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Abstract

Dietary bioflavonoids are secondary metabolites of plants that are known to have a variety of bio-effects, including anti-cancer activity. In
this study, we examined the effects of flavonoids on the growth of human leukemia cells and found that certain flavonoids induce apoptosis
in a variety of human leukemia cells. The apoptosis induced by bioflavonoids was dose-dependent and was accompanied by a disruption
of the mitochondrial transmembrane potential and the activation of caspase. Our data suggests that dietary bioflavonoids may be useful
chemotherapeutic reagents for leukemia patients.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction significantly inhibited the proliferation of epidermoid carci-
noma A431 cells with an overexpression of epidermal growth

Flavonoids are ubiquitously occurring and widely con- factor receptof8]. Indeed, some bioflavonoids like Quercetin

sumed secondary metabolites of plgit&]. Flavonoids can  and Genistein have already been used as chemotherapeutic

be divided into three main groups: Flavones, Flavonones (2,3-agents in phase tria[9,10].

dihydroflavones), and isoflavones, which differ in structure  In an attempt to examine the effects of flavonoids on the

and ring substitutionf3]. They have diverse pharmacologi- growth of human leukemic cells, we challenged cultured hu-

cal properties, including antioxidant, cytoprotective, and anti- man leukemic cell lines with several kinds of flavonoids. In

inflammatory activitie§1,2], and have also been reported to the present study, we demonstrated that certain flavonoids can

display anti-viral[4] and anti-parasiti¢5] activities. induce significant apoptosis in a variety of human leukemia
Moreover, some flavonoids are known to act as anti- cells.

cancer reagents. For example, Yoshida et al. reported that

Quercetin markedly inhibited the growth of human gastric

cancer cell§6]. Record et al. also described the inhibition of 5 \1-tarials and methods

B16 melanoma cells by Genistein, both in vivo and in vitro

[7]. Huang et al. demonstrated that Luteolin and Quercetin 2 1. Cells and reagents

—_— _ _ _ The cell line BV-173 that were established from a patient
Ab_brgwatlons.ALL, acut(_-:‘ Iymphoblastlc leukemia; CD, clu§ter of dif- in an acute relapse who most likely had Ph1-positive chronic
ferentiation; FITC, fluorescein isothiocyanate; PE, phycoerythrin; PC-5, PE- | leukemialll: th te-ph f ch .
Cy-5; PC-7. PE-Cy-7: topo, topoisomerase myelogenous leu em@l ],' e acute-phase of chronic
* Corresponding author. Tel.: +81 3 3417 2496; fax: +81 3 3417 2496. Mmyelogenous leukemia-derived cell lines K-562 (Japanese
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Fig. 1. Immunophenotypic analysis of BV-173 cells. The BV-173 cells were stained with fluorescence-labeled specific monoclonal antibodieskagsitest |
antigens, as indicated, and analyzed by flow cytometry. The resulting histograms are shown. (Cy-) Cytoplasmic antigen stained after caltgienmeabil
treatment.

and KU-812 (Institute for Fermentation, Osaka, Japan); Sigma—Aldrich (St. Louis, MO). The peptide-inhibitors for

precursor-B-acute lymphoblastic leukemia (ALL)-derived the caspases were obtained from Calbiochem-Novabiochem

cell lines, including NALM-16, NALM-20, HPB-NULL Co. (San Diego, CA). Bioflavonoids, VP-16 and the caspase

and NALM-17[12]; Burkitt's lymphoma-derived cell lines,  inhibitors were desorbed in DMSO and then added to the

Daudi and Ramos (JCRB); the histiocytic lymphoma-derived cell cultures. All other chemical reagents were obtained from

cell line U-937 (JCRB) and the acute monocytic leukemia- Wako Pure Chemical Industries Ltd. (Osaka, Japan), unless

derived cell line THP-1 (JCRB) were used. Cells were cul- otherwise indicated.

tured in RPMI1640 supplemented with 10% FCS at@in

a humidified 5% C®@ atmosphere. 2.2. Immunofluorescence study and detection of
Fluorescence-labeled monoclonal antibodies againstapoptosis

leukocyte antigens were obtained from Beckman/Coulter Inc.

