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The aim of this study was to investigate the mechanism of ¯avonoid-induced apoptosis in HL-60 leukaemic cells. Thus, the eVect of structurally related ¯avonoids on cell viability, DNA fragmentation
and caspase activity was assessed. Loss of membrane potential and reactive oxygen species generation
were also monitored by ¯ow cytometry. The structurally related ¯avonoids, such as apigenin, quercetin, myricetin, and kaempferol were able to induce apoptosis in human leukaemia HL-60 cells.
Treatment with ¯avonoids (60 M) caused a rapid induction of caspase-3 activity and stimulated
proteolytic cleavage of poly-(ADP-ribose) polymerase (PARP). Furthermore, these ¯avonoids
induced loss of mitochondrial transmembrane potential, elevation of reactive oxygen species (ROS)
production, release of mitochondrial cytochrome c into the cytosol, and subsequent induction of procaspase-9 processing. The potency of these ¯avonoids on these features of apoptosis were in the order
of: apigenin quercetin myricetin kaempferol in HL-60 cells treated with 60 M ¯avonoids. These
results suggest that ¯avonoid-induced apoptosis is stimulated by the release of cytochrome c to the
cytosol, by procaspase-9 processing, and through a caspase-3-dependent mechanism. The induction
of apoptosis by ¯avonoids may be attributed to their cancer chemopreventive activity. Furthermore,
the potency of ¯avonoids for inducing apoptosis may be dependent on the numbers of hydroxyl groups
in the 2-phenyl group and on the absence of the 3-hydroxyl group. This provides new information on
the structure±activity relationship of ¯avonoids. # 1999 Elsevier Science Ltd. All rights reserved.
Key words: ¯avonoid, apigenin, apoptosis, mitochondrial transmembrane potential, reactive oxygen
species (ROS), cytochrome c, caspase-9, caspase-3, PARP
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INTRODUCTION
Flavonoids are a group of common phenolic plant pigments. They are widely distributed in the plant kingdom and
occur naturally in a broad range of fruits and vegetables [1].
Those ¯avonoids considered to be dietary anticarcinogens [2]
and anti-oxidants [3] have been utilised for clinical purposes
[4]. In our previous report [5], we showed that apigenin
could inhibit 12-O-tetradecanoyl-phorbol-13-acetate (TPA)induced c-jun and c-fos expression and TPA-mediated
tumour promotion.
Apoptosis is a normal physiological process which occurs
during embryonic development as well as during the maintenance of tissue homeostasis [6]; it can be induced by a
Correspondence to J.-K. Lin, e-mail: jklin@ha.mc.ntu.edu.tw
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variety of treatments, such as ultraviolet (UV) irradiation [7],
Fas/APO-1 ligand [8, 9] and cytotoxic chemotherapy [10, 11].
Cells which die by apoptosis usually suVer similar morphological changes, including nuclear condensation, cytoplasmic
blebbing and DNA fragmentation.
The transduction and execution of apoptotic signals
requires the co-ordinated action of a cascade of caspases
(aspartate-speci®c cysteine proteases) [12]. The caspases are
present in cells as inactive procaspases, with the active tetramer being formed by removal of the prodomain and cleavage
between the large and small subunits [13]. Caspase activity is
responsible, either directly or indirectly, for cleavage of cellular proteins which are characteristically proteolysed during
apoptosis. For example, caspase-2, -3, -7 and -9 can cleave
poly-(ADP-vibose) polymerase (PARP) [14], and caspase-6
can cleave nuclear lamins [15]. The active caspase-4 cleaves
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the precursor form of caspase-1 to generate the mature form
[16], and activated caspase-1 cleaves the zymogen of caspase3 to produce the active form [17].
In response to certain apoptotic stimuli, cytochrome c is
released from mitochondria [18, 19]. Once it is in the cytoplasm, however, cytochrome c has an entirely diVerent function. The released cytochrome c induces the formation of a
caspase activation complex (CAC) with Apaf-1, that directly
binds the zymogen form of caspase-9 via a homophilic interaction involving CARD (caspase recruitment domain) motifs
[20]. The CARD domain is a region of highly conserved
residues in the amino terminus of molecules which are
recruited for complex signalling during apoptosis. Activated
caspase-9 can proteolytically process the zymogen form of
downstream caspases, such as caspase-3 [21].
In the present study, we have demonstrated ¯avonoidinduced apoptosis in HL-60 cells. Flavonoid-induced
apoptosis can activate caspase-3 which leads to the cleavage
of PARP. We also explored ¯avonoid-induced loss of
mitochondrial transmembrane potential, reactive oxygen
species (ROS) production and induction of procaspase-9
processing.
MATERIALS AND METHODS
Cell culture and chemicals
Human promyelocytic leukaemia HL-60 cells were grown
in 85% RPMI 1640 and 15% fetal bovine serum (GIBCO
BRL, Grand Island, New York, U.S.A.), supplemented with
2 mM glutamine (GIBCO), 1% penicillin/streptomycin
(10 000 U penicillin/ml and 10 mg/ml streptomycin). Cells were
plated at a density of 2105 cells/ml in 100 mm petri dishes
and grown at 37 C in a humidi®ed, 5% CO2 atmosphere.
Flavonoids (apigenin, quercetin, myricetin, and kaempferol) and
genistein were purchased from Sigma Chemical Co. (St Louis,
Missouri, U.S.A.) and dissolved in dimethyl sulphoxide
(DMSO). Epicatechin 3-gallate (ECG), epigallo-catechin
(EGC), and epigallocatechin 3-gallate (EGCG) were isolated
from Lonjing tea as described [22] and dissolved in DMSO.
The inhibitors for caspase-3 (Z-Asp-Glu-Val-Asp-¯uoromethylketone; Z-DEVD-FMK) and caspase-1 (acetyl-TyrVal-Ala-Asp-methylcoumany 1-7-amide; Ac-YAVD-CMK)
were purchased from Calbiochem (La Jolla, California, U.S.A.).
Cell viability assay
Cells were plated at a density of 2105 cells/well into 96well plates. After overnight growth at 37 C, cells were treated
with diVerent ¯avonoids for 12 h, and then the cell viability
was assayed with CellTiter 96 Non-Radioactive Cell Proliferation Assay Kit (Promega, Madison, Wisconsin, U.S.A.).
Brie¯y, 20 ml of combined solution of a tetrazolium compound
MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium:
inner
salt) and an electron-coupling reagent, phenazine methosulphate, were added to each well. After incubation for 2 h at
37 C in a humidi®ed 5% CO2 atmosphere, the absorption of
A490 nm was recorded using an enzyme-linked immunosorbent array (ELISA) plate reader.
DNA extraction and electrophoretic analysis
HL-60 cells (4105 cells/ml) were harvested, washed in
phosphate-buVered saline (PBS) and then lysed by digestion
buVer containing 0.5% sarkosyl, 0.5% mg/ml proteinase K,
50 mM Tris (hydroxy methyl) aminomethane (pH 8.0) and

