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Anticancer agents target various subcellular components and trig-
ger apoptosis in chemosensitive cells. We have recently reported
the tumor cell growth inhibitory properties of a mixture of triter-
penoid saponins obtained from an Australian desert tree (Legu-
minosae) Acacia victoriae (Bentham). Here we report the purifica-
tion of this mixture into two biologically pure components called
avicins that contain an acacic acid core with two acyclic monoter-
pene units connected by a quinovose sugar. We demonstrate that
the mixture of triterpenoid saponins and avicins induce apoptosis
in the Jurkat human T cell line by affecting the mitochondrial
function. Avicin G induced cytochrome crelease within 30-120 min
in whole cells and within a minute in the cell-free system. Caspase
inhibitors DEVD or zVAD-fmk had no effect on cytochrome ¢
release, suggesting the direct action of avicin G on the mitochon-
dria. Activation of caspase-3 and total cleavage of poly(ADP-ribose)
polymerase (PARP) occurred between 2 and 6 h posttreatment with
avicins by zVAD-fmk. Interestingly, in the treated cells no signifi-
cant changes in the membrane potential preceded or accompanied
cytochrome ¢ release. A small decrease in the generation of
reactive oxygen species (ROS) was measured. The study of these
evolutionarily ancient compounds may represent an interesting
paradigm for the application of chemical ecology and chemical
biology to human health.
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poptotic cell death plays a critical role in normal cell

development, tissue homeostasis, and the regulation of the
immune system (1). Inadequate apoptosis is an integral part of
cancer development (2). Many anticancer drugs have been
shown to cause the death of sensitive cells through the induction
of apoptosis. The death circuitry in mammalian cells has two
major apoptotic pathways. One is a receptor-mediated pathway
involving Fas and other members of the tumor necrosis factor
(TNF) receptor family that activate caspase-8 (3), whereas the
other involves cytochrome ¢, Apaf-1, and caspase-9 (4). Over the
last 5 years, substantial evidence has been found to suggest that
several mitochondrial events are essential for programmed cell
death (5). One of the early crucial steps in the process of
apoptosis is the release of cytochrome ¢ through the outer
mitochondrial membrane into the cytosol. In the cytosol, cyto-
chrome ¢ unleashes the activation of caspases, which are cysteine
proteases with aspartate specificity (6). A large number of
substrates for caspases have been reported, including poly(ADP-
ribose) polymerase (PARP), a 116-kDa DNA repair enzyme that
is cleaved during apoptosis (7).

Increasing evidence demonstrates that plants are a rich source
of unique compounds that can induce apoptosis in premalignant
or malignant human cells (8). These compounds target various
cellular components, including tubulin (9) and topoisomerase
(10). To identify plant compounds that may selectively induce
apoptosis of cancer cells, we began to evaluate extracts of plants
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from the Leguminosae family. Plants from this family are known
for their medicinal value (11) and several compounds have been
isolated that inhibit the growth of tumor cells in vitro and in vivo
(12). Bioassay-directed fractionation using cytotoxicity with
human tumor cell lines as the monitor yielded an active mixture
of triterpenoid saponins (F094) from the seedpods of the
Australian desert tree Acacia victoriae (Bentham). In Jurkat cells
this mixture was previously found to induce cell cycle arrest and
inhibit phosphatidylinositol-3-kinase (PI3K) activity as well as
Akt phosphorylation (46). In this study, we report the purifica-
tion and structures of two active triterpenoid saponins from F094
that have been termed avicin D and avicin G (4. victoriae
triterpenoid saponins). We further investigate the mechanism
underlying tumor cell growth inhibition by these agents and find
mitochondria to be one of the primary targets of the avicins’
proapoptotic function.

Methods

Purification of Avicins. The ground seedpods of A. victoriae were
extracted in 20% MeOH at 60°C. Solvent/solvent partitioning of
the extract concentrated the bioactivity in a polar fraction
(F094). The HPLC analysis of this fraction (Fig. 14) on a C-18
reverse-phase MetaChem Intersil column (3 u, 4.6 X 150 mm)
using an acetonitrile and acidified water gradient elution pro-
gram indicated a very complex mixture of compounds. Initial
subfractionation of the extract on a C-18 reverse-phase semi-
preparative HPLC column and subsequent bioassay indicated
that the regions around avicins D and G contained the most
activity. The isolation of these compounds was achieved by a
two-step preparative HPLC using a pentaflurophenyl column
(50 X 250 mm, 10 um; ES Industries, West Berlin, NJ) employing
an aqueous methanol solvent system. The details of the isolation
will be published elsewhere.

