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Abstract:

Numerous compounds detected in medical plants and dietary components or supplements possess chemopreventive, antitumor and
immunomodulatory properties. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is an important endogenous anti-
cancer factor that induces apoptosis selectively in cancer cells. However, some tumor cells are resistant to TRAIL-mediated apopto-
sis. Naturally occurring agents could sensitize TRAIL-resistant cancer cells and augment their apoptotic activity. We examined the
cytotoxic and apoptotic effects of neobavaisoflavone and psoralidin in combination with TRAIL on LNCaP prostate cancer cells.
The cytotoxicity was evaluated by MTT and LDH assays. The apoptosis was detected using Annexin V-FITC by flow cytometry and
fluorescence microscopy. The LNCaP cells were shown to be resistant to TRAIL-induced apoptosis. Our study demonstrated that
neobavaisoflavone and psoralidin sensitized TRAIL-resistant cells and markedly augmented TRAIL-mediated apoptosis and cyto-
toxicity in prostate cancer cells. Cotreatment of LNCaP cells with 100 ng/ml TRAIL and 50 pM neobavaisoflavone or 50 uM
psoralidin increased the percentage of the apoptotic cells to 77.5 = 0.5% or 64.4 £ 0.5%, respectively. The data indicate the potential
role of the bioactive compounds isolated from the medicinal plant Psoralea corylifolia (neobavaisoflavone and psoralidin) in pros-
tate cancer chemoprevention through enhancement of TRAIL-mediated apoptosis.

Key words:
neobavaisoflavone, psoralidin, TRAIL, apoptosis, prostate cancer

Abbreviations: Akt/PKB — protein kinase B, DMSO — dimethyl
sulfoxide, DR — death receptor, EGCG — epigallocatechin 3-
gallate, IAP — inhibitor of apoptosis proteins, LDH — lactate
dehydrogenase, LNCaP — prostate cancer cell line, MTT —
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
NFxB — nuclear factor kB, PBS — phosphate buffered saline so-

Introduction

Psoralea corylifolia (Leguminosae) is one of the most
popular and multi-purpose medicinal plants and is

lution, PI — propidium iodide, PS — phosphatidylserine, TRAIL
— tumor necrosis factor-related apoptosis-inducing ligand

widely distributed in Southeastern Asian countries.
Psoralea corylifolia has been used in complementary
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and alternative medicine for the treatment of pollaki-
uria, nephritis, osteoporosis, hypertension and cardio-
vascular diseases [18, 38]. The mature or dry fruits of
this plant are a well known health supplement ingredient
[37]. In vitro and in vivo studies have demonstrated
that the active fraction from the seeds and roots of
Psoralea corylifolia exhibits antimicrobial, antioxida-
tive, immunomodulatory and anticancer properties
[18, 36, 38]. Psoralea corylifolia extract contains
a number of bioactive compounds that are the mo-
lecular basis of its action, including flavonoids (neo-
bavaisoflavone, isobavachalcone, bavachalcone, ba-
vachinin, bavachin, corylin, corylifol, corylifolin and
6-prenylnaringenin), coumarins (psoralidin, psoralen,
isopsoralen and angelicin) and meroterpenes (bakuchiol
and 3-hydroxybakuchiol) [38].

The use of naturally occurring dietary agents is be-
coming increasingly appreciated as an effective strat-
egy of prostate cancer chemoprevention [15, 27].
Cancer chemoprevention is a means of cancer control
in which malignancy is prevented or reversed by nu-
tritional or pharmacological intervention with natural
or synthetic substances [25].

Prostate cancer is one of the most commonly diag-
nosed cancers in man and the second leading cause of
cancer-related deaths in the European Union and the
United States [6, 11]. Prostate cancer represents an
ideal disease for chemopreventive intervention due to
its long latency, late age of onset, relatively slower
rate of growth and progression, high incidence, tumor
marker availability, identifiable preneoplastic lesions
and risk group [3, 35].