10 mM EDTA at 55oC for 3 h. RNase A (0.5 mg/ml) was
added and incubated at 55oC for 24 h. The DNA was
extracted by phenol±chloroform±isoamyl alcohol and analysed by 1.8% agarose gel electrophoresis (containing ethidium bromide) at 50 V for 120 min. Approximately 20 mg of
DNA was loaded in each well, visualised under a UV light
and photographed.
Western blotting
The nuclear and cytosolic proteins were isolated from
human promyelocytic leukaemia HL-60 cells (4105 cells/
ml) after treatment with 60 mM ¯avonoids for 0, 3, 6, 9, and
12 h. Total proteins were extracted by adding 200 ml of cold
lysis buVer (50 mM Tris±HCl, pH 7.4; 1 mM sodium ¯uoride (NaF); 150 mM NaCl; 1 mM EGTA; 1 mM phenylmethylsulphonyl ¯uoride (PMSF); 1% NP 40; and 10 mg/
ml leupeptin) to the cell pellets. After 30 min on ice the cell
debris was pelleted by centrifugation at 10 000 g for 30 min at
4 C. The cytosolic fraction (supernatant) proteins were
measured by bicinchoninic acid assay (BCA; Promega,
Madison, Wisconsin, U.S.A.). The samples (50 mg of total
protein) were mixed with 5 sample buVer, containing 0.3 M
Tris±HCl (pH 6.8), 25% 2-mercaptoethanol, 12% sodiumdodecyl sulphate (SDS), 25 mM EDTA, 20% glycerol, and
0.1% bromophenol blue. The mixtures were boiled at 95 C
for 5 min, and subjected to SDS-PAGE (polyacrylamide gel
electrophoresis) at a constant current of 20 mA. Following
electrophoresis, proteins on the gel were electro-transferred
onto an immobile membrane (PVDF; Millipore, Bedford,
Massachusetts, U.S.A.) in transfer buVer composed of
25 mM Tris±HCl (pH 8.9), 192 mM glycine and 20%
methanol. The membranes were blocked with 20 mM Tris±
HCl (pH 7.4), 125 mM NaCl, 0.2% Tween 20, 1% bovine
serum albumin (BSA), and 0.1% sodium azide. The membranes were then immunoblotted with primary antibodies
(rabbit polyclonal antibodies to human PARP at a dilution of
1=1000 (UBI, Lake Placid, New York, U.S.A.), mouse MAbs
to cytochrome c (RDI, Flanders, New Jersey, U.S.A.) at a
dilution of 1/1000 or mouse MAbs to caspase-9 at a dilution
of (Pharmingen, Becton Dickinson, San Diego, California,
U.S.A.), at room temperature for 3 h. This was followed by
the addition of horseradish peroxidase-labelled second antibody at a dilution of 1/5000 and development using the ECL
system (Amersham Life Science, Amersham, Bucks, U.K.).
Activity of caspase
Cells were collected and washed with PBS and resuspended in 25 mM HEPES (pH 7.5), 5 mM MgCl2, 5 mM
EDTA, 5mM dithiothreitol (DTT), 2 mM PMSF, 10 mg/ml
pepstatin A and 10 mg/ml leupeptin after treatment. Cell
lysates were clari®ed by centrifugation at 12 000 rpm for
5 min and clear lysates containing 50 mg of protein were
incubated with 50 mM substrate Ac-DEVD-AMC or AcYVAD-AMC at 30 C for 1 h. Levels of released AMC were
measured using a spectro¯uorometer (Hitachi F-4500) with
excitation at 360 nm and emission at 460 nm (Promega's
CaspACE2 Assay System, Madison, Wisconsin, U.S.A.).
Cytochrome c release
Mitochondrial and cytosolic fractions were prepared by
resuspending cells in ice-cold buVer A (250 mM sucrose,
20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 17 mg/ml PMSF, 8 mg/ml aprotinin
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and 2 mg/ml leupeptin (pH 7.4)). Cells were passed through a
