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Abstract

Abrogation of mitochondrial permeability and induction of reactive oxygen species (ROS) production have been observed in chemical-
induced apoptosis; however, the relationship between the mitochondria and intracellular ROS levels in apoptosis is still unclear. In the
present study, myricetin (ME) but not its respective glycoside, myricitrin (MI; myricetin-3-O-rhamnose) reduced the viability of human
leukemia HL-60 cells via apoptosis, characterized by the occurrence of DNA ladders and hypodiploid cells. Results of Western blotting
and caspase activity assays showed that activation of caspases 3 and 9 but not caspases 1, 6 or 8 with cleavage of PARP and D4-GDI
proteins is involved in ME-induced apoptosis. A reduction in mitochondrial functions characterized by a decrease in the Bcl-2/Bax protein
ratio and translocation of cytochrome c (cyt ¢) from the mitochondria to the cytosol in accordance with a decrease in mitochondrial
membrane potential were observed in ME-treated HL-60 cells. No significant induction of intracellular ROS levels by ME was observed
by the DCHF-DA assay, DPPH assay or plasmid digestion assay, and antioxidants including N-acetyl-cysteine (NAC), catalase (CAT),
superoxide dismutase (SOD), and tiron (TIR) showed no protective effects on ME-induced apoptosis. A PKC activator, 12-O-
tetradecaoylphorbol-13-acetate (TPA) significantly attenuated ME-induced apoptosis via preventing cytochrome c release to the cytosol
and maintaining the mitochondrial membrane potential by inhibiting the decrease in the Bcl-2/Bax protein ratio; these effects were
blocked by protein kinase C (PKC) inhibitors including GF-109203X, H7, and staurosporin. Removing mitochondria by ethidium
bromide (EtBr) treatment reduced the apoptotic effect of ME. Results of SAR studies showed that the presence of OH at C3’, C4’, and C5’
is important for the apoptosis-inducing activities of ME, and that ME induces apoptosis in another leukemia cell line, Jurkat cells, but not
in primary human polymorphonuclear (PMN) cells or in murine peritoneal macrophages (PMs). The results of the present study suggest
that apoptosis induced by ME occurs through a novel mitochondrion-dependent, ROS-independent pathway; TPA protects cells from ME-
induced apoptosis via PKC activation which prevents the occurrence of mitochondrial destruction during apoptosis.
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death factors into the cytosol, such as cytochrome c (cyt c).
Cyt c plays roles in triggering apoptosis and maintaining
the oxidative phosphorylation of mitochondria, and the cyt
¢ released into the cytosol binds to Apaf-1 to form a
complex with caspase 9, followed by activation of down-
stream caspases to cleave cellular substrates [2,3].
Mitochondria are a major source of intracellular reactive
oxygen species (ROS) production, and ROS have been
implicated as second messengers and are known to parti-
cipate in physiological processes, such as apoptosis and
proliferation. Previous studies reported that proliferation
induced by epidermal growth factor (EGF) or platelet-
derived growth factor (PDGF) was mediated by ROS
production and ROS have been shown to induce prolifera-
tion in tumor progression [4,5]. Therefore, antioxidants
possess an effective inhibitory effect on the promotion of
tumors via reducing ROS production. In addition, ROS
have been suggested to induce apoptosis and apoptosis
induced by anticancer drugs such as taxol and etoposide is
mediated by an increase in intracellular ROS production
[6,7]. These data indicate correlations among ROS, mito-
chondria, and apoptosis, however, whether cross-talk exists
between ROS and mitochondria is still unclear.
Anti-apoptotic Bcl-2 family proteins such as Bcl-2 and
Bcl-XL are proto-oncoproteins and prevent the morpho-
logical changes of apoptosis induced by death stimuli. It
has been suggested that the anti-apoptotic effect of Bcl-2
might occur through regulating the cellular redox potential
via increasing the GSH pool or redistributing GSH to the
mitochondria and thus, preventing ROS production and
cellular damage caused by oxidative stresses [8]. However,
Steinman suggested a pro-oxidant effect for Bcl-2 [9].
Previous studies showed that anti-apoptotic Bcl-2 family
proteins such as Bcl-2 and Bcl-XL prevent the occurrence
of apoptosis via regulating mitochondrial homeostasis and
blocking cyt c release and caspase activation [10]. In
addition to anti-apoptotic Bcl-2 family proteins, the oli-
gomerization of apoptotic Bcl-2 family proteins such as
Bax forms mitochondrial transmembrane channels and
triggers the release of apoptotic factors into the cytoplasm
thus, initiating a mitochondrion-dependent pathway of
apoptosis execution [11]. However, the mechanism of
Bcl-2 family proteins in regulating ROS production and
mitochondrial functions during apoptosis is still undefined.
12-O-Tetradecanoylphorbol 13-acetate (TPA) has been
used as a potent tumor promoter in mouse skin models, and
protein kinase C (PKC) is one of the early genes activated
by TPA. Activation of PKC by TPA is mediated by
translocation of PKC protein from the cytosol to the
membrane and transduction of signals into cells [12].
Bezombes et al. showed that activation of protein kinase
C was able to inhibit apoptosis induced by ROS via
blocking caspase activation [13]. Harper et al. demon-
strated that PKC activation inhibited trail-induced apop-
tosis and TNF-induced NF-kB activation [14]. However,
PKC-dependent apoptosis was elucidated in previous stu-