Tumor necrosis factor related apoptosis inducing
ligand (TRAIL), a member of the TNF superfamily,
selectively induces apoptosis in cancer cells with no
toxicity against normal tissues [2, 5]. TRAIL mole-
cules are expressed on the cell surface of T lympho-
cytes, natural killer cells, dendritic cells, neutrophils,
monocytes or macrophages and can be cleaved into
a soluble, secreted form. TRAIL plays an important
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role in immune surveillance and defence mechanisms
against tumor cells [2, 34]. TRAIL is a promising an-
titumor agent capable of killing cancer cells via
receptor-mediated programmed death through its in-
teraction with the death receptor TRAIL-R1 (DR4)
and/or TRAIL-R2 (DRS5) [5, 34]. However, some
tumor cells are resistant to TRAIL-mediated cytotoxic-
ity. The decreased expression of death receptors
TRAIL-R1 (DR4) and TRAIL-R2 (DRS) or other
proapoptotic proteins as well as the increased expres-
sion of antiapoptotic proteins in cancer cells are in-
volved in TRAIL-resistance [34]. We and others have
shown that TRAIL-resistant prostate cancer cells can
be sensitized by chemotherapeutic agents, ionizing ra-
diation or dietary phytochemicals [1, 5, 7-10, 12, 16,
17,20-24, 28, 29, 33].

In this work we investigated the apoptotic and/or
cytotoxic effects of two bioactive compounds isolated
from Psoralea corylifolia in combination with TRAIL
on LNCaP prostate cancer cells. We showed for the
first time that neobavaisoflavone and psoralidin mark-
edly augment TRAIL-mediated apoptosis in prostate
cancer cells and sensitize LNCaP cells to TRAIL-
induced apoptosis. Figure 1 presents the structures of
neobavaisoflavone and psoralidin. In our opinion the
enhancement of TRAIL-mediated apoptosis in pros-
tate cancer cells by the tested compounds indicate the
emergency and suitableness of further studies on their
chemopreventive activities.

Materials and Methods

Cell line and cell culture

The human hormone-sensitive prostate cancer LNCaP
cell line was obtained from the German Collection of Mi-
croorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany). LNCaP cells were maintained in RPMI

Fig. 1. Chemical structures of the
studied bioactive compounds identi-
fied in Psoralea corylifolia

Psoralidin
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1640 medium with 10% fetal bovine serum, 4 mM
L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin and were grown in monolayer cultures
at 37°C and atmosphere containing 5% CO, [28, 29,
32]. Reagents for cells culture were purchased from
PAA, The Cell Culture Company (Pasching, Austria).

Chemicals and reagents

Neobavaisoflavone and psoralidin were obtained from
Alexis Biochemicals (San Diego, CA, USA). The tested
compounds were dissolved in dimethyl sulfoxide
(DMSO) (neobavaisoflavone and psoralidin — 50 mM)
to obtain the working concentrations. The final con-
centration of DMSO in the culture medium was con-
trolled at 0.1% (v/v). Soluble recombinant human
TRAIL (rhsTRAIL) was purchased from PeproTech
Inc. (Rocky Hill, NJ, USA).

Cytotoxicity assay

The cytotoxicity was measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT)
assay as described [14, 19, 28]. The MTT assay is
based on the cleavage of the tetrazolium salt MTT to
form blue formazan dye by viable cells. The LNCaP
cells (2 x 10°/ml) were seeded 48 h before the experi-
ments in a 96-well plate. Neobavaisoflavone or
psoralidin (20-50 pM) with or without TRAIL
(50-200 ng/ml) were added to the cells. After 48 h the
medium was removed, and 20 pl MTT solutions
(5 mg/ml) (Sigma Chemical Co., St. Louis MO, USA)
were added to each well for 4 h. The resulting blue
formazan crystals were dissolved in DMSO. Controls
included native cells and medium alone. The spectro-
photometric absorbance at 550 nm was measured
using a microplate reader (ELx 800, Bio-Tek Instru-
ments Inc., Winooski, VT, USA). The percent cyto-
toxicity was calculated by the formula: percent cyto-
toxicity (cell death) = (1 — [absorbance of experimen-
tal wells/absorbance of control wells]) x 100%.

Lactate dehydrogenase release assay

Lactate dehydrogenase (LDH) is a stable cytosolic en-
zyme that is released upon membrane damage in ne-
crotic cells. LDH activity was measured using a com-
mercial cytotoxicity assay kit (Roche Diagnostics
GmbH, Mannheim, Germany), in which LDH re-
leased in culture supernatants is measured with a cou-

pled enzymatic assay, resulting in conversion of a tetra-
zolium salt into a red formazan product. The LNCaP
cells were treated with various concentrations of neo-
bavaisoflavone and psoralidin (20-50 uM) alone and
in combination with TRAIL (50-200 ng/ml) for the in-
dicated period of time. The sample solution (super-
natant) was removed, and the LDH released from the
cells into culture medium was measured. The maxi-
mal release was obtained after treating control cells
with 1% Triton X-100 (Sigma Chemical Co., St.
Louis, MO) for 10 min at room temperature [28— 32].
The necrotic percentage was expressed using the for-
mula: (sample value/maximal release) x 100%.

