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The stilbenoids, arachidin-1 (Ara-1), arachidin-3, isopentadienylresveratrol, and resveratrol, have
been isolated from germinating peanut kernels and characterized as antioxidant and anti-
inflammatory agents. Resveratrol possesses anticancer activity, and studies have indicated that it induces
programmed cell death (PCD) in human leukemia HL-60 cells. In this study, the anticancer activity of
these stilbenoids was determined in HL-60 cells. Ara-1 had the highest efficacy in inducing PCD in HL-60
cells, with an approximately 4-fold lower ECs, than resveratrol. Ara-1 treatment caused mitochon-
drial membrane damage, activation of caspases, and nuclear translocation of apoptosis-inducing
factor, resulting in chromosome degradation and cell death. Therefore, Ara-1 induces PCD in HL-60
cells through caspase-dependent and caspase-independent pathways. Ara-1 demonstrates its
efficacy as an anticancer agent by inducing caspase-independent cell death, which is an alter-
native death pathway of cancer cells with mutations in key apoptotic genes. These findings indicate
the merits of screening other peanut stilbenoids for anticancer activity.
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INTRODUCTION

Stilbenoids exist widely as natural phytoalexins produced by
plants such as grapes, berries, and peanuts in response to micro-
bial infection. Resveratrol and its derivatives, arachidin-1 (Ara-1),
arachidin-3 (Ara-3), and isopentadienylresveratrol (IPD), are
stilbenoids that have been isolated by various research groups
from peanut kernels following various treatments (/ —8). Among
these peanut stilbenoids, the biological functions of resveratrol
have been studied extensively, and it was found to be a chemo-
preventive phytochemical for cardiovascular disease and cancer.
It also exhibits potent bioactivities as an antioxidant, anticancer,
and anti-inflammatory agent (9—12). The bioactivities of Ara-1,
Ara-3, and IPD have not been extensively studied, with the excep-
tion of their reported antioxidant and anti-inflammatory activ-
ities (7, 13). Anticancer activities of resveratrol have been studied
in a variety of cancer cell systems, and it was found to effectively
induce cancer cell death through different death pathways such as
apoptosis and autophagy (/4—16). The anticancer activity of the
other peanut stilbenoids remains unknown.

Programmed cell death (PCD) is a basic biological process
required for maintaining homeostasis in organisms. Apoptosis
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has long been known as a form of PCD distinguished from necro-
sis, which is an uncontrolled cell death pathway. Activation of
caspases is the hallmark of apoptotic cell death. However, non-
apoptotic PCD pathways have recently been identified as alter-
native mechanisms in response to cytotoxic agents or death
stimuli to guard the organism against potentially harmful agents.
Cell death induced by apoptosis-inducing factor (AIF) is indica-
tive of nonapoptotic PCD (/7—19). AIF is a metabolic enzyme
imbedded in the inner mitochondrial membrane; however, upon
initiation of death signals, it is proteolytically cleaved and trans-
located to the nucleus to mediate caspase-independent PCD.
Nuclear AIF binds DNA and activates endonuclease, which
results in cell death that is phenotypically similar to caspase-
mediated apoptosis (19,20). Apoptosis may be mediated by either
the extrinsic pathway (initiated by the Fas/Fas ligand system
leading to caspase-8 activation) or the intrinsic pathway (initiat-
ed by depolarization of mitochondrial membranes leading to
caspase-9 activation). The disruption of the mitochondrial mem-
brane, an early event in intrinsic apoptosis, also causes the release
of AIF from the mitochondria to nuclei (/8—20). Resveratrol has
been reported to induce Fas ligand-related apoptosis in human
cancer cells including HL-60 leukemia cells (/4, /5) and to induce
mitochondrion-mediated apoptosis in acute lymphoblastic leu-
kemia cells (/6). Previous studies on the anti-inflammatory activity
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Figure 1. (A) Structures and (B) absorption spectra of Ara-1, Ara-3, IPD, and resveratrol. Resveratrol: frans-3,5,4'-trihydroxystilbene. Ara-1: trans-4-(3-
methyl-1-butenyl)-3,5,3,4'-tetrahydroxystilbene. Ara-3: trans-4-(3-methyl-1-butenyl)-3,5,4'-trihydroxystilbene. IPD: trans-3'-isopentadienyl-3,5,4'-trihydrox-

ystilbene.

of Ara-1, Ara-3, and IPD have indicated that Ara-1 is more
potent than Ara-3 and IPD and is as effective as resveratrol in the
inhibition of lipopolysaccharide-induced up-regulation of PGE,
and NO biosynthesis in mouse RAW 264.7 macrophage cells (7).
A further mechanistic study has shown that Ara-1 and resveratrol
modulate inflammatory responses by affecting the levels of tran-
scription factors NF-«B and C/EBP¢ (/3). In the current study,
resveratrol, Ara-1, Ara-3, and IPD were isolated from germinat-
ing peanut kernels, and their anticancer activities were assessed in
leukemia HL-60 cells. The potency of Ara-1 as an anticancer agent
and its efficacy-associated contribution to the induction of PCD,
including apoptosis and caspase-independent cell death, were fur-
ther determined.