dies [15,16]. These data suggest that activation of PKC
might block or promote the progression of apoptosis;
however, the effect of PKC in regulating mitochondrial
homeostasis during apoptosis is still unclear.

Recently, we reported the antitumor and anti-inflamma-
tory mechanisms of flavonoids in vitro and in vivo [17,18].
We found that flavonoids possess the ability to reduce the
viability of tumor cells via inducing apoptosis, and that
both ROS-dependent and -independent pathways are
involved [19,20]. This study further addresses the roles
of ROS production, release of cyt ¢ from mitochondria to
the cytoplasm, caspase activation, and mitochondrial func-
tions in cell death induced by the flavonoid, myricetin
(ME). We show that mitochondrion-dependent and ROS-
independent apoptosis is induced by ME, and PKC activa-
tion induced by TPA negatively regulates the occurrence of
apoptosis via the maintenance of mitochondrial home-
ostasis.

2. Materials and methods
2.1. Cell culture

HL-60 human promyeloleukemic cells and THP-1
mature monocytic cells were obtained from ATCC (Amer-
ican Type Culture Collection; Rockville, MD). The mouse
primary cultured macrophages (PM) were obtained as
described in a previous study [15]. Human polymorpho-
nuclear (PMN) cells were obtained from healthy male
donors after Ficoll-Hypaque density gradient separation.
Human PMN cells were washed twice in 0.9% NaCl and
resuspended in RPMI1640 medium. HL-60 and THP-1
cells were grown in RPMI1640 containing 10% heat-
inactivated fetal bovine serum (FBS) and maintained at
37 °C in a humidified incubator containing 5% CO,.
Exponentially growing cells were exposed to drugs for
the indicated time periods. All cultural reagents were
purchased form Gibco/BRL.

2.2. Chemicals

The colorigenic synthetic peptide substrates, Ac-DEVD-
pNA, Ac-YVAD-pNA, Ac-IETD-pNA, and Ac-LEHD-
pNA, as well as the protease inhibitors for Ac-DEVD-
FMK, Ac-YVAD-FMK, Ac-IETD-FMK, and Ac-LEHD-
FMK were purchased from Calbiochem. 12-O-Tetradeca-
noylphorbol 13-acetate, propidium iodide, staurosporine, H-
7 (isoquinoline-5-sulfonic 2-methyl-1-piperazide), and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) were obtained from Sigma (St. Louis, MO,
USA). GF-109203X was purchased from Calbiochem. Myr-
icetin, myricitrin (MI), flavone, galangin, myricetin-tri-
methylether, ethidium bromide, and other chemicals were
purchased from Sigma. Antibodies for PARP, caspase 3, and
D4-GDI detection in Western blotting were obtained from



C.H. Ko et al./Biochemical Pharmacology 69 (2005) 913-927 915

IMGENEX. Antibodies for detecting Bcl-2 family proteins
and a-tubulin were purchased from Santa Cruz. Dichlor-
odihydrofluorescein diacetate (DCHF-DA) and DiOC6(3)
were obtained from molecular probe.