Detection of apoptosis by flow cytometry

Apoptosis was measured using flow cytometry to
quantify the levels of phosphatidylserine (PS) on the
outer membrane of apoptotic cells. Externalized PS
on the outer surface of the cytoplasmic membrane be-
comes labelled by Annexin V-FITC, which has a high
affinity for PS-containing phospholipids bilayers. The
Annexin V assay was performed using the Apop-
totest-FITC Kit (Dako, Glostrup, Denmark). Briefly,
prostate cancer cell line LNCaP (2x10°/ml) cells were
seeded in 24-well plates for 48 h and then exposed to
neobavaisoflavone and psoralidin (2050 pM) and/or
TRAIL (50-200 ng/ml) for 48 h. After this time can-
cer cells were washed twice with PBS (phosphate
buffered saline solution) and resuspended in 1 ml of
binding buffer. The cell suspension (500 ul) was then
incubated with 5 pl of Annexin V-FITC and 10 pl of
propidium iodide (PI) for 10 min at room temperature
in the dark. The population of Annexin V-positive
cells was evaluated by flow cytometry (BD FACScan,
Becton Dickinson Immnunocytometry Systems, San
Jose, CA, USA) [29, 32].

Detection of apoptosis by fluorescence
microscopy

Apoptotic cells were quantified by fluorescence mi-
croscopy method using Apoptotic & Necrotic & Healthy
Cells Quantification Kit from Biotium Inc. (Hayward,
CA, USA) according to the manufacturer’s instruc-
tions [31]. The LNCaP cells (2.5 x 10°/ml) were seeded
24 h before the experiments in a 24-well plate. Neo-
bavaisoflavone or psoralidin (50 pM) with or without
TRAIL (50-100 ng/ml) were added to the cancer
cells, and 48 h later, the cells were washed with PBS
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Fig. 2. Cytotoxic and apoptotic effects

of TRAIL on LNCaP prostate cancer
cells. The cancer cells were incubated
for 48 h with TRAIL at concentrations of
50-200 ng/ml. The values represent
the mean + SD of three independent

experiments performed in quadrupli-
cate (n = 12) for cytotoxicity, or in du-
plicate (n = 6) for apoptosis (p < 0.05).
(A) Cytotoxic activity of TRAIL in LNCaP
cells. The percentage of cell death was
measured by MTT cytotoxicity assay.
(B) TRAIL-induced apoptosis in LNCaP

cells. Apoptotic cell death was de-
tected by Annexin V-FITC staining us-
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and detached from the cell culture wells by trypsin.
Next, the LNCaP cells were centrifuged to discard the
supernatant, washed with PBS and resuspended in
binding buffer (100 pl/sample). A combination of 5 pl
of FITC-Annexin V, 5 ul of ethidium homodimer III
and 5 pl of Hoechst 33342 solutions was added to
each tube. The samples were incubated at room tem-
perature for 15 min in the dark. After staining, the
cancer cells were washed with binding buffer, placed
on a glass slide and covered with a glass coverslip.
The stained cells were observed under a fluorescence
inverted microscope IX51 (Olympus, Tokyo, Japan)
using filter sets for FITC, TRITC and DAPI. The
healthy cells (stained with Hoechst 33342) emitted
blue fluorescence, apoptotic cells (stained with
FITC-Annexin V and Hoechst 33342) emitted green
and blue fluorescence and necrotic cells (stained with
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150 200

ethidium homodimer IIT and Hoechst 33342) emitted
red and blue fluorescence. Cancer cells stained with
blue, red and green, were dead cells progressing from
the apoptotic cell population. The cells were counted
and the apoptotic cells were expressed as percentage
of total cells.

Statistical analysis

The results are expressed as the means £ SD ob-
tained from three independent experiments per-
formed in quadruplicate (n = 12) for cytotoxicity or
duplicate (n = 6) for apoptosis. Statistical signifi-
cance was evaluated using Levene’s test and analysis
of variance (ANOVA); p-values < 0.05 were consid-
ered significant.
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Results

Cytotoxic and apoptotic effect of TRAIL
on prostate cancer cells

TRAIL induced cytotoxic and apoptotic effects in
LNCaP prostate cancer cells in a dose-dependent
manner. The cytotoxicity of TRAIL at the concentra-
tions of 50-200 ng/ml after a 48-h incubation was
13.76 + 0.66%—-23.84 + 0.60% cell death (Fig. 2A).
The necrotic cell death percentage of LNCaP cells ex-
amined by lactate dehydrogenase assay and propid-
ium iodide staging was near 0%. Figure 2B presents
TRAIL-induced apoptosis in LNCaP cells determined
with annexin V staining followed by flow cytometry.
The 48 h exposure to TRAIL increased the percentage

Concentration [uM]

of apoptotic cells to 15.37 = 0.38%—25.71 + 0.36%. The
results showed that TRAIL was less active against the
tested prostate cancer cell line and confirmed resis-
tance of LNCaP cells to TRAIL-mediated apoptosis
and cytotoxicity.