Cell Culture. Jurkat cells were grown in RPMI medium 1640
supplemented with 10% FBS, 2 mM glutamine, and 0.05%
gentamicin. For all treatments, cells were taken at 1 X 10°/ml.

Assay for Growth Inhibition. The growth inhibitory activity of F094
and avicins was measured by the MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide] reduction assay (13).
Cells (1 X 10*/well) were cultured with varying concentrations
of F094, avicin D, or avicin G in 96-well plates for 72 h at 37°C.
The cells were stained with MTT for 2 h and then incubated with
lysis buffer (20% SDS in 50% N,N-dimethylformamide) for

Abbreviations: PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen species.
ITo whom reprint requests should be addressed. E-mail: jgutterm@mail.md.anderson.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | May 8,2001 | vol.98 | no.10 | 5821-5826

n
w
v
=
=
(%3
"
-
<
=4
=]
w
=



A 05 I—Avicin D

0.4 -
0.3 -
0.2

Absorbance (AU)

0.1

00 L

LAan M0 0 ME DS AR AR 00 e s b e At R A 1 0 00 AUAS MRS 04 RAMSASAE 0 A4 A4 ALAM M) MRS AL A A e AERE A1 A0 Mo |

0 5 10 15 20 25 3 35 40 45
Retention Time (min)

Avicin D : R=0H
AvicinG:R=H

Fig. 1.
avicin G.

(A) HPLC profile of avicins. (B) Chemical structures of avicin D and

another 6 h. Optical density at 570 nm was used as a measure of
cell viability.

Annexin V-FITC Binding Assay. Induction of apoptosis was studied
by annexin V-FITC binding assay. Jurkat cells (1 X 10°) were
treated with 2 g /ml of F094, avicin D, or avicin G at 37°C. After
washing the cells in cold PBS, they were resuspended in binding
buffer (10 mM Hepes/NaOH, 140 mM NaCl, 2 mM CaCl,).
Annexin V-FITC conjugate (BioWhittaker) was added (1
pg/ml) and incubated for 15 min at room temperature in the
dark. Cells were then stained with propidium iodide (5 pg/ml)
and analyzed by flow cytometry (14).

Detection of Cytochrome c Release from Mitochondria. Release of
cytochrome ¢ from mitochondria was detected by Western blot
analysis. Jurkat cells (1 X 107) were treated with F094, avicin D,
or avicin G (2 ug/ml) at 37°C. After washing the cell pellets in
sucrose buffer (0.25 M sucrose, 30 mM Tris, pH 7.7, 1 mM
EDTA), they were resuspended in 20 ul of sucrose buffer
containing 1 uM PMSF, 1 ug/ml leupeptin, 1 wg/ml pepstatin,
and 1 pg/ml aprotinin. Cells were disrupted by douncing 120
times in a 0.3-ml Kontes douncer with a B pestle. Cellular protein
(50 pg) was resolved on an SDS/15% polyacrylamide gel and
electrotransferred onto a nitrocellulose membrane. The mem-
brane was probed with monoclonal anti-cytochrome ¢ antibody
(PharMingen) followed with anti-mouse antibody conjugated to
horseradish peroxidase (HRP). Protein bands were detected by
chemiluminescence (ECL, Amersham Pharmacia).

Isolation of the Submitochondrial Fraction. Jurkat cells (1.5-2.0 X
107) were suspended in 1 ml sucrose buffer (250 mM sucrose in
30 mM Tris'HCI, pH 7.4) and transferred into an N, cavitation
chamber (PARR Instruments, Moline, IL). The cells were
subjected to N cavitation (300 psi for 5 min) according to the
manufacturer’s instructions. Under these conditions most of the
cell membrane was disrupted with no change in the mitochon-
drial respiratory activity. Next, DNA and the nuclear fraction

5822 | www.pnas.org/cgi/doi/10.1073/pnas.101619098

were removed by centrifugation (1,500 X g for 30 sec). The
supernatant was further centrifuged (16,000 X g for 10 min) and
the pellet was used as the submitochondrial fraction.

