested, resus-
pended in buffer A [250 mmol/L sucrose, 20 mmol/L
HEPES-KOH, 10 mmol/L KCI, 1.5 mmol/L Na-EGTA, 1.5
mmol/L Na-EDTA, 1 mmol/L MgCl,, 1 mmol/L DTT, and
cocktail of protease inhibitors (pH 7.4)], and incubated on
ice for 30 minutes. After the cells were disrupted by 50
strokes with a glass Dounce homogenizer/B-type pestle,
homogenates were centrifuged at 800 x g for 10 minutes at
4°C. Supernatants were further centrifuged at 15,000 x g
for 30 minutes at 4°C, and the subsequent supernatants
were stored as cytosolic fractions at —20°C. The pellet was
washed once with buffer A and finally lysed with buffer B
[50 mmol/L HEPES, 1% Nonidet P-40, 10% glycerol,
1 mmol/L EDTA, 2 mmol/L DTT, cocktail of protease
inhibitors (pH 7.4)]. The lysates were then centrifuged at
15,000 x g for 30 minutes at 4°C, and the supernatants were
stored as mitochondrial fractions at —20°C. The protein
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concentrations of cytosolic or mitochondrial fractions were
determined using a protein assay kit (Bio-Rad). Aliquot of
cytosolic or mitochondrial fractions were used for Western
blot assay of Bax.

Cytochrome ¢ Release from Mitochondria in Drug-
Treated Cells or from Isolated Mitochondria

After treatment of pristimerin for indicated periods,
MDA-MB-231 cells were harvested, resuspended in buffer
A and disrupted with a glass Dounce homogenizer/B-type
pestle. The resultant homogenate was centrifuged at 15,000
x g for 30 minutes at 4°C, and the subsequent supernatants
were used for Western blot assay of cytochrome c. For
detection of cytochrome ¢ release from isolated mitochon-
dria, cell homogenates obtained from untreated MDA-MB-
231 cells were centrifuged at 800 X ¢ for 10 minutes at 4°C.
Supernatants were further centrifuged at 15,000 x ¢ for
15 minutes at 4°C. The resultant mitochondrial pellet was
washed once with buffer A and finally resuspended in
assay buffer [250 mmol/L sucrose, 2 mmol/L KH,PO,,
5 mmol/L sodium succinate, 2 mmol/L EGTA, 10 mmol/L
HEPES-KOH (pH 7.5)]. The suspension of isolated mito-
chondria was incubated with pristimerin at 37°C for
various periods and then centrifuged at 15,000 x g for
15 minutes at 4°C. The cytochrome c content of the
supernatant was measured by Western blot assay.

Measurement of Mitochondrial Membrane Potential

Changes of mitochondrial membrane potential (AY¥,,)
were monitored by determination of the rhodamine 123
fluorescence. Rhodamine 123 is a cationic lipophilic
fluorochrome whose distribution to the mitochondria
matrix correlates with the AY¥ ., (15). After treatment, cells
were loaded with 10 pmol/L rhodamine 123 and incubated
at 37°C for 30 minutes in the dark. Cells were then
harvested, washed, and resuspended in PBS and analyzed
immediately using flow cytometry with the excitation and
emission wavelengths of 488 and 525 nm, respectively.

Measurement of Generation of Reactive Oxygen
Species

Intracellular reactive oxygen species (ROS) accumulation
was monitored using 2',7’-dichlorodihydrofluorescein diac-
etate, which is converted to highly fluorescent dichloro-
fluorescein in the presence of intracellular ROS (16). At the
end of the treatments, cells were loaded with 20 pmol/L
2',7-dichlorodihydrofluorescein diacetate and incubated at
37°C for 30 minutes in the dark. Cells were then harvested,
washed and resuspended in PBS and analyzed immediately
using flow cytometry with the excitation and emission
wavelengths of 490 and 530 nm, respectively.

Results

Effects of Pristimerin on the Viability of Various
Tumor Cell Lines

As shown in Fig. 1B, pristimerin inhibited the cell
viability of A549, MCF-7, MDA-MB-231, HepG2, and
Hep3B cells, with ICs, values ranging from 0.42 to 0.61
umol/L after a 72-hour treatment. These results are
consistent with those of the previous study in which
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1280 Pristimerin Is a Mitochondria-Targeted Antitumor Agent

pristimerin displayed broad-spectrum inhibition of nine
human tumor cell lines (8). The effects of pristimerin on cell
viability occurred very rapidly. After a 6-hour treatment,
1 and 3 pmol/L of pristimerin decreased cell viability in
MDA-MB-231 cells by 38% and 81%, respectively (Fig. 1C).