needle ten times. Unlysed cells and nuclei were pelleted by
centrifugation for 10 min at 750g. The supernatant was then
centrifuged at 100 000g for 15 min. This pellet was resuspended in buVer A and represents the mitochondrial fraction. The supernatant was again centrifuged at 100 000g for
1 h. The supernatant from this ®nal centrifugation step
represents the cytosolic fraction.
Analysis of mitochondrial transmembrane potential and
generation of reactive oxygen species (ROS)
Loss of mitochondrial transmembrane potential was monitored by ¯ow cytometry. Brie¯y, HL-60 cells were exposed
to ¯avonoids. Mitochondrial transmembrane potential was
measured directly using 40 nM 3,30 -dihexyloxacarbocyanine
(DiOC6(3)); (Molecular Probes, Eugene, Oregon, U.S.A.).
Fluorescence was measured after staining the cells for 15 min
at 37 C. To assess ROS generation by ¯ow cytometry, cells
were treated with 20 mM 20 ,70 -dichloro¯uorescein diacetate
(DCFH-DA) (Molecular Probes) for 1 h at 37 C.
RESULTS
Flavonoids cause reduction in cell viability
Previous studies have shown that ¯avonoids are potent
antiproliferation [23±25] and anticancer agents [3]. Here, we
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investigated four structurally related ¯avonoids: apigenin,
myricetin, quercetin and kaempferol. The structures of these
¯avonoids are illustrated in Figure 1. We tested their eVects
on cell viability in human promyelocytic leukaemia HL-60
cells with diVerent concentrations of ¯avonoids. After 12 h of
treatment, the percentage of living cells was determined and
is shown in Figure 2, myricetin and quercetin induced a dosedependent decrease in cell viability after 40 mM treatment,
but the aVected cell viability was lower than that by apigenin.
Apigenin appeared to be more potent, with an IC50 of 50 mM
and dose-dependent inhibition of cell viability. In contrast,
kaempferol only slightly aVected cell viability.
EVect of ¯avonoids on DNA fragmentation of HL-60 cells
Flavonoid induction of DNA fragmentation was demonstrated by incubating HL-60 cells with diVerent concentrations of ¯avonoids for 12 h (Figure 3a). DNA fragmentation
became apparent with between 20 and 40 mM apigenin treatment, and this DNA fragmentation response was dosedependent (Figure 3a). When cells were treated with 60 mM
apigenin, DNA ladders were just visible 6 h after treatment,
and increasing DNA fragmentation was observed from 6 to
12 h (Figure 3b). Myricetin and quercetin exhibited very
similar DNA ladders in a dose-dependent fashion (Figure
3A). No DNA fragmentation was obtained in HL-60 cells
treated with kaempferol (Figure 3). Within 12 h of treatment
with 60 mM ¯avonoids, the potency of these ¯avonoids on
DNA fragmentation was: apigenin quercetin myricetin
kaempferol (Figure 3b).
Flavonoids stimulated caspase-3 activity in a time- and dosedependent manner
Caspases are believed to play a central role in mediating
various apoptotic responses. To monitor the enzymatic
activity of caspases during ¯avonoid-induced apoptosis, we
used two ¯uorogenic peptide substrates: Ac-YVAD-AMC is a
speci®c substrate for caspase-1, whereas Ac-DEVD-AMC is
a speci®c substrate for caspase-3. Caspase activities were
measured following treatment of HL-60 cells with diVerent