Assay for Caspase-3 Protease. Caspase-3 activity was measured as
described (15) with some modifications. Briefly, Jurkat cells (1 X
10°) were treated with F094, avicin D, or avicin G (2 ug/ml) at
37°C. Cytosolic extracts were prepared by repeated freeze
thawing of the cells in 300 ul of an extraction buffer (12.5 mM
Tris, pH 7.0, 1 mM DTT, 0.125 mM EDTA, 5% glycerol, 1 uM
PMSF, 1 pg/ml leupeptin, 1 png/ml pepstatin, and 1 pg/ml
aprotinin). Cell lysates were diluted 1:2 with an ICE buffer (50
mM Tris, pH 7.0, 0.5 mM EDTA, 4 mM DTT, and 20% glycerol)
and incubated with 20 uM of a caspase-3 substrate (acetyl-Asp-
Glu-Val-Asp-aminomethylcoumarin; Calbiochem) at 37°C.
Caspase-3 activity was monitored by the production of fluores-
cent aminomethylcoumarin that was measured at excitation 355
nm and emission 460 nM using Fluoroscan II (Labsystems,
Helsinki, Finland).

Immunoblot Analysis of PARP Degradation. Induction of apoptosis
was also examined by proteolytic cleavage of PARP (7). Jurkat
cells (3 X 10°) were treated with 2 pug/ml of F094, avicin D, or
avicin G at 37°C. Cell lysates were prepared in a buffer con-
taining 20 mM Hepes, 250 mM NaCl, 2 mM EDTA, 0.1%
Nonidet P-40, 2 ug/ml leupeptin, 2 ug/ml aprotinin, 0.5 png/ml
benzamidine, 1 mM DTT, and 1 mM PMSF. Cellular proteins
(60 pg/ml) were separated on a SDS/7.5% polyacrylamide gel
and electrotransferred onto a nitrocellulose membrane. The
membrane was probed first with monoclonal anti-PARP anti-
body (PharMingen) and then with anti-mouse antibody conju-
gated to horseradish peroxidase (HRP). Protein bands were
detected by chemiluminescence (ECL). The appearance of an
85-kDa cleavage product was used as a measure of apoptosis.

Measurement of Mitochondrial Membrane Potential (Afm). Mito-
chondrial Ay, was measured as described by Zamzami et al. (16).
After treatment with F094, avicin D, or avicin G (2 ug/ml) at
37°C, Jurkat cells were incubated with 80 nM of DiOC6 for 15
min at room temperature. They were then analyzed on a
cytofluorometer (FACSCalibar from Becton Dickinson; excita-
tion, 488 nm; emission, 552 nm).

Assay for Generation of Reactive Oxygen Species (ROS). The gener-
ation of ROS was estimated by oxidation-sensitive fluorescent
dye 5,6-carboxy-2',7'-dichlorofluorescin diacetate (DCFH-DA)
(Molecular Probes) by the method described (17). Jurkat cells
seeded in 96-well plates (5 X 10* cells per well) were treated with
F094, avicin D, or avicin G (2 pg/ml) in a Krebs—Ringer buffer
containing 20 mM Hepes, 10 mM D-glucose, 127 mM NaCl, 5.5
mM KCl, 1 mM CacCl,, and 2 mM MgSO, (pH 7.4). DCFH-DA
was added into the wells at 5 ug/ml. Untreated cells received
DCFH-DA alone. The cells were excited at 485 nm, and fluo-
rescence was measured every 2 min at 538 nm for up to 2.5 h in
a Fluoroskan II ELISA plate reader equipped with temperature
control (Labsystems, Helsinki, Finland). Fluorescence was mea-
sured in the linear range.

Results

Chemical Analysis Elucidates the Structures of Avicin D and Avicin G.
Avicin D, the major component in F094, was isolated as a
colorless, amorphous solid. Its molecular weight from matrix-
assisted laser desorption ionization (MALDI) mass spectrum
was 2,104 atomic mass units (amu), which is the sodium adduct
of 2,081. A high resolution FAB mass spectrum gave the
molecular formula CogH;55sNOye, thereby confirming the molec-
ular weight of 2,081. The analysis of the proton NMR of avicin
D revealed that it is a saponin with a side chain containing two

Haridas et al.