MATERIALS AND METHODS

Purification and Analysis of the Peanut Stilbenoids. Stilbenoids
were isolated from germinating peanut kernels (Arachis hypogaea L.) with
procedures modified from a previous report (7). Briefly, peanut sprout
powder (0.1 g) was dissolved in 60% ethanol (5 mL), sonicated briefly, and
shaken vigorously at 25 °C for 30 min. The suspensions were centrifuged
and filtered through 0.45 um filter membranes. The filtrate was subjected
to separation by HPLC (Chrom Tech, Inc., Apple Valley, MN) using a
C-18 column (250 x 10 mm, DiscoveryBIO wide pore C18, Supelco Inc.;
St. Louis, MO) eluted with 60% methanol at a flow rate of 3 mL/min. The
elution profile was monitored by absorbance at 340 nm. For characterization

and confirmation of the isolated compounds, the UV spectra of these con-
stituents were recorded using a JASCO-V550 spectrophotometer, and their
chemical structures were elucidated on the basis of 1-D NMR spectra
(Bruker AMX-400 and Avance 500 FT-NMR spectrometers). The Mass
spectra were analyzed by the Agilent 6510 Quadrupole Time-of-Flight LC/
MS instrument equipped with a GRACE VYDAC 218MS, CI18 column,
S um and 150 x 2.1 mm (Deerfield, IL).

Cell Culture and Compound Treatment. Human leukemia HL-60
cells were cultivated in RPMI-1640 medium supplemented with 10% fetal
calf serum, 100 ug/mL streptomycin, 100 U/mL penicillin, 250 ng/mL
amphotericin, 2 mM L-glutamine, and nonessential amino acids. Periph-
eral blood mononuclear cells (PBMCs) were obtained from healthy
donors. The blood was centrifuged at 800g for 10 min at 4 °C to remove
the plasma. Buffy coats were collected, suspended in phosphate-buffered
saline (PBS), and then centrifuged in a Ficoll-Paque PLUS gradient
(Amersham Pharmacia Biotech; Uppsala, Sweden) at 350g for 30 min.
PBMCs were collected, washed with PBS, and cultured in RPMI-1640
medium at 37 °C under 5% humidified CO,. Acid phosphatase activity
assay (ACP assay) and trypan blue exclusion assay were used to measure
overall cell viability and viable cell number. In the ACP assay, HL-60 cells
(3 x 10° cells in 200 uL medium) were cultivated in 96-well plates for 16 h
before the addition of a test compound. At the end of the treatment, the
medium was aspirated, cells were washed with PBS, and incubated with
10 mM p-nitrophenyl phosphate containing 0.1 M sodium acetate and 0.1%
Triton X-100. The reaction was terminated by adding NaOH solution, and
the absorbance at 410 nm was measured using the SpectraMax M5
Microplate Reader (Molecular Devices; Sunnyvale, CA). The median
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Figure 2. Mass spectra of resveratrol, Ara-1, Ara-3, and IPD.

effective concentration (ECsg), the concentration resulting in a 50%
decrease in cell viability, was determined as previously described (27). In
the trypan blue exclusion assay, the cells (5 x 10* cells in 3 mL of medium)
were cultivated in 6-cm Petri dishes and treated with Ara-1. At the
indicated time, 10 uL cell suspensions were mixed with 10 uL of trypan
blue solution (0.4%). The number of unstained (viable) cells and stained
(dead) cells was counted under a microscope. Each assay was done in
triplicate, and at least 3 independent experiments were performed.