(Westbrook, MA). Bioflavonoids, including Flavone, Genis- A multi-color immunofluorescence study was performed

tein, Genistin, Quercetin, Fisetin, Luteolin, Apigenin and using a combination of fluorescein isothiocyanate (FITC),

Rutin, and the anti-cancer drug VP-16 (which exhibits topoi- phycoerythrin (PE), PE-Cy-5 (PC-5) and PE-Cy-7 (PC-7).

somerase (topo) ll-inhibitor activity) were purchased from Cells were stained with fluorescence-labeled monoclonal
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antibodies and analyzed by flow cytometry (EPICS-XL, - ~ Bva73 ~
Beckman/Coulter), as described previoughy8]. Stain- 13 " VP-16(zsuﬁ“1) »
ing of the cytoplasmic antigens was performed using . :
.:‘_ ' < :'r 3

& ;4

Cytofix/CytopermiM Kits (Becton Dickinson), according to
the manufacturer’s protocol.

.
s0e%

To quantitate the incidence of apoptotic cells, cells were @‘ : '
stained with FITC-labeled annexin V using a MEBCYYO (i s, ﬁ‘_ E

Apoptosis Kit (Medical & Biological Laboratories (MBL) . W

Co. Ltd., Nagoya, Japan) and then analyzed by flow cytom- @ ' R ' C

etry according to the manufacturer’s protocol. Experiments . .t ik

were performed in triplicate, and the meass.D. of the cells f ’ ’ "
that bound annexin V are shown. Caspase-3 activity was as- & So E 1?* :

sessed with a PhiPhiLUW G1D2 kit (MBL) and analyzed 355 1

by flow cytometry according to the manufacturer’s protocol. s, BFRNON© (200 HM, 24 hrs) -

The disruption of the mitochondrial transmembrane poten- _ : o

tial was detected by the MitoCapture ApOptOSiS Detection Fig. 2. Morphological exgmlnatlon of Flavone-treated BV-_173 cells. BV-
173 cells were cultured in the presence or absence of either Flavone or

Kit (MBL) and analyzed by flow cytometry according to the  yp_16, as a positive control of apoptosis induction, for 24 h as indicated in

manufacturer’s protocol. the figure, then cytocentrifuged on the slide glasses. After Giemsa-staining,
the morphological appearance of the cells was examined using light mi-

2.3. Examination of morphological appearance croscopy. The arrowheads indicate nuclear condensation. Typical apoptotic
cells, characterized by cleaved nuclei, are indicated by the arrows. Magnifi-
cation 400«.

BV-173 cells were immobilized onto glass slides with Cy-
tospin 2 (Shandon Inc., Pittsburg, PA), Giemsa-stained, and
their morphological appearance was examined by light mi-
croscopy (BX-61, Olympus, Tokyo, Japan).

of apoptosis Fig. 2). No such figures were observed in un-
treated cellsKig. 2). The following results clearly show that
the administration of Flavone indeed induced apoptosis in
BV-173 cells. First, DNA prepared from BV-173 cells treated
with Flavone for 24 h showed oligonucleosomal ladder frag-
mentation on agarose gel electrophorédsig.(3). Second, the
number of cells binding to annexin V increased significantly
after Flavone-treatment{g. 4). As shown inFig. 4, other

. . . . bioflavonoids, including Luteolin, Genistein, Quercetin, and
First, we examined the cell surface and cytoplasmic anti-

gens expressed in BV-173 cells originally derived from a pa-
tient with Phl-positive acute leukemia. As showrrig. 1,

the BV-173 cells expressed B-cell antigens, such as cluster of
differentiation (CD)19, CD22 and cytoplasmic CD79a, as de-
termined by flow cytometry. Together with the expression of
CD10 and HLA-DR Fig. 1) and the absence of surface IgM
(data not shown), the cell line was thought to have originated
from a precursor-B-cell. However, flow cytometric analysis
also revealed that the BV-173 cells simultaneously expressed
myeloid antigens, including CD13 and CD33d. 1). There-
fore, BV-173 was thought to exhibit biphenotypic leukemia
characteristics with both precursor-B-cell and myeloid lin-
eages. This cell line was mainly used in the following exper-
iments.