2.3. Cell viability

Cell viability was assessed by MTT staining as described
previously [21]. Briefly, HL-60 cells were plated at a density
of 10° cells/well into 24-well plates. After overnight growth,
cells were treated with a different concentration of flavo-
noids described above for 12 h. At the end of treatment,
30 pl of the tetrazolium compound, MTT, and 270 wl of
fresh RPMI medium were added. The supernatant was
removed and formazan crystals were dissolved by DMSO.
After incubation for 4 h at 37 °C, 200 pl of 0.1 N HCl in 2-
propanol was placed in each well to dissolve the tetrazolium
crystals. Finally, the absorbance at a wavelength of 600 nm
was recorded using an ELISA plate reader.

2.4. Determination of ROS production

ROS production was monitored by flow cytometry using
DCHEF-DA [22]. This dye is a stable compound that readily
diffuses into cells and is hydrolyzed by intracellular ester-
ase to yield DCHF, which is trapped within cells. Hydrogen
peroxide or low-molecular weight peroxides produced by
cells oxidize DCHF to the highly fluorescent compound,
2',7-dichlorofluorescein (DCF). Thus, the fluorescence
intensity is proportional to the amount of peroxide pro-
duced by the cells. In the present study, HL.-60 cells were
treated with each indicated flavanone (40 wM) for 2 or 4 h,
respectively. Then, indicated flavanone-treated cells were
washed twice with PBS to remove the extracellular com-
pounds and DCHF-DA (100 M) with or without H,O,
(200 wM) was added for an additional hour. Green fluor-
escence was excited using an argon laser and was detected
using a 525-nm band-pass filter by flow cytometric ana-
lysis.

2.5. Western blots

Total cellular extracts (20 wg) were prepared and sepa-
rated on 8% SDS-polyacrylamide mini gels for PARP
detection and 12% SDS—polyacrylamide minigels for cas-
pase 3, cleaved D4-GDI, the Bcl-2 family, and a-tubulin
detection, and transferred to immobilon polyvinylidene
difluoride membranes (Millipore). The membranes were
incubated at 4 °C with 1% bovine serum albumin at room
temperature for 1 h and then incubated with the indicated
antibodies for a further 3 h at room temperature followed
by incubation with alkaline phosphatase-conjugated anti-
mouse IgG antibody for 1 h. Protein was visualized by
incubating with the colorimetric substrates, nitro blue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-phos-
phate (BCIP), as described in our previous papers [18-20].

2.6. Release of cytochrome ¢ from mitochondria in
drug-treated cells

Untreated and drug-treated cells were harvested by
centrifugation at 1000 x g for 5 min at 4 °C. Cell pellets
were washed once with ice-cold PBS and resuspended with
5 volumes of 20 mM HEPES-KOH (pH 7.5), 10 mM KCl,
1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
0.1 mM PMSF, and 250 mM sucrose. Cells were homo-
genized and centrifuged at 750 x g for 10 min at 4 °C.
Supernatants were then centrifuged at 10,000 x g for
15 min at 4 °C. Pellets were lysed with 0.1 ml of lysis
buffer consisting of 10 mM Tris—HCI (pH 7.4), 1 mM
EDTA, 1 mM EGTA, 0.15M NaCl, 5 pg/ml aprotinin,
5 pg/ml leupeptin, 0.5 mM PMSF, 2 mM sodium ortho-
vanadate, and 1% SDS. The lysed solution was used for the
identification of mitochondrial cytochrome ¢ by immuno-
blotting. The supernatants were centrifuged at 100,000 x g
for 15 min at 4 °C and the obtained supernatants were used
for identification of cytosolic cytochrome ¢ by immuno-
blotting.

2.7. DNA gel electrophoresis

Cells (10°/ml) under different treatments were collected,
washed with PBS twice, then lysed in 100 ml of lysis buffer
(50 mM Tris, pH 8.0; 10 mM ethylenediaminetetraacetic
acid (EDTA); 0.5% sodium sarkosinate, and 1 mg/ml pro-
teinase K) for 3 hat 56 °C and treated with 0.5 mg/ml RNase
A for another hour at 56 °C. DNA was extracted with phenol/
chloroform/isoamyl alcohol (25/24/1) before loading. Sam-
ples were mixed with loading buffer (50 mM Tris, 10 mM
EDTA, 1% (w/w) low-melting-point agarose, 0.025% (w/w)
bromophenol blue) and loaded onto a pre-solidified 2%
agarose gel containing 0.1 pwg/ml ethidium bromide. The
agarose gels were run at 50 V for 90 min in TBE buffer, then
observed and photographed under UV light.