Analysis of Apoptotic Events by Flow Cytometry. HL-60 cells (5 x
10* cells in 3 mL medium) were cultivated in 6-cm Petri dishes. Time-
dependent effects of Ara-1 were performed by treatment of the cells with
5 uM Ara-1, while concentration-dependent effects were studied using Ara-1
at concentrations from 1 uM to 4 uM. Mitochondrial injury was measured
at 2 to 8 h after Ara-1 treatment. The cells were incubated with 100 nM
DiOCg(3) in the dark for 1 h and subjected to flow cytometry using an
Epics XL-MCL flow cytometer (Beckman Coulter Inc.; Fullerton, CA).
Chromosomal degradation was assessed at 16, 24, and 48 h after the
addition of Ara-1. The cells were washed with PBS, fixed in 70% ethanol,
collected by centrifugation, resuspended in 0.5 mL of PBS containing
10 mg/mL RNase A, and incubated at 37 °C for 30 min. PI solution
(0.5 mL) was then added, and the mixture was allowed to stand in the dark
at room temperature. The cells were then subjected to flow cytometry.
Data from at least 1 x 10* cells were collected and analyzed by multicycle
software for cell cycle distribution and sub G1 population (22). The sub G1
population represents cells with degraded chromosomes. Caspase activ-
ities were measured using reagent kits for caspase-3 (DEVD-ase), caspase-8
(IETD-ase), and caspase-9 (LEHD-ase) (Oncolmmunin Inc.; Gaithers-
burg, MD). The protocols suggested in the user manual were followed. To
study the influence of caspase-family inhibitor Z-VAD-FMK (BioVision
Research Products, Mountain View, CA), the inhibitor was added 3 h
prior to the addition of Ara-1.

Protein Extraction and Western Blot Analysis. HL-60 cells (1 x 10°
cells in 10 mL medium) were cultured in 10-cm Petri dishes, treated with
Ara-1 for 24 h, and then collected by centrifugation. Protein extracts of
nuclear and cytosolic fractions were prepared. The cells were first
suspended in 400 uL of cold hypotonic buffer [10 mM HEPES (pH 7.8),
10 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, 0.3 mg/mL
leupeptin, and 0.1 mM PMSF] with the addition of 25 uL of 10% NP-40
and mixed vigorously on an ice bath. After a 20-min incubation, the
solution was centrifuged at 4 °C at 10,000g for 5 min, and the supernatant
was collected as the cytosolic fraction. The pellets containing nuclei were
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then resuspended in 100 L of cold hypertonic buffer [SO mM HEPES
(pH 7.8), 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, | mM DTT,
0.1 mM PMSF, and 10% glycerol]. The suspension was sonicated twice for
10 s and centrifuged at 4 °C at 16,000g for 15 min, and the supernatants
containing the nuclear proteins were collected and stored at —80 °C. The
lysates were subjected to the BCA protein assay (Pierce; Rockford, IL) for
the quantification of protein concentration. Aliquots of the lysates (50 ug
of protein) were boiled with sample buffer for 5 min and resolved by 12%
SDS—PAGE. The proteins were transferred to a nitrocellulose membrane
and blocked in TBST buffer [10 mM Tris (pH 7.5), 100 mM NacCl, and
0.05% Tween 20] containing 5% skim milk. The membrane was incubated
with specific primary antibodies and then incubated with the appropriate
HRP-conjugated secondary antibody. Actin and proliferating cell nuclear
antigen protein (PCNA) were used as protein loading controls. Monoclonal
antibodies for AIF, actin, and PCNA were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Protein bands were visualized using
an ECL chemiluminescence kit (Life Science Products; Boston, MA),
and the gel images were analyzed by the Fujifilm LAS-4000 Imaging
System (FUJIFILM Life Science, JAPAN).

RESULTS

Purification and Characterization of Peanut Stilbenoids. Four
stilbene derivatives, resveratrol, Ara-1, Ara-3, and IPD, were iso-
lated from germinating peanut kernels and identified in accor-
dance with the 1-D NMR spectral data report previously (7, 8).
Ara-1, Ara-3, and IPD are derivatives of resveratrol with the
derivatization of a hydroxyl moiety at C-3' in Ara-1, an isopen-
tadienyl moiety at C-4 in IPD, and an isopentenyl moiety at C-4 in
Ara-1 and Ara-3 (Figure 1A). On HPLC, the compounds were
eluted with retention times of 5.7 min (resveratrol), 10 min (Ara-1),
13 min (Ara-3), and 14 min (IPD). The characteristic UV absorp-
tion spectra (Figure 1B) with 1, in 305 nm (resveratrol), 337 nm
(Ara-1), 333 nm (Ara-3), and 295 nm (IPD) were checked rou-
tinely to monitor the purity and stability of the compounds. The
LC/MS spectroscopy showed [M — H] ion peaks at m/z
227.0660 for resveratrol, m/z 311.11822 for Ara-1, m/z 295.13303
for Ara-3, and m/z 293.11807 for IPD, indicating their molecular
formula of C14H1203, C19H1904, C19H1903, and C19H1703
(Figure 2), respectively.
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Figure 3. Growth inhibition and cell death of HL-60 cancer cells induced by peanut stilbenoids. (A) The cells were treated with Ara-1, Ara-3, IPD, and
resveratrol (Res) for 72 h, and cell viability was measured. (B) PBMCs and HL-60 cells were treated with 5 «M Ara-1, cultured for the indicated time, and then
subjected to trypan blue staining for counting viable cells and dead cells. (C) Relative viable cells (the percentage of viable cell number of the Ara-1-treated
group relative to that of the untreated group) at each time point were calculated from the data in B.