3. Results

3.1. Immunophenotypic analysis of BV-173 cells

BV-173
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3.2. Dietary bioflavonoids induce apoptosis in BV-173
cells

Next, we tested whether the administration of dietary Fig.3. DNA ladder formation in BV-173 cells after Flavone-treatment. BV-
bioflavonoids induced any cytotoxic effects on BV-173 cells. 173 cells were treated with (lane 4) or without (-, lane 3) 280of Flavone
When BV-173 cells were treated with 20M of Flavone for for 24 h. The extracted DNA (1459 per Ie_me) fr_om each sample was sepa-
24 h and then examined morpholoaically by light microsco rated by 1% agaro_se gel electrophoresis. Xiréindlll and $/Hadll 'D.NA

. . p 9 y oy . g Py markers were applied to the same gel (left two lanes). As a positive control
a portion of the cells exhibited condensation (arrow-head) for bNA ladder formation, DNA extracted from BV-173 cells treated with

and cleavage (arrow) of the nuclei, findings that are typical 25uM of VP-16 for 24 h was also examined (VP-16, lane 5).
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Fig. 4. Detection of annexin V binding cells after flavonoid-treatment. After culturing for 24 h in the presence of the indicated concentratiofiadeaid,
BV-173 cells were incubated with FITC-conjugated annexin V and then analyzed by flow cytometry. Experiments were performed in triplicate and the
means + S.D. of the percentages of annexin V bound cells are indicated.

Fisetin, but not Genistin, also induced an increase in the num-Luteolin and Apigenin also increased the number of cells in
ber of cells binding to annexin V. which caspase-3 was activatdedd. 6).
We further examined whether the activation of caspase
3.3. Characterization of bioflavonoid-induced apoptosis ~ was indeed involved in the bioflavonoid-induced apoptosis.
As shown inFig. 7, when BV-173 cells pretreated with either
The apoptosis induced by bioflavonoids in BV-173 z-DEVD-fmk (atetrapeptide inhibitor of caspase-3), z-IETD-
cells was further characterized. In healthy cells, MitoCap- fmk (a tetrapeptide inhibitor of caspase-8), or z-VAD-fmk (a
ture, a cationic dye, accumulates and aggregates in thetripeptide inhibitor of a broad range of caspases), a reduc-
mithocondria, giving off a bright red fluorescence. When tion in annexin V-positive cells after Flavone treatment was
the mitochondrial transmembrane potential is disrupted, observedFkig. 7). Of these inhibitors, z-VAD-fmk produced
however, this dye remains in the cytoplasm in its monomoer the most significant inhibition of Flavone-induced apoptosis
form, fluorescing green. As shown fiig. 5, flow cytometric in BV-173 cells.
analysis revealed that treatment with Flavone significantly
increased the number of cells with green fluorescence 3.4. Bioflavonoids induce apoptosis in other leukemia
indicating that the mitochondrial transmembrane potential cell lineages
was disrupted after the induction of Flavone-induced
apoptosis. In addition, Luteolin and Apigenin, but not Rutin, Next, we tested the effect of dietary bioflavonoids on other
also disrupted the mitochondrial transmembrane potential leukemia cell lines. As shown iRig. 8, all of the leukemia
(Fig. 5. Next, we examined the activation of caspase-3 in the cell lines tested in this study, including the pro-B cell lines
process of bioflavonoid-induced apoptosis. Flow-cytometric NALM-16 and NALM-20, the pre-B cell lines HPB-NULL
analysis with PhiPhiLuX G1D2 indicated that treatment and NALM-17, the Burkitt's lymphoma cell lines Ramos and
with Flavone significantly increased the number of cells in Daudi, the erythroleukemia cell line K-562, the basophilic
which caspase-3 was activatelig. 6). The incidence of  leukemia cell line KU-812, the histiocytic lymphoma cell
caspase-3-activated cells induced by Flavone-treatment wadine U-937, and the acute monocytic leukemia cell line THP-
much higher than that induced by VP-16-treatméiig ( 6). 1, were found to be sensitive to the apoptosis-inducing effect
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Fig. 5. Disruption of the mitochondrial transmembrane potential in BV-173 cells after bioflavonoid-treatment. BV-173 cells treated with oflavitmmids
(Apigenin, 200wM; Luteolin, 50uM; Flavone, 20QuM; Rutin, 200nM) or VP-16 (25uM) for 24 h were examined using a MitoCapture Apoptosis Detection
Kit and analyzed by flow cytometry. The resulting histograms are shivaxis, intensity of fluorescence -590 (re}axis, intensity of fluorescence -530
(green). A shift in the fluorescence from red to green indicates the disruption of the mitochondrial transmembrane potential.