Figure 1. Chemical structure of the ¯avonoids, apigenin,
kaempferol, quercetin and myricetin; an iso¯avonoid, genistein; and the ¯avanoids, ECG, EGC, and EGCG.

Figure 2. Effects of different ¯avonoids on cell viability. The
percentage of cell viability was calculated as the ratio, A490, of
treated cells to control cells. Data points represent means for
three independent experiments; bars = standard error.
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concentrations of these ¯avonoids. As shown in Figure 4a,
the induction of caspase-3 activity by apigenin paralleled the
dose-dependent pattern of apoptosis. Activities of myricetin
and quercetin also followed a dose-dependent pattern. At
lower concentrations, myricetin induced lower caspase-3
activity than did quercetin, but the order was reversed at high
concentrations. In contrast, kaempferol only slightly induced
caspase-3 activity. Again, a very low level of caspase-1 activity
was induced by these ¯avonoids (Figure 4b).
We further studied the time course of caspase-3 activation
of ¯avonoids in HL-60 cells. Caspase-3 activity was determined by treatment with diVerent ¯avonoids (60 mM). Myricetin, quercetin, and kaempferol induced a slow and slightly
time-dependent caspase-3 activation (Figure 4c). Apigenin
induced a rapid rise in caspase-3 activity to approximately a
16-fold increase after the addition of apigenin for 12 h (Figure 4c).

similar concentrations (Figure 5a), consistent with the high
substrate speci®city of diVerent caspases. Similar results
were also obtained when apoptosis was induced by other