H F0% @ AvicinD H AvicnG

Annexin-V positive cells (%)

Time (h)

Fig. 2. Annexin V-FITC binding in F094- or avicin-treated Jurkat cells. Jurkat
cells (1 X 108/ml) were treated with 2 ug/ml of F094, avicin D, and avicin G
for different time periods. Cells were stained and analyzed by flow cytometry
as described in Methods.

units of the acyclic monoterpene, frans-2-hydroxymethyl-6-
methyl-6-hydroxy-2,7-octadienoic acid connected by a quinovose
sugar and attached to acacic acid at carbon 21. It also has a
trisaccharide at carbon 3 and a tetrasaccharide at carbon 28.
With the aid of various two-dimensional NMR experiments and
degradative studies, the structure of avicin D is depicted in Fig.
1B (R = OH). Avicin G, another active component in F094, is
a saponin very similar to avicin D. Its MALDI mass spectrum
suggested a molecular weight of 2,065. The proton NMR indi-
cated a similar side chain as in avicin D, but with the outer
monoterpene replaced by trans-2,6-dimethyl-6-hydroxy-2,7-
octadienoic acid as indicated in Fig. 1B (R = H). The detailed
structure elucidation of the compounds will be published
elsewhere.

F094 and Avicins Inhibit Growth by Induction of Apoptosis. F094 and
avicins were found to inhibit the growth of Jurkat cells in culture.
The inhibitory concentration 50 (IC50) of F094 was 0.331-0.407
png/ml, whereas that of avicin D and avicin G was 0.320-0.326
wng/ml and 0.160-0.181 ug/ml, respectively. In contrast, when
tested in the normal human fibroblast cells, F094 and avicins had
10-35 times higher IC50 values.

To understand the mechanism of growth inhibition, Jurkat
cells treated with the F094 or avicins were analyzed for annexin
V-FITC binding. Cells were simultaneously stained with pro-
pidium iodide to check for their viability. Treatment with all
three preparations resulted in a time-dependent increase in
viable annexin V positive cells (Fig. 2).

F094 and Avicins Lead to Cytochrome c Release from Mitochondria.
The release of cytochrome ¢ from mitochondria into the
cytosol appears to be one of the early events leading to
apoptosis. F094-treated cells showed an increase in cytosolic
levels of cytochrome ¢ ~4 h posttreatment (1.5-fold) (Fig. 3).
Cytochrome c levels in the cytosol of avicin D-treated cells
showed a more rapid increase. A 1.5-fold increase was seen
within 30 min and a 3-fold increase within 4 h. Interestingly,
in the cytosol of avicin G-treated cells, a dramatic increase
(3.5-fold) in cytochrome c levels was seen as early as 30 min
posttreatment. By 4 h, an 8.4-fold increase in the levels of
cytochrome ¢ was seen (Fig. 3).

To observe whether triterpenoid saponins directly affected
mitochondria to induce apoptosis, experiments were carried out
using avicin G in a cell-free system. Mitochondria were isolated
from Jurkat cells by the N, cavitation method. Treatment of this
mitochondrial fraction with 2 ug/ml of avicin G resulted in a
time-dependent release of cytochrome c, starting within 1 min of
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Fig. 3. Effect of F094 or avicins on release of cytochrome ¢ from mitochon-
dria. Jurkat cells (1 X 107) were treated with F094, avicin D, or avicin G (all 2
ng/ml) at 37°C for the indicated time periods. Cells were homogenized, and
lysates were assayed for cytochrome c levels by Western blot analysis as
described in Methods.

the treatment and reaching a peak between 5 and 10 min (Fig.
44). A study of the dose-response revealed that most of the
cytochrome c release was achieved with 0.5-2.0 ug/ml of avicin
G incubated for 10 min (Fig. 4B). Pretreatment of the mito-
chondrial fraction with DEVD-CH,F, an irreversible caspase-3
inhibitor or z-Val-Ala-Asp-CHyF (zVAD-fmk), a broad cell-
permeable irreversible caspase inhibitor of broad specificity, did
not affect the release of cytochrome ¢, once again suggesting that
these agents act directly on the mitochondria and that caspases
upstream of cytochrome ¢ are probably not involved.