Cytotoxic and apoptotic effect of the bioactive
compounds, neobavaisoflavone and psoralidin,
isolated from Psoralea corylifolia, on prostate
cancer cells

The prostate cancer cells were incubated for 48 h with
neobavaisoflavone and psoralidin at concentrations of
20-50 uM. We demonstrated that treatment of LNCaP
cells with neobavaisoflavone or psoralidin inhibits
cell proliferation by inducing cytotoxicity and apopto-
sis in a dose-dependent manner. The cytotoxic effect
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Fig. 4. Cytotoxic and apoptotic effects of TRAIL
in combination with neobavaisoflavone on
LNCaP prostate cancer cells. The cancer cells
were incubated for 48 h with TRAIL at concen-
trations of 50 ng/ml-200 ng/ml and neobavai-
soflavone at concentrations of 20 yM and
50 pM. The values represent the mean + SD of
three independent experiments performed in
quadruplicate (n = 12) for cytotoxicity or in du-
plicate (n = 6) for apoptosis (p < 0.05). (A) Cy-
totoxic activity of TRAIL in combination with
neobavaisoflavone in LNCaP cells. The percent-
age of cell death was measured by MTT cytotox-
icity assay. (B) TRAIL-induced apoptosis in
combination with neobavaisoflavone in LNCaP
prostate cancer cells. Apoptotic cell death was
detected by Annexin V-FITC staining using flow
cytometry. (C) TRAIL-induced apoptosis in com-
bination with neobavaisoflavone in LNCaP
prostate cancer cells: (1) control cells, (2) cells
incubated with TRAIL (100 ng/ml), (3) cells in-
cubated with neobavaisoflavone (50 uM), and
(4) cells incubated with TRAIL (100 ng/ml) and
neobavaisoflavone (50 pM). Apoptotic cell
death was detected by Annexin V-FITC staining
using fluorescence microscopy. The healthy cells
(stained with Hoechst 33342) emitted blue fluo-
rescence and apoptotic cells (stained with
FITC-Annexin V and Hoechst 33342) emitted
green and blue fluorescence
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of the tested agents on LNCaP cells was 3.94 + 0.76%
—6.70 £ 0.54% cell death for neobavaisoflavone and
3.25£0.63% — 6.03 + 0.86% for psoralidin (Fig. 3A).
The necrotic cell death percentage of LNCaP cells ex-
amined by lactate dehydrogenase assay and propid-
ium iodide staging was near 0%. The Annexin V as-
say revealed apoptotic cells exposed to neobavaisofla-
vone and psoralidin (Fig. 3B). These compounds
induced the following apoptotic effects, neobavaiso-
flavone 3.88 + 0.29%-7.93 + 0.30% and psoralidin
3.38 £0.33%—6.58 £ 0.57%, respectively. The bioac-
tive components exhibited low cytotoxic and apop-
totic activity against LNCaP cells.

Cytotoxic and apoptotic effect of TRAIL
in combination with neobavaisoflavone
or psoralidin on prostate cancer cells

We investigated the cytotoxic and apoptotic effects of
TRAIL in combination with neobavaisoflavone or
psoralidin on prostate cancer cells. The co-treatment
of LNCaP cells with TRAIL at concentrations of
50-100 ng/ml combined with the tested compounds at
concentrations of 20-50 uM increased the percentage
of cell death to 30.53 + 0.82% — 75.84 + 1.07% for
neobavaisoflavone and to 30.16 + 0.85% — 60.22 +
0.69% for psoralidin. The cytotoxicity measured by
MTT assay is shown in Figures 4A and 5A. TRAIL
and both components of Psoralea corylifolia induced
a cytotoxic effect in cancer cells by inducing apopto-
sis. The necrotic cell death percentage of LNCaP cells
examined by Apoptest-FITC and the lactate dehydro-
genase assay was near 0%. We found that neobavaiso-
flavone and psoralidin strongly cooperated with
TRAIL to induce apoptosis in prostate cancer cells.
The percentage of the apoptotic cells after 48 h expo-
sure to 100 ng/ml TRAIL with 50 uM neobavaisofla-
vone were elevated at 77.55 = 0.51% and with 50 uM
psoralidin at 64.36 + 0.52% (Figs. 4B and 5B).