Caspase-3 inhibitor, Z-DEVD-FMK, decreases apoptosis
induced by ¯avonoids
The above results clearly indicate that caspase-3 protease is
activated in response to apoptosis induced by ¯avonoids. To
determine whether the activation of caspase-3 is required for
the induction of cell death by ¯avonoids, we pretreated HL60 cells with caspase inhibitors. As shown in Figure 5, an
inhibitor of caspase-3 protease, Z-DEVD-FMK, was able to
inhibit ¯avonoid-stimulated DNA fragmentation (Figure 5a)
and caspase-3 activity (Figure 5b). In contrast, Ac-YVADCMK, an inhibitor of caspase-1 activity, had little eVect at

Figure 3. Induction of DNA fragmentation in HL-60 cells by
¯avonoids. (a) HL-60 cells treated with increasing doses of
¯avonoids for 12 h. (b) Time-dependent increase of DNA
fragmentation ladders induced by 60 M apigenin, and HL-60
cells treated with diVerent ¯avonoids (60 M) for 12 h. Agarose
gel analysis of DNA fragmentation was performed. m, DNA
ladder marker; C, control; A, apigenin; M, myricetin; Q,
quercetin; K, kaempferol.

Figure 4. Induction of caspase activities. (a,b) Dose-dependent activation of caspases by ¯avonoids. Following treatment
with different concentrations of ¯avonoids for 12 h, caspase
activities were analysed. (c) Kinetics of caspase-3 activation
by ¯avonoids. HL-60 cells were treated for indicated time
periods, and caspase-3 activity was analysed as described in
Materials and Methods. Data points represent means for three
independent experiments and are expressed relative to 0 h;
bars = standard error.
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¯avonoids (data not shown). Thus, these data suggest that
the induction of caspase-3 activity is a speci®c biochemical
event brought about by apoptosis-inducing ¯avonoids.
Flavonoid induced cleavage of PARP
Activation of caspase-3 leads to the cleavage of poly-(ADPribose) polymerase (PARP). The cleavage of PARP is the
hallmark of apoptosis. PARP (116 kDa) is cleaved to produce
an 85-kDa fragment during apoptosis [26]. We examined the
cleavage of PARP in ¯avonoid-induced apoptosis. Treatment
of HL-60 cells with 60 mM apigenin for more than 6 h caused
a time-dependent proteolytic cleavage of PARP, with accumulation of the 85-kDa fragments and a concomitant disappearance of the full-length 116-kDa protein (Figure 6). In
addition, we determined the cleavage of PARP with myricetin, quercetin, and kaempferol (60 mM) for 12 h. The
potency of quercetin was greater than that of myricetin and
kaempferol, but they were all lower than that of apigenin
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(Figure 6). These data are consistent with DNA fragmentation and caspase-3 activity.
EVect of ¯avonoids on mitochondrial transmembrane potential
( m) and ROS generation
There is increasing evidence that altered mitochondrial
function is linked to apoptosis and a decreasing mitochondrial transmembrane potential is associated with mitochondrial dysfunction. Thus, we next evaluated the eVect of
¯avonoids on the mitochondrial transmembrane potential
(cm). We measured cm using the ¯uorescent probe
DiOC6(3) and monitored it using ¯ow cytometry. As shown
in Figure 7a, HL-60 cells exposed to 60 mM apigenin for only
1 h showed a sharp decline in DiOC6(3) ¯uorescence
(mean = 66.8; Mc). In contrast, the mean of DiOC6(3)
¯uorescence intensity of untreated control cells was 101.12
(Ma) (Figure 7a). Treatment with other ¯avonoids for 6 h at
60 mM also induced loss of mitochondrial transmembrane
potential; mean DiOC6(3) ¯uorescence declined from
Ma = 101.12 (control) to Mb = 56.71 (myricetin treated)
(Figure 7b); 49.65 (quercetin treated) (Figure 7c), and 79.35
(kaempferol treated) (Figure 7d).
Further, we studied the loss of mitochondrial transmembrane potential resulting in the generation of ROS [27] by
assessing reactive oxygen species generation using the ¯uorescent probe, DCFH-DA, and monitoring by ¯ow cytometry.
The potency of ROS generation was: apigenin quercetin
myricetin kaempferol in HL-60 cells treated with 60 mM
¯avonoids. The mean of DCFH-DA ¯uorescence increased
from Ma = 111.45 (control) to Mb = 427.32 (apigenin treated
for 1 h) (Figure 7e), 158.32 (myricetin treated for 6 h) (Figure 7f), 175.76 (quercetin treated for 6 h) Figure 7g), and
127.46 (kaempferol treated for 6 h) (Figure 7h). These ®ndings point to an eVect of ¯avonoids on mitochondrial function and accumulation of ROS. These features are cues for
the induction of apoptosis.
Flavonoid induction of cytochrome c release and caspase-9
activation
The process of cell death may involve the release of cytochrome c from the mitochondria, which subsequently causes
apoptosis by activation of the caspases. Together, these data
suggest a linear and speci®c activation cascade between caspase-9 and caspase-3 in response to cytochrome c released
from the mitochondria [21]. Treatment of HL-60 cells with
60 mM ¯avonoids for 12 h caused cytochrome c to be released
into the cytosol (Figure 8a). Furthermore, we examined the
cleavage of caspase-9 during treatment of cells with ¯avonoids
(60 mM) by immunoblotting. A time-dependent proteolytic
cleavage of procaspase-9, with an increase of the 10-kDa
fragment, was obtained by 60-mM apigenin treatment (Figure
8b). Procaspase-9 processing was also observed with other