2.8. Assay of alkaline phosphatase activity

The activity of alkaline phosphatase was determined as
Field et al. reported [23]. Briefly, 8.44 mM p-nitrophenyl
phosphate was used as the substrate in 0.2 M glycine buffer
(pH 9.8), containing 0.5 mM MgCl, and 1.6 pM zinc
chloride. Aliquots containing 50 pg of protein in 50 pl
of Tris buffer (pH 7.4) were incubated with 200 wl of the
substrate solution at 37 °C for 30 min. The incubation
mixture was then centrifuged at 13,000 x g for 5 min
and the absorbance of the supernatant was measured at
405 nm to determine the amount of p-nitrophenol released
by the enzyme.

2.9. Ethidium bromide treatment of cultured cells

Mitochondria-depleted HL 60 cells ( po cells) were
generated by propagating HL 60 cells (p* cells) in the
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presence of 50 ng/ml EtBr (Sigma) for 4 weeks as Larm
et al. reported [24-26]. During this period and for sub-
sequent propagation of EtBr-treated cells, the growth
medium was further supplemented with 1 mM pyruvate
and 50 pg/ml uridine. Cultures were sampled at weekly
intervals and assayed for whole-cell NADH-ferricyanide
reductase activity, cyanide-sensitive oxygen uptake, and
the presence of mtDNA.

2.10. Measurement of the mitochondrial membrane
potential

After ME treatments, HL-60 cells were incubated with
40 nM DiOC6(3) for 15 min at 37 °C. Then, cells were
washed with ice-cold PBS and collected by centrifugation
at 500 x g for 10 min. The collected cells were then
resuspended in 500 wl of PBS containing 40 nM
DiOC6(3). Fluorescence intensities of DiOC6(3) were
analyzed on a flow cytometer (FACScan, Becton Dick-
inson, San Jose, CA) with excitation and emission settings
of 484 and 500 nm, respectively.

2.11. Analysis of respective caspase activities

Ac-DEVD-pNA for caspase 3, Ac-YVAD-pNA for cas-
pase 1, Ac-IETD-pNA for caspase 8, and Ac-LEHD-pNA
for caspase 9 were used as colorimetric protease substrates.
After different treatments, cells were collected and washed
three times with PBS and resuspended in 50 mM Tris—HCl
(pH 7.4), 1 mM EDTA, and 10 mM ethyleneglycoltetraa-
cetic acid (EGTA). Cell lysates were clarified by centri-
fugation at 15,000 rpm for 3 min, and clear lysates
containing 50 wg of protein were incubated with
100 uM of the indicated specific colorimetric substrates
at 37 °C for 1 h. Alternative activities of caspases 1, 3, 8,
and 9 enzymes were described as the cleavage of colori-
metric substrate by measuring the absorbance at 405 nm.

2.12. DPPH radical-scavenging activity assay

The scavenging activities of compounds against DPPH
radicals were measured according to a previous study [27].
In brief, different concentrations of compounds were added
to 0.1 ml of 1 M Tris—HCI buffer (pH 7.9) and then mixed
with 1.2 ml of 500 mM DPPH in methanol for 20 min
while being protected from light. The absorbance at
517 nm was determined. Deionized water was used as a
control group. The decrease of absorbance at 517 nm was
used to calculate the scavenging activity.

2.13. Flow cytometric analysis

Trypsinized cells were washed with ice-cold PBS and
fixed in 70% ethanol at —20 °C for at least 1h. After
fixation, cells were washed twice, incubated in 0.5 ml of
0.5% Triton X-100/PBS at 37 °C for 30 min with 1 mg/ml

of RNase A, and stained with 0.5 ml of 50 mg/ml propi-
dium iodide for 10 min. The fluorescence emitted from the
propidium—DNA complex was quantitated after excitation
of the fluorescent dye by FACScan flow cytometry (Becton
Dickenson).

2.14. Plasmid digestion assay

Covalently closed circular plasmid pBR322 DNA
(0.25 pg) in a final volume of 30 pl was treated with
varying concentrations of tetracycline (0.1-2.0 mM) in
the presence and absence of Cu(Il) ions and exposed to
white light for 2 h. To this, 6 wl of 5x tracking dye (40 mM
EDTA, 0.05% bromophenol blue, and 50 vol.% glycerol)
was added and loaded onto 0.8% agarose gels. The gel was
run at 50 mA and stained with ethidium bromide (0.5 pg/
ml), for 30 min at 4 °C. After washing, the bands were
visualized on a UV-transilluminator and photographed
[28].