To examine the selectivity of pristimerin toward tumor
cells, we assessed the effect of pristimerin in a non-
tumorigenic human mammary epithelial cell line MCF-
10A. As shown in Fig. 1D, MCF-10A cells exhibited two to
three times higher resistance to pristimerin than MDA-MB-
231 cells, especially at early time points (24 hours). This
result suggests that pristimerin may have potential selec-
tivity toward tumor cells.

Pristimerin Induces Apoptosis in MIDA-MB-231 Cells

We next focused on MDA-MB-231 cells, which are p53-
mutant and highly metastatic breast cancer cells, to
investigate whether pristimerin decreases cell viability
through the induction of apoptosis. As shown in Fig. 2A,
pristimerin concentration- and time-dependently induced
an increase in the proportion of sub-G; population,
suggesting that the cells underwent DNA fragmentation
which is a biochemical hallmark of apoptosis. Moreover,

A 25
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Figure 2.

pristimerin-treated cells displayed typical morphologic
features of apoptotic cells, with shrinkage and apoptotic
bodies as well as fragmented nuclei visualized by fluores-
cence microscopy after DNA staining with Hoechst 33342
(Fig. 2B). Taken together, these results suggest that pristi-
merin is able to induce apoptosis in MDA-MB-231 cells.
Pristimerin-Induced Apoptosis Is Caspase-Dependent
To investigate whether pristimerin-induced apoptosis is
mediated by caspases, the proteolytic activation of caspase-
3, which plays a central role in the caspase cascade,
was examined. As shown in Fig. 2C, pristimerin (1 and
3 pmol/L) induced cleavage of procaspase-3 to the active
form (p20/pl7) in a time- and concentration-dependent
manner. The cleavage products were detectable as early as
6 hours after cells exposure to pristimerin. The activation of
caspase-3 is further confirmed by detecting the degrada-
tion of PARP, which is a DNA repair enzyme and undergo
cleavage by caspase-3 during apoptosis. In pristimerin-
treated cells (3 pmol/L), the cleavage of PARP occurred at
6 hours and was completed at 12 hours. To address the
significance of caspase activation in pristimerin-induced
apoptosis, we used a broad-range caspase inhibitor,
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Induction of apoptosis by pristimerin in MDA-MB-231 cells. A, MDA-MB-231 cells were treated with different concentrations of pristimerin for

the indicated periods. The harvested cells were fixed and stained with propidium iodide, followed by flow cytometric analysis. The percentages of cells with
hypodiploid DNA content (sub-G) represent fractions undergoing apoptotic DNA fragmentation. Columns, mean; bars, + SE (n = 3-4). B, to observe
the chromatin condensation, cells were treated with DMSO (control) or pristimerin (3 pmol/L) for 12 h. The harvested cells were fixed and stained with
Hoechst 33342, and then the nuclear morphology was examined with a fluorescent microscope. C, pristimerin induces caspase-3 activation and PARP
cleavage. MDA-MB-231 cells were treated with pristimerin (1 or 3 umol/L) for the indicated periods. Immunoblotting analysis was done to detect the
processing of procaspase-3 to the p20/p17 cleavage products and the processing of PARP (116 kDa) to the 85 kDa fragment. Results are representative of

three independent experiments.
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z-VAD-fmk. As shown in Fig. 3, pretreatment of cells with
z-VAD-fmk (50 pmol/L) almost completely prevented
pristimerin-induced apoptosis as measured by the appear-
ance of sub-G; peak (Fig. 3A) and Hoechst staining (Fig.
3B); in addition, the cleavage of PARP was also totally
inhibited (Fig. 3C), indicating that caspase activity had
been abolished. These results suggest that activation of
caspase cascade is essential for pristimerin-induced apo-
ptosis in MDA-MB-231 cells.