Figure 5. Effects of caspase-3 inhibitors on DNA fragmentation
and caspase-3 activity induced by ¯avonoids. (a) Suppression
of ¯avonoid-induced DNA fragmentation by caspase-3 inhibitors. m = DNA ladder marker. (b) Inhibition of ¯avonoidinduced caspase-3 activity by caspase-3 inhibitors. HL-60 cells
were pretreated for 1 h with caspase inhibitors (Z-DEVDFMK or Ac-YAVD-CMK) prior to the addition of 60 M
apigenin for 12 h. The caspase-3 activity was detected as
described in Materials and Methods. Columns represent
means for three independent experiments and are expressed
relative to 0 h; bars = standard error.

Figure 6. Cleavage of poly-(ADP-ribose) polymerase (PARP)
during ¯avonoid-induced apoptosis. C, control; M, myricetin;
Q, quercetin; K, kaempferol.
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¯avonoids (Figure 8b). These data are consistent with DNA
fragmentation, caspase-3 activity, cleavage of PARP and loss
of mitochondrial transmembrane potential. Therefore, these
results suggest that mitochondrial dysfunction caused cytochrome c to be released into the cytosol, and then the activation of the cascade between caspase-9 and caspase-3.
EVect of apigenin and related ¯avonoids on DNA fragmentation
of HL-60 cells
We further examined the eVects of genistein, ECG, EGC
and EGCG on DNA fragmentation in HL-60 cells. These

compounds are illustrated in Figure 1. HL-60 cells were
incubated with diVerent chemical compounds (60 mM) for
12 h. The photograph shown as Figure 9 was overexposed
(2/30 s) as compared with that in Figure 3 (1/30 s). DNA
fragmentation was obtained with apigenin, myricetin, quercetin, kaempferol and EGC treatment, but not with genistein,
ECG or EGCG (Figure 9). The structures of apigenin and
genistein are similar (Figure 1), but genistein cannot induce
DNA fragmentation (Figure 9). In addition, the structures of
ECG, EGCG, and EGC are similar (Figure 1). However,
EGC was the most eVective inducer of DNA fragmentation.