2.15. Statistical analysis

Values are expressed as the mean &+ S.E. The signifi-
cance of the difference from the respective controls for
each experimental test condition was assayed using Stu-
dent’s t-test for each paired experiment. A p-value of
<0.01 or <0.05 was regarded as indicating a significant
difference.

3. Results

3.1. Myricetin exhibits significant cytotoxicity in HL-60
human leukemia cells

Myricetin exists extensively in plants including fruits,
vegetables, and various Chinese herbs. However, the apop-
totic effect of myricetin is still unclear. As illustrated in
Fig. 1A, myricetin and its glycoside, myricitrin, share the
same main structure except for a rhamnoside at C3 of MI.
Results of the MTT assay showed that ME but not MI
exhibited dose- and time-dependent cytotoxicity in HL-60
cells, and the IC5y of ME was 42.25 uM (Fig. 1A). In order
to identify, if ME-induced cell death occurs via apoptosis,
the apoptotic characteristics including DNA integrity,
apoptotic bodies, and hypodiploid cells in ME-treated cells
were examined. Results in Fig. 1B show that ME but not
MI dose-dependent and time-dependent induce the occur-
rence of DNA ladders in cells. Appearance of apoptotic
bodies was examined in ME (but not MI)-treated cells
under microscopic observations (Fig. 1C) and an increase
in the ratio of hypodiploid cells (sub-G1 peak) was found in
ME- but not MI-treated HL.-60 cells (Fig. 1D and E). These
data suggest that ME but not its glycoside, MI, possesses
the ability to reduce the viability of HL-60 leukemia cells
via apoptosis induction.
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Fig. 1. Myricetin but not myricitrin exhibited an apoptotic effect in human HL-60 leukemia cells. (A) HL-60 cells were treated with different concentrations of
myricetin and myricitrin (20, 40, and 80 wM) for 12 h. MTT was added to the medium for a further 4 h. The viability of cells was detected by measuring the
absorbance at a wavelength of 600 nm. Each value is presented as the mean =+ S.E. of three independent experiments. (**) p < 0.01 significantly different from
the control group as analyzed by Student’s #-test. The chemical structures of ME and MI are described below the data. (B) (Right panel) HL-60 cells were treated
with different concentrations (20, 40, and 80 wM) of ME and MI for 12 h, and DNA from cells was extracted and electrophoresed through a 1.8% agarose gel
and visualized by staining with ethidium bromide. (Left panel) similarly, HL-60 cells were treated with ME or MI (80 wM) for different time points (3, 6, and
12 h) and the appearance of DNA ladders was detected. (C) ME but not MI induced apoptotic bodies in HL-60 cells. Cells were treated with ME or MI (80 pM)
and the morphology of cells was observed microscopically. (D) ME but not MI induced hypodiploid cells in HL-60 cells. Cells were treated with ME or MI (40
and 80 pM) and hypodiploid cells were examined by flow cytometric analysis. A representative of three experiments is presented here. (E) Quantification of the
results derived from (D) was performed. Each value is presented as the mean + S.E. of three independent experiments. (**) p < 0.01 significantly different from

the control as analyzed by Student’s #-test.

3.2. Activation of caspases 3 and 9 but not caspases 1, 6,
and 8 enzymes is involved in ME-induced apoptosis

Activation of caspase cascades has been shown to
occur in apoptosis; however, the types of caspases acti-
vated in ME-induced apoptosis are still undefined.
Results of Western blotting showed that ME but not
its glycoside, MI, induced the cleavage of caspase 3
protein with degradation of the caspase 3 substrate
proteins, PARP and D4-GDI (Fig. 2A). A decrease in
Bcl-2 protein and an increase in Bax and Bad proteins
were detected in dose-dependent manners with ME treat-
ment. Results of quantification of Bcl-2 and Bax protein
intensities show that the ratio of Bcl-2/Bax protein was
decreased in ME- but not Ml-treated cells (Fig. 2B).
Furthermore, cleavage of the caspase 9 protein was also
observed in ME-treated cells, represented here as the