Pristimerin Induces Cytochrome ¢ Release in IVIDA-
MB-231 Cells

A key step in intrinsic apoptotic pathway is the release of
cytochrome ¢ from mitochondria to activate Apaf-1, thus
turns on the caspase cascade. When MDA-MB-231 cells
were treated with pristimerin, cytochrome ¢ was detectable
in the cytosolic fractions as early as 0.5 hours after
treatment and peaked at 3 hours (Fig. 4A), thereafter,
cytochrome c levels remained elevated up to 18 hours (data
not shown). Pretreatment of cells with either z-VAD-fmk
(50 umol/L) or the permeability transition pore inhibitor
cyclosporin A (1 pmol/L) had only little effect on the
release of cytochrome c¢ caused by pristimerin (Fig. 4B).
Furthermore, cyclosporin A did not prevent pristimerin-
induced apoptosis in MDA-MB-231 cells (data not shown).

Effect of Pristimerin on the Mitochondrial Membrane
Potential

The release of cytochrome ¢ from mitochondria is usually
preceded or accompanied with a reduction in the A¥,. To
address whether pristimerin-induced cytochrome c release
is associated with the change of AY,,, MDA-MB-231 cells
were treated with pristimerin and were stained with
rhodamine 123 to assess the A¥ .. Treatment of MDA-
MB-231 cells with pristimerin for up to 1 hour did not
produce any significant drop in the A¥,,. A slight decrease
of AY¥,, became detectable only after 3 hours of treatment
and a remarkable loss of A¥,,, was observed after 6 hours of
treatment. Neither z-VAD-fmk nor cyclosporin A markedly
affected the change of A¥ ., caused by pristimerin (Fig. 4C).

Effect of Pristimerin on ROS Generation

It has been reported that the production of ROS is
involved in the induction of apoptosis by various
cytotoxic agents (17). To determine whether oxidative
stress was associated with pristimerin-induced apoptosis,
we examined the intracellular generation of ROS by using
2',7-dichlorodihydrofluorescein diacetate fluorescence.
Treatment of MDA-MB-231 cells with pristimerin for up
to 6 hours (Fig. 4D) or 12 hours (data not shown) did not
produce any significant increases in the generation of
ROS. Furthermore, pretreatment of cells with an antiox-
idant N-acetylcysteine did not prevent pristimerin-in-
duced cytochrome c¢ release (data not shown). These
results indicate that ROS production was not directly
associated with pristimerin-induced apoptosis in MDA-
MB-231 cells.

Effect of Pristimerin on Antiapoptotic Proteins and
Proapoptotic Proteins

Because of the important role of Bcl-2 family proteins in
the regulation of apoptosis, we examined the effects of
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Figure 3. Inhibition of pristimerin-induced apoptosis by the caspase
inhibitor z-VAD-fmk. MDA-MB-231 cells pretreated with or without
z-VAD-fmk (50 pmol/L, 1 h) were further incubated with DMSO (control)
or pristimerin (3 pmol/L) for another 12 h. A, apoptosis was assessed by
sub-G; DNA contents; columns, mean; bars, + SE (n = 3); **, P <
0.01; ***, P < 0.001 as compared with the respective controls. B,
apoptosis assessed by Hoechst 33342 staining. C, cleavage of PARP
was examined by immunoblotting analysis.

pristimerin on the expression of antiapoptotic proteins (Bcl-2
and Bcl-X;) and the proapoptotic proteins (Bax) in MDA-
MB-231 cells. As shown in Fig. 5A, pristimerin did not
significantly affect the expression levels of Bcl-2 family
proteins during apoptosis. We next examined if pristimerin
induced translocation of Bax to mitochondria. As shown in
Fig. 5B, after treatment of MDA-MB-231 cells with pristi-
merin for up to 6 hours, we did not observe a significant
change of Bax levels in both cytosolic fractions and
mitochondrial fractions. This indicates that Bax did not
translocate to mitochondria during pristimerin-induced
cytochrome c release.

To examine the effect of Bcl-2 overexpression on
pristimerin-induced apoptosis, MDA-MB-231 cells over-
expressing Bcl-2 (Fig. 5C, top) were exposed with pristi-
merin. Figure 5C (bottom) shows that Bcl-2 overexpression
failed to prevent apoptotic cell death caused by pristimerin.