Anticancer Effects of Peanut Stilbenoids. Over a concentration
range of 0 to 20 uM, Ara-1, Ara-3, and resveratrol showed con-
centration-dependent growth inhibitory effects on HL-60 cells
(Figure 3A) with ECs, values of 4.2 uM, 18.9 uM, and 17.6 uM,
respectively. IPD showed little effect on HL-60 cells; at 20 uM,
IPD resulted in only 10% decreases in cell viability. This research
further studied Ara-1, the most potent cytotoxic compound, for
its cytotoxic mechanism. The results of the trypan blue assay
(Figure 3B) indicated that treatment with Ara-1 led to growth
inhibition in HL-60 cells as reflected by differences in total cell
numbers between the Ara-1-treated group and the control group.

In addition to growth inhibition, Ara-1 also caused cell death;
thus, relative viable cells declined dramatically (Figure 3C).
However, Ara-1 exerted no effect on nonproliferating human
PBMCs. (Figure 3B and C). Under the cultural conditions,
Ara-1-treated PBMCs underwent spontaneous apoptosis at
the same rate as the untreated PBMCs. The growth inhibi-
tion by Ara-1 could be due to cell cycle blockade at the GO/G1
cell cycle phase. Figure 4B shows 20% increases in G0/G1 cell
population concomitant with 28% decreases in the S-phase
population after 24 h of treatment. Flow cytometric data
(Figure 4A) also revealed that Ara-1 treatment caused chromosome
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Figure 4. Cell-cycle arrest and chromosomal damage induced by Ara-1. (A) HL-60 cells were treated with 5 «M Ara-1 and subjected to DNA contents
analysis. The percentage shown in each graph indicates the cells with chromosomal damage and shown as the sub G1 population. (B) Quantification of cell
cycle distribution of the result in A. Results derived from 3 independent experiments are shown.

degradation (shown as sub G1 cell populations), resulting in cell
death.

Ara-1 Induces Mitochondrion-Mediated Apoptosis. To study
further the pathways involved in Ara-1-induced cell death, the
current research measured mitochondrial membrane integrity,
detecting mitochondrial membrane injury as an early event in
Ara-1-treated HL-60 cells. Figure SA shows that approximately
10% and 30% of the cells that lost mitochondrial membrane
integrity were detected at 4 and 8 h. Contrarily, mitochondrial
membrane injury went undetected in PBMCs (Supporting In-
formation, Figure 1). Ara-1-caused apoptosis in HL-60 cells was
evidenced by the activation of caspase-9 and caspase-3. The
results in Figure 5B indicate that Ara-1 caused concentration-
dependent activation of the caspases. However, findings did not
show the activation of caspase-8 (data not shown). To elucidate
how caspase activities contributed to cell death, the current study
investigated the influence of the caspase-family inhibitor (Z-VAD-
FMK). Ara-1 at low concentration induced approximately 10%
of the sub Gl cell population, which was eliminated by Z-VAD-
FMK pretreatment. However, at 4 uM Ara-1, the sub GI cell
population reached 45%, and nearly one-half of the population
was not eliminated by Z-VAD-FMK pretreatment. These results
suggest that Ara-1-mediated cell death attributed to not only cas-
pase activity but also to other death mechanisms.

Ara-1 Induced Nuclear Translocation of AIF. Caspase-independent
PCD could result from AIF release from the mitochondria to the

nuclei, thereby activating endonucleases. Analysis of the mito-
chondrial form of AIF (62 kDa) and the nuclear truncated form
of AIF (57 kDa) contributed to this investigation as to whether
Ara-1 induced the nuclear shuttling of AIF (20). Figure 6 shows
that Ara-1 exerted no effect on the level of cytosolic AIF; how-
ever, the level of nuclear AIF significantly increased. Nuclear
translocation of AIF suggests the involvement of a caspase-
independent death mechanism.