F094 and Avicins Induce Activation of Caspases. The release of
cytochrome ¢ from mitochondria into the cytosol triggers the
activation of a cascade of caspases that are crucial downstream
effectors in various cell death pathways. Therefore, we next
studied the status of caspase-3 in treated Jurkat cells. F094-
and avicin D-induced activation of caspase-3 was detectable at
4-6 h posttreatment and thereafter (Fig. 54). However, with
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Fig. 4. (A) Kinetics of cytochrome c release from the mitochondrial fraction
of Jurkat cells in a cell-free system. Mitochondria were isolated as described in
Methods. Avicin G (2 ug/ml) treatment was given for 0, 1, 2, 5, 10, and 20 min
at 37°C. (B) Dose-response of avicin G-induced cytochrome c release. The
isolated mitochondria were treated with different concentrations of avicin G
for 10 min at 37°C. (C) Effect of caspase inhibitors on avicin G-induced
cytochrome crelease. The isolated mitochondria were pretreated with DEVD-
CHF (25 uM) or zZVAD-fmk (25 uM) for 5 min at 37°C. This was followed by
treatment with avicin G (2 ug/ml) for 10 min at 37°C. Release of cytochrome
c was analyzed by Western blot as described in Methods.
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Fig.5. (A) Kinetics of caspase-3 activation induced by F094 or avicins. Jurkat
cells (1 X 10°) were treated with 2 ug/ml of F094, avicin D, or avicin G for
different time periods. Caspase-3 activity in the cytosolic extracts of these cells
was determined as described in Methods. (B) Cleavage of PARP by F094 or
avicins. Jurkat cells (3 X 108) were treated with 2 ug/ml of the agents for the
indicated time periods. Cell lysates were prepared and assayed for cleavage of
PARP as described in Methods. (C) Effect of zVAD-fmk treatment on PARP
cleavage induced by F094 or avicins. Cells (3 X 106) were cultured + zVAD-fmk
(100 M) for 1 h at 37°Cand then followed by treatment with 2 ug/ml of F094
or avicins for 4 h at 37°C. Cleavage of PARP was studied as described above.

avicin G, an increase in caspase activity was observed 2-4 h
posttreatment. By 16 h, caspase activity was down to the basal
level (Fig. 54).

One of the downstream targets of caspase-3 is PARP, which
is proteolytically cleaved by caspase-3. F094 and avicins all
induced cleavage of PARP starting at 4 h posttreatment (Fig.
5B). With avicin G, cleavage was almost complete by 4 h, whereas
with the mixture and avicin D, complete cleavage took 8—16 h.
Pretreatment of cells with zZVAD-fmk totally blocked the cleav-
age of PARP (Fig. 5C).

F094 and Avicins Do Not Affect the Mitochondrial Membrane Potential
(A¢im). Release of cytochrome c¢ into the cytosol is usually
preceded or accompanied by a drop in the mitochondrial Ayy,.
Treatment of Jurkat cells with F094, avicin D, or avicin G for up
to 8 h did not produce any significant changes in the Ay,
However, longer treatments (16 h) induced a significant drop in
the Ayn, (Fig. 6).

F094 and Avicins Decrease Generation of ROS. Most apoptosis-
inducing agents release ROS, which is considered one of the key
mediators of apoptotic signaling. However, treatment of Jurkat
cells with avicins for up to 2.5 h led to a decrease in the levels
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of ROS in a dose-dependent manner (Fig. 7). This decrease in
ROS levels reached a plateau, and no further change could be
seen upon longer exposures (up to 24 h) to the agents (data not
shown).

Discussion

Homeostasis in eukaryotic cells depends on the delicate balance
between survival and death signals from the extracellular envi-
ronment (18). Any aberration in either of these signaling path-
ways can be detrimental to cell physiology. In cancer, dividing
cells fail to initiate apoptosis after sustaining DNA damage (2).
Several pathways that lead to apoptosis have been identified
(19-21), including pathways within the mitochondria (5). One of
the goals of cancer chemotherapy and prevention is the identi-
fication of novel agents that can induce apoptosis selectively in
tumor cells by affecting one or more of these proapoptotic
pathways.