Pristimerin Induces Cytochrome ¢ Release from
Isolated Mitochondria

To examine whether pristimerin had a direct effect on
mitochondria, we incubated pristimerin with isolated
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Figure 4. Effects of pristimerin on mitochondrial cytochrome ¢ release, mitochondrial membrane potential and ROS formation. A, time course of
pristimerin-induced cytochrome c release in intact cells. MDA-MB-231 cells were treated with pristimerin (3 umol/L) for the indicated periods and cytochrome
cin the cytosolic fraction was detected by immunoblotting analysis. B, effects of z-VAD-fmk and cyclosporin A on pristimerin-induced cytochrome c release.
MDA-MB-231 cells were treated with pristimerin (3 pmol/L) for 3 h in the presence of z-VAD-fmk (50 umol/L) or cyclosporin A (1 pmol/L) and then cytochrome
¢ in the cytosolic fraction was detected. C, effect of pristimerin on mitochondrial membrane potential. MDA-MB-231 cells were treated with pristimerin
(3 umol/L) for the indicated periods in the absence or presence of z-VAD-fmk (50 umol/L) or cyclosporin A (1 pmol/L). Cells were then harvested, stained with
rhodamine 123 to determine mitochondrial membrane potential and analyzed by flow cytometry. Results are representative of three independent
experiments. D, effect of pristimerin on the generation of ROS. MDA-MB-231 cells were treated with pristimerin (3 umol/L) for the indicated periods. Cells
were then harvested, stained with 2/,7-dichlorodihydrofluorescein diacetate to determine ROS generation and analyzed by flow cytometry. Results are

representative of two to three independent experiments.

mitochondrial fractions from MDA-MB-231 cells. As shown
in Fig. 6A, pristimerin induced cytochrome ¢ release in a
time-dependent manner, which was consistent with the
results obtained in the intact cells. Similar results were also
observed in pristimerin-treated mitochondria that were
isolated from MCE-7 cells (Fig. 6B). These results suggest
that pristimerin can trigger cytochrome c release through a
direct effect on mitochondria.

Discussion

In the present and previous work, we have shown that
pristimerin, a triterpenoid compound from plants, is a
potent and broad-spectrum antitumor agent, with activity
against a wide range of different human cancers. In
contrast, the nontumorigenic human mammary epithelial

cell line MCF-10A is less sensitive to pristimerin,
although significant cytotoxicity is also detectable after
prolonged treatment. These results imply that pristimerin
may have therapeutic potential in cancer patients if the
lower doses can be achieved clinically. Besides, there is
no correlation between cell sensitivity to pristimerin and
p53 status, because the ICsy values of pristimerin for
Hep3B cells and MDA-MB-231 cells, which carry mutant
p53 are similar to those for HepG2 cells and MCE-7 cells,
which have wild-type p53 (18, 19). We also showed that
pristimerin induced rapid apoptosis in MDA-MB-231
breast cancer cells as judged by cell morphology, chro-
matin condensation, and DNA fragmentation. Pristimerin
activated caspase-3, the major effector caspase, and was
followed by the cleavage of PARP. Inhibition of caspase
activation by z-VAD-fmk prevented pristimerin-induced
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DMSO Pristimerin

A, effect of pristimerin on the levels of Bcl-2 family proteins. MDA-MB-231 cells were treated with pristimerin (1 and 3 pmol/L) for the

indicated periods. Bcl-2, Bcl-X,, and Bax in the cell lysates were detected by immunoblotting assay. B, effect of pristimerin on Bax translocation to
mitochondria. MDA-MB-231 cells were treated with pristimerin (3 umol/L) for the indicated periods. Bax in cytosolic fractions and mitochondrial fractions
were detected by immunoblotting assay. Results are representative of two to three independent experiments. C, effect of Bcl-2 overexpression on
pristimerin-induced apoptosis. Western blots demonstrating the expression level of Bcl-2 protein in MDA-MB-231 transfected with vector control or Bcl-2
(top). MDA-MB-231 cells overexpressing Bcl-2 were treated with DMSO (control) or pristimerin (3 pmol/L) for 12 h (bottom). Apoptosis was assessed by

sub-G4 DNA contents. Columns, mean; bars, + SE (n = 2).

apoptosis. Taken together, these results suggest that
pristimerin is able to decrease the viability of MDA-
MB-231 cells through induction of caspase-dependent
apoptosis.