of dietary bioflavonoids. Among these cell lines, however, A number of studies have reported the potential ability of
NALM-6 and K-652 exhibited a relatively lower sensitivity. bioflavonoids to act as anti-cancer drugs. The precise mech-
Although the Burkitt's cell lines showed a limited sensitivity anism of this phenomenon, however, remains unclear, al-
to VP-16 cytotoxicity, they showed a very high sensitivity to  though several effects of bioflavonoids on cell growth and
Flavone-mediated apoptosis induction. cell death have been reported. For example, bioflavonoids
are reported to have topo inhibitor activity. Luteolin is re-
ported to inhibit both topo | and Il and induces apoptosis in
4. Discussion Leishmania cell$5,14]. Strick et al.[15] reported that cer-
tain bioflavonoids induce MLL gene cleavage through the
Our data clearly indicates that certain, but not all, inhibition of topo II.
bioflavonoids induce apoptosis in a variety of human  Some topo ll-inhibitors, such as VP-16 and doxorubicin,
leukemia cell types. As shown in the present study, Flavone, are widely used as anti-cancer reagents and have been linked
Luteolin, Genistein, Quercetin, and Fisetin induced signif- with therapy-related leukemia induction due to topo II-
icant apoptosis in BV-173 cells, while Genistin and Rutin inhibition. The effect of topo Il-inhibiting substances on cells
did not. The apoptosis-inducing effect of Apigenin was in- is thought to consist of two stagéh6,17] During the first
termediate. As demonstrated in the present study, all of thestage, topo ll-inhibitors stabilize topo Il-cleavable complexes
human leukemia cells that were tested were effectively in- by forming drug:topo 11:DNA ternary complexes on chro-
duced to undergo apoptosis after bioflavonoid treatment. Themosomal DNA. This stage is reversible by DNA religation
bioflavonoid-induced apoptosis occurred in adose-dependenbor by DNA repair. However, cellular processing of the accu-
manner and was accompanied by the disruption of the mi- mulating ternary complexes triggers the initiation of apop-
tochondrial transmembrane potential and the activation of totic DNA cleavage, an irreversible process (secondary stage
caspase-3 and perhaps caspase-8. Indeed, the apoptosis wabthe pathway). At this stage, it is reported that caspase-8
diminished by pretreatment of the cells with anti-caspase in- is activated through FADD/TRADD-dependent mechanism
ihibitors. and plays a critical role in caspase-3 activation and apoptotic
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Fig. 6. Caspase-3 activity in BV-173 cells after bioflavonoid-treatment. To
prepared as iffig. 5were examined using PhiPhiLU% GiD2 and analyzed b
intensity; Y-axis, relative cell number.

cell death[18]. In parallel, caspase-9 is also activated by

measure caspase-3 activity in BV-173 cells after bioflavonoid-teismen
y flow cytometry. The resulting histograms are shéwamis, fluorescence

induced apoptosis. In addition, Strick et al. have reported that

apoptosome-mediated mechanism as a result of mitochon-Luteolin exhibits more strong topo ll-inhibitory effect than

drial dysfunction. However, latter pathway seems to play a
much less role in caspase-3 activatj@8]. Considering the
above evidence, including similar activation pattern of cas-
pase pathwayHigs. 6 and Y, it seems reasonable to assume
that the anti-cancer effect of the bioflavonoids originated in
their topo ll-inhibitor activity.