We have recently reported a mixture of triterpenoid saponins
isolated from a desert tree A. victoriae that inhibits the growth
of a variety of human tumor cell lines. A study of the underlying
mechanism revealed an inhibition of the phosphatidylinositol-
3-kinase (PI3K) signaling pathway in Jurkat cells (46). However,
these effects required long treatments (16 h) with the triterpe-
noid saponins, a period too delayed to explain the early onset of
apoptosis in Jurkat cells. These findings led us to investigate the
role of mitochondria, not only with the mixture of triterpenoid
saponins, but also with two purified molecules. The mixture of
triterpenoid saponins (F094) was purified by preparative HPLC
into several components. Using cytotoxicity with Jurkat cells as
the monitor, two molecules, avicin D and avicin G, were selected
for biological characterization.

Cells beginning to undergo apoptosis reorient phosphatidyl-
serine from the inner side of the plasma membrane to its outer
leaflet. In this exposed condition they can bind to annexin V
(22), and this property has been used as a marker for apoptosis.
Jurkat cells treated with F094 or the avicins showed a time-
dependent increase in annexin V-positive cells starting at 4 h
posttreatment, indicating the induction of apoptosis in these
cells.

One of the early events that initiates apoptosis is the release
of cytochrome ¢ from the mitochondria into the cytosol (23, 24).
In the cytosol of treated Jurkat cells, cytochrome ¢ was detected
within 30 min (with avicin D and avicin G) to 4 h (with F094).
Once in the cytosol, cytochrome ¢ binds with APAF-1 and
procaspase-9 in the presence of dATP to form the apoptosome
(25). This complex activates caspase-9, which in turn cleaves and
thereby activates caspase-3. In the treated cells, release of
cytochrome ¢ from the mitochondria was followed by activation
of caspase-3. This event was closely followed by the cleavage of
PARP, one of the substrates of caspase-3 that is a 116-kDa DNA
repair enzyme. The cleavage of PARP inactivates the enzyme,
thereby making DNA repair impossible.

The release of cytochrome ¢ may be the initiating event in
apoptosis, or it may be downstream of caspase activation, such
as occurs in the CD95 (Fas) system. The latter depends on the
release of caspase-8 (26). Upon pretreatment of the cells with
zVAD-fmk, a broad caspase inhibitor, we could totally block
the cleavage of PARP without affecting the release of cyto-
chrome ¢ (data not shown). This event suggests that cyto-
chrome c release could be the result of a direct action of these
agents on the mitochondria and is independent of caspase
activation. To confirm these results, we used purified mito-
chondria in a cell-free system. In this system avicin G induced
cytochrome c release in a dose- and time-dependent manner
and was not affected by pretreatment with caspase inhibitors
DEVD-CH,F and zVAD-fmk.

How cytochrome ¢, which resides in the space between the
outer and inner membrane of mitochondria, translocates into the

Haridas et al.
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Fig. 6.

Effect of F094 or avicins on mitochondrial membrane potential. Jurkat cells (1 X 108 /ml) were treated with 2 ug/ml of F094, avicin D, or avicin G for

different time periods. Cells were stained with DiOC6 and analyzed by flow cytometry as described in Methods.

cytosol is still unclear. Some of the proposed theories include
induction of mitochondrial permeability transition (PT) (27) and
formation of specific channels in the outer mitochondrial mem-
brane (28). More recently, it has been proposed that cytochrome
¢ can be released without loss of the transmembrane potential,
but in this case hyperpolarization of the inner membrane occurs
(29). In the F094- or avicin-treated cells, cytochrome ¢ release
was not preceded or accompanied by changes in the inner
mitochondrial membrane potential. However, at 16 h posttreat-
ment we demonstrated a significant depolarization of the mem-
brane that is compatible with reports suggesting activated
caspases can directly induce PT (30). To further understand the
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Fig.7. Effect of F094 or avicins on the generation of reactive oxygen species.
Jurkat cells (5 X 104/well) were treated with 1, 2, and 4 ug/ml each of F094,

avicin D, or avicin G. Generation of ROS was determined as described in
Methods.
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mechanism of cytochrome ¢ release, experiments looking at
ATP/ADP exchange and the effect on the FOF1-ATPase proton
pump and other mechanisms are being evaluated.