Mitochondria have been shown to play a central role in
the apoptotic process, because both the intrinsic pathway
and the extrinsic pathway can converge at the mitochondrial
level and trigger mitochondrial membrane permeabiliz-
ation (20, 21). After apoptotic-stimulated mitochondrial
membrane permeabilization, cytochrome ¢ and other proa-
poptotic proteins, such as apoptosis-inducing factor,
SMAC /Diablo and EndoG release into the cytosol. Released
cytochrome c subsequently triggers the activation of cas-
pases, substrate cleavage, and cell death. In the present study,
MDA-MB-231 cells treated with pristimerin showed rapid
cytochrome c release from mitochondria, indicating induc-
tion of mitochondrial membrane permeabilization. Our
data suggest that pristimerin acts by triggering the intrinsic
apoptosis pathway rather than the extrinsic pathway.
First, pristimerin triggered a rapid release of cytochrome c
from mitochondria within 0.5 hours, which preceded the
activation of caspase-3 and the cleavage of PARP. Second, z-
VAD-fmk did not significantly inhibit pristimerin-induced
cytochrome ¢ release indicating that the mitochondrial effect
of pristimerin is not caspase-dependent. Because cytochrome
c release in death receptor—mediated apoptosis is second-
ary to caspase activation (22), these results suggest that the
extrinsic apoptotic pathway is probably not involved in
pristimerin-induced apoptosis in MDA-MB-231 cells.

Although the precise mechanism that mediates the
release of cytochrome c¢ from the mitochondria during
apoptosis is unclear, a high-conductance channel called the
permeability transition pore has been suggested to play
an important role, because cytochrome c release is usually
preceded or accompanied by a drop in A¥, (23, 24).
The permeability transition pore is thought to consist of
the voltage-dependent anion channel, localized to the
outer mitochondrial membrane, the adenine nucleotide
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Figure 6. Pristimerin induces cytochrome c release from isolated
mitochondria. Mitochondrial fractions were isolated from (A) MDA-MB-
231 cells or (B) MCF-7 cells and then incubated with DMSO or pristimerin
(3 umol/L) for the indicated periods. Mitochondria were then pelleted by
centrifugation, and cytochrome c¢ in the resulting supernatants was
detected by immunoblotting analysis. Results are representative of two
to three independent experiments.
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translocase in the inner mitochondrial membrane, the
mitochondrial benzodiazepine receptor, and cyclophilin
D. As the permeability transition pore opens, small
molecular weight solutes and water enter, leading to a
rapid loss in AY¥,, mitochondrial matrix swelling and
rupturing of the outer mitochondrial membrane. Subse-
quently, cytochrome ¢ and other proapoptotic factors
release into the cytosol. However, there are also data
indicating that in some cases, the release of cytochrome c
during apoptosis can occur before any drop in AY.,,
suggesting that the permeability transition pore is not
involved (25, 26). For example, it has been shown that the
proapoptotic proteins Bid and Bax cause cytochrome c
release through outer mitochondrial membrane, but pre-
serve AY,, and the integrity of inner mitochondrial
membrane (27, 28). In the present study, cytochrome c is
first observed in the cytosol after 0.5 hours treatment of
MDA-MB-231 cells with pristimerin, which is 2.5 hours
prior to any detectable drop in A¥,,. This finding suggests
that the inner mitochondrial membrane is intact even after
pristimerin-induced cytochrome c release. Although fur-
ther treatment with pristimerin for up to 6 hours led to
large loss of AY ., this may be a consequence of sustained
cytochrome c loss, because cytochrome ¢ depletion can
impair the generation of A¥,, (29). Moreover, the perme-
ability transition pore inhibitor cyclosporin A only slightly
affected pristimerin-induced cytochrome c release and did
not prevent pristimerin-induced apoptosis. These results
indicate that pristimerin is able to trigger mitochondrial
cytochrome ¢ release and subsequent apoptosis through
a permeability transition pore opening-independent
mechanism.

Bcl-2, Bcl-Xi, and Bax have been implicated as major
regulators in the control of mitochondrial cytochrome c
release (30, 31). Bcl-2 and Bcl-XL bind to the outer
membrane of mitochondria and block cytochrome ¢
efflux. In contrast, upon apoptosis induction, Bax trans-
locates from the cytosol to the mitochondria where it
enhances cytochrome c release through the outer mem-
brane of mitochondria. Many anticancer agents or apop-
totic stimuli can trigger cytochrome c release through either
down-regulation of Bcl-2/Bcl-X; and/or up-regulation
of Bax. However, we show here that pristimerin neither
significantly altered the protein level of these three
Bcl-2 family members nor induced Bax translocation. More-
over, Bcl-2 overexpression fails to prevent pristimerin-
induced apoptosis. Therefore, pristimerin can induce
apoptotic cell death irrespective of Bcl-2 family protein
levels and does not require translocation of Bax to the
mitochondria.