appearance of p35 and pl7 fragments by Western blot-
ting; the release of cyt ¢ from mitochondria to the
cytoplasm was observed under ME treatment by Western
blotting, an indicative of mitochondrial dysfunction
induced by ME (Fig. 2C). Neither caspase 6 nor 8 protein
cleavage was observed in ME-treated HL-60 cells, repre-
sented here as no decrease in the pro-form of both
proteins. Results of the caspase 3 activity assay using
Ac-DEVD-pNA as a colorimetric substrate showed that
ME significantly induced caspase 3 enzyme activity
(Fig. 3C). As the same part of experiment, activation
of caspase 9 but not caspases 1, 6 or § enzyme activity
was identified in ME-treated HL-60 cells by enzyme
activity assay using respective specific colorimetric sub-
strates. These data indicate that activation of caspases 3
and 9 but not others was involved in ME-induced apop-
tosis in human HL-60 leukemia cells.
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Bcl-2 family protein expressions in ME- but not MI-treated HL-60 cells. (A) HL-60 cells were treated with different concentrations of the indicated compounds
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analyzed by Western blotting as described in Section 2. (B) The mean of the Bcl-2/Bax ratio was measured by densitometric quantification of data from three
independent experiments. (C) Activation of caspase 6, 8, and 9 protein and release of cytochrome ¢ from mitochondria to the cytosol were detected in myricetin-
treated cells. Cells were treated with ME (80 wM) for 3, 6, and 12 h, and expression of the indicated protein was detected by Western blotting using specific

antibodies.

3.3. Activation of caspase 9, located upstream of caspase
3 activation, is an essential event for ME-induced
apoptosis

To further identify if activation of caspases 3 and 9
enzyme activities is an essential event for the apoptosis
induced by ME, several specific peptidyl inhibitors of
caspases were used in this study. As illustrated in
Fig. 3A and B, addition of a caspase 3-like protease
inhibitor (Ac-DEVD-FMK), a caspase 9-like protease
inhibitor (Ac-LEHD-FMK), and a pan caspase inhibitor
(Ac-VAD-FMK) significantly protected HL-60 cells from
ME-induced DNA fragmentation and cytotoxicity. How-
ever, the caspase 1 inhibitor, Ac-Y VAD-FMK, the caspase
6 inhibitor, Ac-VEID-FMK, and the caspase 8 inhibitor,
Ac-IETD-FMK, showed no effect on cells under ME
treatment. Additionally, adding the pan caspase inhibitor,
Ac-VAD-FMK, and the caspase 9 inhibitor, Ac-LEHD-

FMK, reduced caspase 3 enzyme activity and protein
procession induced by ME (Fig. 3D). These data demon-
strate that activation of caspase 3- and 9-like activity is an
essential event for ME-induced apoptosis, and that caspase
9 activation is located upstream of caspase 3 activation.

3.4. ME-induced apoptosis is independent of
ROS production

We investigated if ROS play an important role in ME-
induced apoptosis. Results of Fig. 4A and B show that ME
and MI alone did not affect the endogenous peroxide level
in HL-60 cells. Interestingly, in the presence of H,O,, ME
and MI significantly reduced H,O,-induced intracellular
peroxide production by the DCHF-DA assay. Results of the
anti-DPPH radical assay show that both ME and MI
effectively decreased production of the DPPH radical
activity, and the ICsy values for ME and MI were 8.13
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VEID-FMK, Ac-IETD-FMK, Ac-LEHD-FMK, or Ac-VAD-FMK for 3 h followed by ME (80 uM) for a further 12 h. The DNA fragmentation analysis was
performed using 1.8% agarose electrophoresis. (B) Cell viability under the conditions described in (A) was examined by the MTT assay. (C) Elevation of
caspases 3 and 9 but not 1, 6, or 8 enzyme activities in ME-treated HL-60 cells. Cells were treated with ME (80 wM) for different time points, and the indicated
enzyme activities of caspases 1, 3, 6, 8, and 9 were detected using specific colorimetric substrates as described in Section 2. Each value is presented as the
mean £ S.E. of three independent experiments. (*) p < 0.05 and (**) p < 0.01 significantly different from the control as analyzed by Student’s #-test. (D)
Activation of caspase 9 located upstream of caspase 3 activation in ME-treated HL-60 cells. Cells were pretreated with different doses (25 and 50 uM) of Ac-
LEHD-FMK (a caspase 9 inhibitor) or Ac-VAD-FMK (a pan inhibitor) for 3 h followed by ME (80 wM) for a further 12 h. Enzyme activities of caspase 3-like
proteases were analyzed (upper panel), and caspase 3 protein procession was detected by Western blots (lower panel).