Mitochondria are a rich source of ROS that are toxic byprod-
ucts of aerobic existence and play significant roles in various
signal transduction pathways, including those leading to apopto-
sis (31). A study of the effect of avicin G up to 16 h on the levels
of ROS showed a decrease in ROS generation, albeit minimal.
Levels of ROS could also be directly or indirectly influenced by
(i) increase in the level of antioxidants such as reduced gluta-
thione or superoxide dismutase, (if) aberrations in ATP/ADP
exchange (29), (iii) oxidation of superoxide to oxygen by cyto-
chrome ¢ (32), or (iv) proteolysis of D4-GDP-dissociation in-
hibitor by caspases (33). By retaining some of the cytochrome ¢
within the mitochondria or by virtue of the cells being glycolytic,
the levels of cellular ATP could be maintained even after the
onset of apoptosis, thereby delaying or inhibiting the production
of ROS.

Studies indicate an increasing interest in the discovery of
compounds that directly affect mitochondria (34). All of these
agents induce apoptosis by either disrupting the membrane
potential or releasing ROS, suggesting that the inner mitochon-
drial membrane is the primary target. Betulinic acid, a penta-
cyclic triterpene, was reported to induce apoptosis in neuroec-
todermal tumors (35) by acting directly on mitochondria in a
CD95- and p53-independent fashion (36). Betulinic acid is a
simple triterpene compound with a very restricted cell-type
specificity. Avicins, on the other hand, which show broader cell
specificity, contain a hydrophobic acacic acid as the core triter-
pene and have two acyclic monoterpene units connected by a
quinovose sugar. The hydrophobic acacic acid core in the avicins
probably allows it to traverse the membrane and affect the
mitochondria, but characteristics of the remainder of the mol-
ecule may explain its biochemical effects and its differences from
betulinic acid. We are currently truncating portions of avicin D
and avicin G, including the side chains and the individual sugars,
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to determine which component is critical for the proapoptotic
function. Avicins structurally appear very similar to elliptosides
isolated previously from Archidendron ellipticum (37). However,
recent NMR evaluation as well as chirality studies on the
monoterpenes (unpublished results) suggest that there are subtle
but significant differences between the saponins reported herein
and those previously described as having antitumor activity.
Avicins are a class of triterpenoid saponins that induce
apoptosis in Jurkat cells by affecting mitochondrial function
independently of the membrane-bound death receptors. Of
interest is the selectivity of apoptosis in Jurkat cells as compared
with normal fibroblasts. Evan (38) has proposed that oncopro-
teins sensitize cells to apoptotic signals that are resisted by
normal cells. The later effects of avicins appear to amplify the
early signaling events leading to apoptosis. Phosphorylation of
caspase-9 by Akt has been shown to inhibit its activity (39). By
inhibiting the phosphorylation of Akt, avicins could be ampli-
fying the proapoptotic effects seen after cytochrome c release.
Recently, it has been demonstrated that APAF and caspase-9 are
downstream effectors of p53-induced genes (40). Inhibition of
Akt phosphorylation could also enhance the proapoptotic func-
tion of Bad by increasing its heterodimerization with Bel-xL (41).
Because of their direct effect on the mitochondria, avicins may
be able to overcome resistance to apoptosis because of mutations
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in the p53 gene. The Jurkat cells used in this study lack p53.
Therefore, avicins and other similar compounds may prove to be
effective in the treatment of resistant cancers because of their
ability to replace the function of lost or mutated suppressor
genes.

The triterpenoid structure evolved more than a billion years
ago as a critical membrane component of some prokaryotes (42).
The saponins probably evolved later in plants and some marine
organisms as secondary metabolites for defensive ecological
purposes, and, as a result, may have potent biological activity in
the mammalian system. Therefore, it is interesting that these
compounds target the mitochondria, which are derived from
ancient prokaryotes that have evolved in a symbiotic relationship
within eukaryotes (43). Thus, findings reported in this paper
suggest an interesting intersection between chemical ecology
(i.e., signal transduction; 44) as well as chemical biology (45).
Further studies may provide important leads for potential ap-
plication to human health.
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