Pristimerin failed to alter Bcl-2 family protein levels and
did not enhance the generation of ROS, which is another
important factor for induction of mitochondrial membrane
permeabilization during apoptosis in MDA-MB-231. More-
over, z-VAD-fmk failed to prevent pristimerin-induced
mitochondrial dysfunctions, indicating that these effects
are independent on caspases. We therefore asked whether
pristimerin has a direct effect on mitochondria. Indeed, in a

cell-free system, pristimerin is also able to induce cyto-
chrome ¢ release from isolated mitochondrial fractions.
This result clearly indicates that pristimerin can induce
mitochondrial membrane permeabilization by a direct
action on mitochondria. A number of cytotoxic agents
have been reported to have such an effect, including BH3
mimetics (BaxBH3-domain-derived peptides, chelerythr-
ine), adenine nucleotide translocase ligands (MT-21),
benzodiazepine receptor ligands (PK11195, Ro5-4864),
cationic ampholytes (FTY720), and steroid analogues
(betulinic acid, avicins; refs. 32—-39). Agents acting directly
on mitochondria have been regarded as promising anti-
cancer drugs. Because mitochondrial membrane permeabi-
lization is the “point of no return” in the apoptotic
pathway, the mitochondria-targeted agents might be able
to overcome resistance to apoptosis because of mutations in
premitochondrial signal-transducing machinery, such as
p53 and PTEN (40, 41). In contrast to pristimerin, most,
if not all, agents acting directly on mitochondria trigger
mitochondrial membrane permeabilization preceded or
accompanied by a drop in AY¥,,, and pretreatment of the
permeability transition pore inhibitor cyclosporin A or
bongkrekic acid prevents mitochondrial dysfunctions and
apoptosis caused by these agents. Therefore, pristimerin
seems to exert effects on mitochondria by a novel manner
which is distinct from other mitochondria-targeted agents.
Although the precise molecular target for pristimerin in
mitochondria remains unidentified, the steroid-like core
structure of pristimerin may be critical for its mitochondrial
effects. Agents possessing a steroid-like core have the
potential to insert into biological membranes, leading to
perturbations in the lipid composition of these membranes
and alterations in the membrane permeability. The diverse
structural characteristics of steroid-like agents allow them
to act on biological membranes with different affinity. It has
been reported that digitonin, a triterpenoid sponin,
preferentially partitions into cholesterol-rich outer mito-
chondrial membranes but not in inner mitochondrial
membranes (42, 43), and leads to permeability transition
pore—independent cytochrome c release from mitochon-
dria (44). In contrast, the triterpenoids betulinic acid and
2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid disrupt the
inner mitochondrial membrane, as evidenced by the
collapse in A, (38, 45). It is unclear whether the absence
of a carboxyl group in pristimerin or digitonin makes the
difference. Nevertheless, pristimerin probably exerts a
digitonin-like effect on mitochondria, and further study of
this issue is needed.

In conclusion, pristimerin represents a novel mitochon-
dria-targeted compound which is able to induce caspase-
dependent apoptosis in human cancer cells irrespective of
p53 status and Bcl-2 levels. Based on these results, we
suggest that pristimerin may be a candidate for further
evaluation as a chemotherapeutic agent for human cancer.

Acknowledgments

We thank Professor C.M. Teng (Pharmacological Institute, National
Taiwan University, Taiwan) for providing pUSE-Bcl-2 plasmid.

Mol Cancer Ther 2005;4(8). August 2005



References

1. Debatin KM. Activation of apoptosis pathways by anticancer drugs.
Adv Exp Med Biol 1999;457:237 - 44.

2. Kaufmann SH, Earnshaw WC. Induction of apoptosis by cancer
chemotherapy. Exp Cell Res 2000;256:42 - 9.

3. Hengartner MO. The biochemistry of apoptosis. Nature 2000;407:
770-6.

4. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med
2000;6:513-9.

5. Gulbins E, Dreschers S, Bock J. Role of mitochondria in apoptosis. Exp
Physiol 2003;88:85 - 90.

6. Friesen C, Fulda S, Debatin KM. Cytotoxic drugs and the CD95
pathway. Leukemia 1999;13:1854 - 8.

7. Sharma K, Wang RX, Zhang LY, et al. Death the Fas way: regulation
and pathophysiology of CD95 and its ligand. Pharmacol Ther 2000;
88:333-47.