DISCUSSION

This study found that Ara-1 induces depolarization of the mito-
chondrial membrane and cell death, executed by caspase-dependent
and caspase-independent pathways in HL-60 leukemia cells. In
this cell line, Ara-1 was much more cytotoxic than the other
three stilbenoids tested. In this study, resveratrol had an ECs
of 17.6 uM, close to the previously obtained literature value of
16 uM, where resveratrol induced the apoptosis of HL-60 cells via
the extrinsic pathway (/4). Another study reported that resvera-
trol at 50 uM induced the intrinsic apoptotic pathway in leukemia
cells via depolarizing the mitochondrial membrane and activat-
ing caspase-9 (16). The results of this study indicate that Ara-1
(ECsp = 4.2 uM) is much more potent than resveratrol and
induces cell death in HL-60 cells through only the intrinsic apo-
ptotic pathway. This research monitored depolarization of mito-
chondrial membranes as an early irreversible step of PCD by
DiOC (3) staining. Although research has questioned the suitability
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Figure 5. Mitochondrial disruption and caspase activation induced by Ara-1.
(A) HL60 cells were treated with 5 uM Ara-1 for the indicated time,
stained with DIOCg(3), and then analyzed by flow cytometry. The per-
centage shown in each graph indicates the cell population with disrupted
mitochondrial membrane. (B) The cells were treated with Ara-1 for 24 h,
and the activities of caspase-9 and caspase-3 were measured. The cells
with activated caspase shown as the gray histogram are indicated in each
graph. (C) The cells were treated with Ara-1 (@) or treated with the
caspase-family inhibitor for 3 h, and then treated with Ara-1 (H). After
48 h, the cells were subjected to flow cytometry for sub G1 cell popula-
tions. Results derived from 3 independent experiments are shown.

of DiOCg for estimating mitochondrial membrane potential (23),
the findings of caspase activation and the presence of chromo-
somal fragmentation ensure PCD induction. On the basis of
the structure—activity relationship (SAR), the greater cytotoxi-
city of Ara-1, compared to resveratrol, may associate with the
4-isopentenyl moiety and the additional 3'-hydroxyl moiety.
The isopentenyl group might increase the hydrophobicity of Ara-1,
thereby facilitating compound interaction with the cell mem-
brane, which could increase cell uptake. Second, the increase in
hydrophobicity might also facilitate Ara-1 interactions with the
mitochondrial membrane, thereby disrupting the outer mem-
brane and triggering death signals. Studies have pointed out that
the hydroxyl moieties of peanut stilbenoids are important deter-
minants of antioxidant and antiproliferation activity (7). Many
prenylated stilbenoids isolated from plants exhibit bioactivi-
ties (24—26). Among the isolates, mappain and vedelianin from
Macaranga spp. are derivatives of Ara-1; they have 3'-hydroxyl
and 4-isopentenyl moieties and an additional derivatization on
the 5" position. Both compounds exhibit potent anticancer ac-
tivity (24, 25). Nevertheless, how the 3’-hydroxyl group and
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Figure 6. Activation and nuclear translocation of truncated AIF induced by
Ara-1. (A) HL-60 cells were treated with Ara-1 for 24 h, and the levels of AIF
in the cytosolic and nuclear fractions were analyzed. A representative blot
from 3 independent experiments is shown. (B) Relative amount of AIF
derived from the results in A and 2 additional experiments. The significance
of the differences was analyzed by Student’s ttest.

4-isopentenyl moieties play roles in anticancer activity is an inter-
esting SAR issue needing further investigation. The proposed
mechanism for Ara-1 in mitochondria depolarization is interest-
ing, not only for developing a new anticancer drug but also for a
new antiparasitic drug. For instance, the antiparasitic drug arte-
misinin functions through ROS production and depolarization of
mitochondria in parasites (27).

Cancer is a complicated disease, and in many cases, the ma-
lignancy is caused by a gene mutation. Clinical studies have
indicated that some chemotherapeutic agents are ineffective against
tumor cells that have mutations in key apoptotic genes or those
genes affecting caspase signaling (28). Agents that are capable of
activating caspase-independent cell death pathways would be
valuable in sensitizing these cells to death and eradicating tumor
cells (20,29). Accordingly, the ability of Ara-1 to induce cell death
by both activating the caspase cascade and a caspase-independent
death pathway may explain its efficiency at triggering cell death.
Therefore, Ara-1 has the potential to be developed as an anti-
cancer agent, and the molecular mechanism involved in its toxicity
warrants further investigation. The peanut plant is a rich source
of stilbenoids (2). In addition to the stilbenoids investigated here,
six novel stilbene derivatives (termed arahypins) were recently
isolated from peanut seeds challenged by Aspergillus caelatus (30).
The class of peanut stilbenoids consisting of structurally related
compounds are potential resources for screening anticancer drugs.
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