Discussion

Dysregulated apoptotic pathways have an important
role in the initiation and progression of prostate can-
cer [13]. The accumulated data from in vitro and in
vivo studies suggest that TRAIL plays an important
role in the maintenance of immune homeostasis, host
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tumor surveillance and defence against cancer cells
[2, 34]. We investigated the cytotoxic and apoptotic
effects of TRAIL in combination with the bioactive
compounds: neobavaisoflavone and psoralidin, on
prostate cancer cells. The recombinant human TRAIL
used in this study is a soluble protein based on a natu-
ral ligand. TRAIL induces programmed death in vari-
ous cancer cells in vitro and in vivo [2]. However,
some tumor cells are resistant to TRAIL-mediated cy-
totoxicity [34]. We and others have demonstrated that
the LNCaP cell line was resistant to TRAIL-induced
apoptosis. TRAIL-resistant prostate cancer cells can
be sensitized by bioactive phytochemicals [7-10, 12,
16, 17, 20-24, 29, 32, 33]. Our results indicate that
neobavaisoflavone and psoralidin markedly augment
TRAIL-mediated apoptosis in LNCaP prostate cancer
cells. Further investigations will be required to ex-
plain the cellular signalling pathways by which neo-
bavaisoflavone and psoralidin modulate the TRAIL-
induced death. Similar studies have described the syn-
ergistic apoptotic effect of TRAIL with naturally oc-
curring bioactive compounds on prostate cancer cells.
Flavonoids found in fruits and vegetables can sensi-
tize TRAIL-resistant prostate cancer cells. For exam-
ple, quercetin enhanced TRAIL-mediated cytotoxicity
by activating caspases, inhibiting phosphorylation of
serine/threonine kinase Akt (protein kinase B) and de-
creasing expression of antiapoptotic survivin [16, 17].
Other dietary flavonoids, apigenin and baicalein, in-
creased expression of the death receptor TRAIL-R2
on prostate cancer cell surfaces and augmented
TRAIL-mediated apoptosis [12, 33]. The green tea
flavonoid EGCG (epigallocatechin 3-gallate) synergized
with TRAIL to promote cell death by increasing ex-
pression of the death receptor TRAIL-R1 and modu-
lating pro- and antiapoptotic Bcl-2 family proteins in
prostate cancer cells [24]. Resveratrol, a chemical in
red wine, overcame TRAIL-resistance in prostate can-
cer cell through upregulation of death receptors
TRAIL-R1 and TRAIL-R2, modulation of Bcl-2 or
IAP family proteins and activation of effector cas-
pases [21, 23]. The active component of the spice tur-
meric, derived from the rhizome of Curcuma longa
named curcumin, increased expression of death recep-
tors TRAIL-R1 and TRAIL-R2, induced activation of
caspases and release of cytochrome ¢ from mitochon-
dria, modulated the expression of Bcl-2 or IAP family
proteins, suppressed phosphorylation of Akt and in-
hibited activation of NFkB sensitizing prostate cancer
cells to TRAIL-mediated apoptosis [7-10, 23].
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The role of natural dietary products in prevention
of prostate cancer has been confirmed in numerous
preclinical and epidemiological studies [15, 26]. Al-
though highly attractive from a theoretical point of
view, this approach to treating cancer is practically
limited by difficulties in the discovery and develop-
ment of novel and effective chemopreventive agents.
The cytotoxic and apoptotic effects of the bioactive
compounds isolated from Psoralea corylifolia in com-
bination with TRAIL on prostate cancer cells were ex-
amined for the first time in our study. The previous in-
vestigations demonstrated that neobavaisoflavone
augmented TRAIL-mediated apoptosis in HeLa can-
cer cells [4]. There is, however, no evidence of antitu-
mor activity of neobavaisoflavone and psoralidin
against prostate cancer cells. Our study showed that
neobavaisoflavone and psoralidin enhanced the apop-
tosis-inducing potential of TRAIL and sensitized
TRAIL-resistant LNCaP prostate cancer cells. The
strong cytotoxic and apoptotic effects of these com-
pounds isolated from Psoralea corylifolia in combi-
nation with TRAIL against prostate cancer cells sug-
gest their potential use in chemoprevention strategies.
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