8. Chang FR, Hayashi K, Chen IH, et al. Antitumor agents. 228. Five new
agarofurans, Reissantins A-E, and cytotoxic principles from Reissantia
buchananii. J Nat Prod 2003;66:1416 — 20.

9. Gonzalez GJ, Monache DG, Monache DF, Marini-Bettolo BG.
Chuchuhuasha—a drug used in folk medicine in the Amazonian and
Andean areas. A chemical study of Maytenus laevis. J Ethnopharmacol
1982;5:73-7.

10. Shirota O, Morita H, Takeya K, Itokawa H. Cytotoxic aromatic

triterpenes from Maytenus ilicifolia and Maytenus chuchuhuasca. J Nat
Prod 1994;57:1675-81.

11. Dirsch V, Wiemann W, Wagner H. Antiinflammatory activity of
triterpene quinone-methides and proanthocyanidines from the stem bark of
Heisteria pallida. Engl Pharm Pharmacol Lett 1992;2:184 - 6.

12. Chen CR, Li WG, Wu YJ, Gao MT. The anti-tumor and antioxidation
action of pristimerin. Zhongguo Zhong Yao Za Zhi 2002;18:20-1.

13. Hui B, Wu YJ, Wang H, Tian X. Effect of pristimerin on experimental
inflammation in mice and rats. Chin Pharm Bull 2003;19:656 - 9.

14. Dirsch VM, Kiemer AK, Wagner H, Vollmar AM. The triterpenoid
quinonemethide pristimerin inhibits induction of inducible nitric oxide
synthase in murine macrophages. Eur J Pharmacol 1997;336:211-7.

15. Sureda FX, Escubedo E, Gabriel C, Comas J, Camarasa J, Camins A.
Mitochondrial membrane potential measurement in rat cerebellar neurons
by flow cytometry. Cytometry 1997;28:74 - 80.

16. LeBel CP, Ischiropoulos H, Bondy SC. Evaluation of the probe 2/,7-
dichlorofluorescin as an indicator of reactive oxygen species formation and
oxidative stress. Chem Res Toxicol 1992;5:227 - 31.

17. Davis W Jr, Ronai Z, Tew KD. Cellular thiols and reactive oxygen
species in drug-induced apoptosis. J Pharmacol Exp Ther 2001;296:1 - 6.

18. Muller M, Strand S, Hug H, et al. Drug-induced apoptosis in
hepatoma cells is mediated by the CD95 (APO-1/Fas) receptor/ligand
system and involves activation of wild-type p53. J Clin Invest 1997;99:
403-13.

19. Shao ZM, Dawson M, Li XS, et al. P53 independent Go/G arrest and
apoptosis induced by a novel retinoid in human breast cancer cells.
Oncogene 1995;11:493 -504.

20. Hockenbery DM, Giedt CD, O’Neill JW, Manion MK, Banker DE.
Mitochondria and apoptosis: new therapeutic targets. Adv Cancer Res
2002;85:203-42.

21. Henry-Mowatt J, Dive C, Martinou JC, James D. Role of mitochon-
drial membrane permeabilization in apoptosis and cancer. Oncogene
2004;23:2850-60.

22. Kuwana T, Smith JJ, Muzio M, Dixit V, Newmeyer DD, Kornbluth S.
Apoptosis induction by caspase-8 is amplified through the mitochondrial
release of cytochrome c. J Biol Chem 1998;273:16589 - 94.

23. Jacotot E, Costantini P, Laboureau E, Zamzami N, Susin SA, Kroemer
G. Mitochondrial membrane permeabilization during the apoptotic process.
Ann N Y Acad Sci 1999;887:18 - 30.

24. Ly JD, Grubb DR, Lawen A. The mitochondrial membrane potential
(6 psi(m)) in apoptosis; an update. Apoptosis 2003;8:115 - 28.

Molecular Cancer Therapeutics

25. Bossy-Wetzel E, Newmeyer DD, Green DR. Mitochondrial cytochrome
c release in apoptosis occurs upstream of DEVD-specific caspase
activation and independently of mitochondrial transmembrane depolariza-
tion. EMBO J 1998;17:37 -49.

26. Madesh M, Hajnoczky G. VDAC-dependent permeabilization of the
outer mitochondrial membrane by superoxide induces rapid and massive
cytochrome c release. J Cell Biol 2001;155:1003 - 15.