Figure 7. Induction of mitochondrial dysfunction and reactive oxygen species (ROS) generation in HL-60 cells by ¯avonoids.
Apigenin (a); myricetin (b); quercetin (c); or kaempferol (d) induced reduction of mitochondrial transmembrane potential
(D m) in HL-60 cells. The percentages re¯ect the reduction of D m [DiOC6(3)]. Apigenin (e); myricetin (f); quercetin (g); or
kaempferol (h) induced ROS generation in HL-60 cells. The percentages re¯ect ROS generation.

Flavonoid-induced Apoptosis in HL-60 Cells

Figure 8. Induction of cytochrome c release and caspase-9
processing in HL-60 cells by ¯avonoids. (a) Cytochrome c was
released from mitochondria into the cytosol. (b) Caspase-9
processing was induced by 60 M apigenin, and HL-60 cells
were treated with diVerent ¯avonoids (60 M) for 12 h, then
analysed by Western blotting. M, myricetin; Q, quercetin; K,
kaempferol.

Figure 9. Induction of DNA fragmentation in HL-60 cells by
genistein, ECG, EGC, and EGCG. DNA fragmentation was
induced by genistein, ECG, EGC and EGCG. Lane 1, DNA
ladder marker; 2, control; 3, apigenin; 4, myricetin; 5, quercetin; 6, kaempferol; 7, genistein; 8, ECG; 9, EGC; 10, EGCG.