and 7.18 M, respectively (Fig. 4C). Furthermore, we used
the plasmid digestion method induced by the Fenton
reaction using H,O, and Fe>* as substrates to detect the
effect of ME on ROS production in vitro. As elucidated in
Fig. 4D, addition of ME reduced the damage to plasmids
induced by the OH radical, represented here as a decrease
in the intensity of the open-circle (OC) form and an
increase in the intensity of the supercoiled form (SC) of
the plasmid (Fig. 4D). Antioxidants such as N-acetyl-
cysteine (NAC), catalase (CAT), superoxide dismutase
(SOD), and tiron (TIR) protected HL-60 cells from
H50,-induced cell death (data not shown); however no
protective effect against ME-induced apoptosis was

observed by the DNA fragmentation and MTT assays
(Fig. 4E and F). These data suggest that ME-induced
apoptosis is independent of ROS production.

3.5. TPA significantly attenuates ME-induced apoptosis

12-O-Tetradecanoylphorbol 13-acetate has been recog-
nized as a tumor promoter via PKC activation. In this study,
HL-60 cells were pretreated with 100 ng/ml TPA for 1 h,
and then ME-induced apoptosis was analyzed. As shown in
Fig. 5A, TPA treatment induced the activity of alkaline
phosphatase (AP) in HL-60 cells, an indicative of cellular
differentiation. ME showed no effect on TPA-induced AP
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mean =+ S.E. of three independent experiments. (D) ME inhibited OH radical DNA damage according to the plasmid digestion assay. The PBR322 plasmid was
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significantly different from the control as analyzed by Student’s r-test. NAC (2.5 and 5 mM), CAT (200 and 400 U/ml), SOD (100 and 200 p.g/ml), TIR (50 and
100 puM).

activity. Interestingly, pretreatment of HL-60 cells with
TPA protected cells from ME-induced cytotoxicity accord-
ing to the MTT assay (Fig. 5B), and reductions in DNA
laddering by electrophoresis (Fig. 5C) and in apoptotic
bodies by microscopic observation induced by ME were
observed (Fig. 5D). Additionally, results of flow cytometric
analysis showed that TPA reduced the ratio of hypodiploid
cells (sub-G1) induced by ME in HL-60 cells (Fig. SE).
The inhibitory percentage of TPA against ME-induced
cytotoxicity and hypodiploid cells was about 80%. These
results suggest that TPA possesses effective protective
activity against ME-induced apoptosis.

3.6. Activation of PKC is involved in TPA prevention of
ME-induced apoptosis in HL-60 cells

Activation of PKC is an early event in TPA-induced
responses; therefore, we investigated if the protection of
ME-induced apoptosis by TPA occurs through PKC acti-
vation. Results in Fig. 6A show that the addition of TPA
induced activation of PKC, indicated here as translocation
of PK Ca from the cytosol to the membrane by Western
blotting. ME-induced apoptotic responses including cas-
pase 3, caspase 9, PARP, and D4-GDI protein cleavage
were effectively blocked by TPA addition. PKC inhibitors
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such as staurosporine (ST), isoquinoline-5-sulfonic 2-
methyl-1-piperazide (H7), and GF 109203X (GF) showed
no cytotoxic or DNA laddering effect in cells without TPA
and ME treatment. Interestingly, the inhibitory effect of
TPA on ME-induced apoptosis was almost completely
reversed by adding ST, H7, and GF, represented here as
the reappearance of DNA ladders and a decrease in cell
viability according to the MTT assay (Fig. 6B and C).
Moreover, ME-induced cyt ¢ release, a decrease in Bcl-2
protein, and an increase in Bax protein were inhibited by
TPA, and these effects were significantly reversed by the
addition of the PKC inhibitor, GF (Fig. 6D). These data
suggest that activation of PKC is involved in TPA inhibi-
tion of ME-induced apoptosis.