27. Shimizu S, Tsujimoto Y. Proapoptotic BH3-only Bcl-2 family members
induce cytochrome c release, but not mitochondrial membrane potential
loss, and do not directly modulate voltage-dependent anion channel
activity. Proc Natl Acad Sci U S A 2000;97:577 -82.

28. von Ahsen O, Renken C, Perkins G, Kluck RM, Bossy-Wetzel E,
Newmeyer DD. Preservation of mitochondrial structure and function
after Bid- or Bax-mediated cytochrome c release. J Cell Biol 2000;150:
1027 - 36.

29. Deshmukh M, Kuida K, Johnson EM Jr. Caspase inhibition extends
the commitment to neuronal death beyond cytochrome c release to the
point of mitochondrial depolarization. J Cell Biol 2000;150:131 -43.

30. Kuwana T, Newmeyer DD. Bcl-2-family proteins and the role of
mitochondria in apoptosis. Curr Opin Cell Biol 2003;15:691 - 9.

31. Scorrano L, Korsmeyer SJ. Mechanisms of cytochrome c release by
proapoptotic BCL-2 family members. Biochem Biophys Res Commun
2003;304:437 - 44.

32. Vieira HL, Boya P, Cohen I, et al. Cell permeable BH3-peptides
overcome the cytoprotective effect of Bcl-2 and Bcl-XL. Oncogene 2002;
21:1963-77.

33. Chan SL, Lee MC, Tan KO, et al. Identification of chelerythrine as an
inhibitor of BelXL function. J Biol Chem 2003;278:20453 - 6.

34. Machida K, Hayashi Y, Osada H. A novel adenine nucleotide
translocase inhibitor, MT-21, induces cytochrome c release by a
mitochondrial permeability transition-independent mechanism. J Biol
Chem 2002;277:31243-8.

35. Hirsch T, Decaudin D, Susin SA, et al. PK11195, a ligand of the
mitochondrial benzodiazepine receptor, facilitates the induction of
apoptosis and reverses Bcl-2-mediated cytoprotection. Exp Cell Res
1998;241:426 - 34.

36. Decaudin D, Castedo M, Nemati F, et al. Peripheral benzodiazepine
receptor ligands reverse apoptosis resistance of cancer cells in vitro and
in vivo. Cancer Res 2002;62:1388 - 93.

37. Nagahara Y, lkekita M, Shinomiya T. Immunosuppressant FTY720
induces apoptosis by direct induction of permeability transition and release
of cytochrome ¢ from mitochondria. J Immunol 2000;165:3250 - 9.

38. Fulda S, Susin SA, Kroemer G, Debatin KM. Molecular ordering of
apoptosis induced by anticancer drugs in neuroblastoma cells. Cancer Res
1998;58:4453 - 60.

39. Haridas V, Higuchi M, Jayatilake GS, et al. Avicins: triterpenoid
saponins from Acacia victoriae (Bentham) induce apoptosis by mitochon-
drial perturbation. Proc Natl Acad Sci U S A 2001;98:5821-6.

40. Debatin KM, Poncet D, Kroemer G. Chemotherapy: targeting the
mitochondrial cell death pathway. Oncogene 2002;21:8786 - 803.

41. Costantini P, Jacotot E, Decaudin D, Kroemer G. Mitochondrion as a
novel target of anticancer chemotherapy. J Natl Cancer Inst 2000;92:
1042 -53.

42. Schnaitman C, Erwin VG, Greenawalt JW. The submitochondrial
localization of monoamine oxidase. An enzymatic marker for the outer
membrane of rat liver mitochondria. J Cell Biol 1967;32:719 - 35.

43. Nicholls DG. Calcium transport and proton electrochemical potential
gradient in mitochondria from guinea-pig cerebral cortex and rat heart.
Biochem J 1978;170:511-22.

44. Brustovetsky N, Jemmerson R, Dubinsky JM. Calcium-induced
cytochrome c release from rat brain mitochondria is altered by digitonin.
Neurosci Lett 2002;332:91 - 4.

45. Konopleva M, Tsao T, Estrov Z, et al. The synthetic triterpenoid 2-
cyano-3,12-dioxooleana-1,9-dien-28-oic acid induces caspase-dependent
and -independent apoptosis in acute myelogenous leukemia. Cancer Res
2004;64:7927 - 35.

Mol Cancer Ther 2005;4(8). August 2005

1285