However, as we presentedhig. 8 Ramos Burkitt's cells,
which were resistant to VP-16, were sensitive to Flavone-
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Fig. 7. Effect of caspase-inihibitors on Flavone-induced apoptosis. BV-173
cells pretreated with 5@M of caspase-inihibitor, as indicated, were treated
with 200uM of Flavone for 24 h, as irfrig. 4 Subsequent apoptotic cells
were detected by annexin V binding and analyzed by flow cytometry and
are indicated as shown Fig. 4.

that of Flavong[15], whereas apoptosis-inducing effect of
Flavone is not lower than that of Luteoliri@. 8). Therefore,

the induction of apoptosis by flavonoids cannot be explained
solely by their topo Il-inhibitory effect, and additional possi-
ble anti-cancer effects may be involved.

Of note, K-562 cells have been reported to be topo II-
resistani19], whereas our data indicated that K-562 cells
are sensitive to VP-16-induced apoptosis and show over than
70% annexin V-positive cells, similar to the flavonoids used.
The precise reason for the discrepancy between the previous
reports and our data is presently unclear. However, it is also
reported that K-562 cells show delay in the VP-16-induced
caspase activation in compared with HL-60 cells, leading to a
long latent period before initiation of apoptosis, and once the
active phase of apoptosis is initiated, a similar proportion of
cells are ultimately killed in both cell lingR0]. Therefore,
K-562 cells are not completely resistant to topo Il and the
sensitivity to VP-16-mediated apoptosis may vary among the
stocks of K-562 cells in different laboratories.

On the other hand, some bioflavonoids, such as Genistein
and Quercetin inhibited tyrosine kinase activity both in vitro
and in vivo[21]. Since the overactivation of tyrosine kinases
is thought to be involved in oncogenesis in many types of can-
cer, it seems reasonable that bioflavonoids with anti-tyrosine
kinase activity would exhibit an anti-cancer effect.
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Fig. 8. Apoptosis-inducing effect of bioflavonoids in other leukemia cell lines. A variety of leukemia cell lines, as indicated in the figure, teerevittea
200uM of Flavone, 5QuM of Luteolin, or 25uM of VP-16 (as a positive control for apoptosis induction), ait 4. Subsequent apoptotic cells were detected
by annexin V binding and analyzed by flow cytometry and are indicated as shdvig. i
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Bioflavonoids have also been reported to be involved in support. H. Okita provided critical revisions and important
cell cycle regulation. For example, Quercetin was found to intellectual content. J. Fujimoto provided critical revisions
downregulate the expression of mutant p53 protein in humanand important intellectual content, and obtained a funding

breast cancer cell lines, leading to an arrest of the cells in
the G2—-M phase of the cell cyc]21]. In the case of human
leukemic T-cells, Quercetin was found to arrest the cells in
late G1 phase. In addition, Luteolin has beenreported to arres
the cell cycle in the G1 phase of human melanoma §28k

and Genisteininduces cell cycle arrest at the G2—M stage and g

the inhibition of cdc2 kinase activitj23]. The arrest of the
cell cycle in turn reduces cell growth and results in apoptosis
induction.

Another explanation for the anti-cancer activity of
bioflavonoids is suggested by their ability to interact with
hormone receptorf21]. Certain bioflavonoids have been
reported to bind to estrogen binding sites in estrogen re-
ceptors, there by interrupting estrogen binding. Indeed,
flavonoids, such as Daidzein, Genistein, Quercetin, and Lute-
olin, were found to suppress the induction of the proliferation-
stimulating activity of environmental estrogens in human
breast cancer cell ling24]. However, whether estrogen bind-
ing induces the proliferation of leukemic cells has not been
reported. Alternatively, flavonoids may interact with the bind-
ing sites of growth factors other than estrogen, thereby in-
hibiting the growth of leukemia cells.

In conclusion, dietary bioflavonoids exhibited an
apoptosis-inducing effect in various human leukemia cells.
Although further studies must be performed to elucidate
the mechanism by which bioflavonoids induce apoptosis
in leukemia cells, the present data indicates that dietary
bioflavonoids might be useful chemotherapeutic reagents for
leukemia patients.
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