The data suggest that the potency of induction of apoptosis is
attenuated by the substitution of a 3-hydroxyl group.
DISCUSSION
Flavonoids are substantial components of the human diet.
They have been suggested to inhibit growth of tumour cells
[23-25] and to be anticarcinogens [3]. Recent studies have
shown that quercetin induces apoptosis in various tumour
cells including K562, Molt-4, Raji and MCAS. The eVect
was also observed with other tumour cell lines from gastric,
colon and lung carcinomas [26]. In addition, apigenin also
inhibited tumour growth through cell cycle arrest and
induced apoptosis through a p53-dependent mechanism
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[27]. In the present study, we also show that structurally
related ¯avonoids can induce apoptosis in HL-60 cells.
However, to date, the mechanism of apoptosis is unclear.
Thus, we investigated the mechanism of apoptosis and the
role of the caspase cascade in ¯avonoid-induced HL-60 cell
apoptosis.
This induction of apoptosis occurred within several hours,
consistent with the view that ¯avonoids induce apoptosis by
activating the pre-existing apoptosis machinery. Indeed,
treatment with ¯avonoids caused an induction of caspase-3
activity and degradation of PARP, which precedes the onset
of apoptosis. Pretreating cells with the caspase-3 inhibitor, ZDEVD-FMK, inhibited ¯avonoid-induced caspase-3 activation and DNA fragmentation. However, we were unable to
detect any signi®cant changes in the activity of caspase-1
during ¯avonoid-induced apoptosis, and a speci®c caspase-1
inhibitor, AC-YVAD-CMK, had little eVect on ¯avonoidstimulated caspase-3 activation and DNA fragmentation.
These results suggest that apoptosis induced by ¯avonoids
involves a caspase-3-mediated mechanism. Questions remain
as to how caspase-3 is activated by ¯avonoids. This raises the
possibility that factors or proteases other than caspase-1 are
involved in the activation of caspase-3. In fact, in vitro studies
have previously identi®ed Apaf1, cytochrome c, and caspase9 as participants in a complex important for caspase-3 activation. In vitro depletion of caspase-9 from cytosolic fractions
resulted in the failure of caspase-3 activation [21]. Together,
these data suggest a linear and speci®c activation cascade
between caspase-9 and caspase-3 in response to cytochrome c
release from mitochondria. Release of cytochrome c from
mitochondria has been shown to be an almost universal phenomenon during apoptosis, while it is unclear whether the
cytochrome c-mediated caspase cascade is triggered only by a
few apoptotic stimuli or serves as a general ampli®cation
mechanism to accelerate cell death [28]. It has been reported
that cytochrome c released from mitochondria can precede
dissipation of the voltage gradient (mitochondrial transmembrane potential; cm) across the inner membrane arguing in
favour of the speci®c channel hypothesis, suggesting that the
escape of cytochrome c from mitochondria occurs prior to
permeability transition pore opening (loss of mitochondrial
transmembrane potential) [18, 19]. In this study, we found
that ¯avonoids induce cytochrome c release, cleavage of procaspase-9, and promotion of ROS generation. The increase
in ROS was probably due to the aVected mitochondria
cycling di-oxygen through the electron transport assembly
and generating ROS by one electron transfer.
Flavonoids may be considered to be potential compounds
for selectively blocking signal transduction pathways. Most of
these eVects are directed towards the ATP-binding site of the
kinase, although other as yet unknown mechanisms may exist
[29]. Several recent studies have demonstrated that, depending on their structure, ¯avonoids may be potent inhibitors of
several kinases involved in signal transduction, mainly protein
kinase c [30] and tyrosine kinases [31±33]. These studies
have shown that the position and number of the hydroxyl
group on the 2-phenyl ring strongly in¯uences the conformation of the molecule and modulates their inhibitory
eVect. As previously shown [33], the introduction of hydroxyl
groups on the ¯avone ring increases the inhibitory potency of
the PI3-kinase of ¯avonoids, the polyhydroxylated ¯avonol,
myricetin, being by far the most eVective. The replacement of
hydroxyl groups with methoxyl substituents yielded much
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weaker inhibitors (diosmetin), suggesting the importance of
hydrogen bonds between ¯avonoids and the kinase. Genistein, daidzein and genistin induced diVerentiation of mouse
erythroleukaemia cells (MEL). Biochanin A and apigenin had
no diVerentiation-inducing eVect. These results suggest that
the ¯avonoid structure and the 40 -hydroxyl group on the 3phenyl ring is essential for the diVerentiation induction eVect
[34]. Quercetin has been shown to have good radioprotective
eVects in g-ray-irradiated mice, but quercetin tetramethylether, which has methoxyl groups at the 3,7,30 ,40 -position,
showed poor activity. These also suggest that hydroxyl number is important in ¯avonoid radioprotective eVects [35].
In our study, we demonstrated that ¯avonoids induce
apoptosis in cultured human promyelocytic leukaemia HL-60
cells. The induction of apoptosis may involve the loss of
mitochondrial transmembrane potential, cytochrome c
release, and caspase-9 and caspase-3 activation. The potency
of these ¯avonoids towards these apoptotic features was: apigenin quercetin myricetin kaempferol in HL-60 cells
treated with 60 mM ¯avonoids. Interestingly, the ability of
these ¯avonoids to activate caspase-3 activity was: apigenin myricetin quercetin kaempferol in HL-60 cells treated
with higher ¯avonoid concentrations (Figure 4a). This ®nding oVers a possibility that ¯avonoid-induced caspase-3 activation may be dependent on the number of hydroxyl groups
in the 2-phenyl group and the existence of the 3-hydroxyl
group. Brie¯y, the 3-hydroxyl group may inhibit the capacity
of inducing apoptosis because the potency was: apigenin kaempferol. The greater the number of hydroxyl groups
in the 2-phenyl group, the greater the potency in recovering
the ability to induce apoptosis that is inhibited by the existing
3-hydroxyl group. In addition, comparing the analogous
compounds, genistein, ECG, EGC and EGCG in Figure 9,
we found that only the compound EGC which has a 3hydroxyl group can induce apoptosis, but with a potency
lower than that of apigenin. Other compounds which have
functional groups replacing the 3-hydroxyl group will have
their ability to induce apoptosis abolished. This con®rms the
importance of the 3-hydroxyl group in the inhibition of
apoptosis again, which agrees with our hypothesis proposed
above. A previous study [34] showed that the potency of
these ¯avonoids toward cell growth inhibition was:
apigenin genistein genistin biochanin A daidzein. These
structural and functional results are similar to our data related to apoptosis. These provide new information for the
design of cancer chemopreventive agents and the study of
these functional groups in the future.
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