3.7. Destruction of mitochondrial function is involved in
ME-induced apoptosis

Previous data showed that release of cyt ¢ from mito-
chondria to cytosol was detected in ME-treated HL-60

cells. Therefore, we further studied if ME-induced apop-
tosis occurs through destroying mitochondrial homeosta-
sis. The mitochondrial membrane potential was detected
by DiOC6(3) staining, and results described in Fig. 7A and
B shows that ME treatment reduced the mitochondrial
membrane potential which was prevented by TPA addition,
represented here as a decrease in the fluorescence intensity
by ME was prevented by TPA addition. Addition of PKC
inhibitors including GF, H7, and ST reversed the protective
effect of TPA on ME-induced a loss in mitochondiral
membrane potential. In order to elucidate if mitochondria
are an important target for the apoptotic induction by ME,
EtBr-treated HL-60 cells were used in the present study.
Previous studies indicated that a low dose of EtBr treat-
ment might cause mitochondrial dysfunction [24-26].
Therefore, the sensitivity of HL-60- and EtBr-treated
HL-60 cells to ME-induced apoptosis was analyzed.
Results in Fig. 7C show that ME produced less of a
DNA laddering effect in EtBr-treated cells, compared with
parental cells. Similarly, a smaller cytotoxic effect of ME
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was detected in EtBr-treated cells by the MTT assay
(Fig. 7D). These data reinforced the notion that the dis-
ruption of mitochondrial homeostasis plays an important
role in ME-induced apoptosis.

3.8. Hydroxyl groups at C3', C4, and C5' are
important for the cytotoxic effects of ME

In order to identify the important structural characteristics
of ME, three additional structurally related compounds
including flavone (Fla), myricetin trimethylether (ME-M),
and galangin (Gal) were used in the present study. As shown
inFig. 8 A, Fla possesses no OH group in its structure; ME-M
is derived from ME in which three OH groups at C3’, C4’,

and C5’ are replaced by OCH; groups in the B ring; and Gal
is a compound without the three OH groups at C3’, C4’, and
C5' of ME. The cytotoxic potency of these compounds was
ME > Gal > ME-M > Fla, and ICsq values of ME, Gal,
ME-M, and Fla were 42.25, 102.3, >200, and >200 pM by
MTT assay, respectively (Fig. 8B). Results of the DNA
integrity assay show that ME exhibited the most-significant
DNA laddering effect among these compounds in HL-60
cells (Fig. 8C). Gal, at the highest dose of 80 WM, showed a
slight but significant DNA laddering effect in the study,
however neither ME-M nor Fla exhibited an apoptotic effect
at the tested doses in HL-60 cells. These data indicate that
OH substitutions at C3’, C4/, C5' are important for the
apoptosis-inducing activity of ME.
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3.9. Specific apoptotic effects of ME occur in leukemia
cells but not in primary human normal
polymorphonuclear (PMN) cells or murine peritoneal
macrophages (PMs)

Previous data demonstrated the apoptotic mechanism of
ME in HL-60 cells; however, the apoptotic specificity of
ME between leukemia cells and normal blood cells is still
undefined. Therefore, an additional leukemia cell line of
Jurkat cells and two normal blood cell lines derived from
healthy human and murine blood including primary human
PMN and murine peritoneal macrophages PM cells were
used in the study. Results of the MTT assay showed that
ME dose-dependently reduced the viability of Jurkat cells,
but not that of PMN and PM cells (Fig. 9B). Induction of
DNA laddering by ME was observed in Jurkat but not in

PMN or PM cells (Fig. 9A). Similarly, induction of caspase
3 protein procession and PARP and D4-GDI cleavage was
exhibited in ME-treated Jurkat but not in PMN or PM cells
(Fig. 9C and data not shown). These data suggest specific
apoptotic activity of ME in leukemia cells.

4. Discussion

Results of the present study show that apoptosis induced
by ME occurred in a mitochondria-dependent, ROS-inde-
pendent manner. Sequential activation of caspases 9 and 3
but not other caspases was involved in ME-induced apop-
tosis. Activation of PKC by TPA treatment protected cells
from ME-induced apoptosis via maintaining mitochondrial
homeostasis and inhibiting caspases 3 and 9 activation.
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This suggests that abrogating mitochondrial function is
important for apoptosis induction in leukemia cells, which
might be independent of ROS production.

Mitochondria play essential roles in apoptosis through
the redistribution of intermembranous mitochondrial pro-
teins such as cyt c, and the mitochondrial membrane
potential we considered causes opening of the permeability
transition pore, which has been reported to be an irrever-
sible step toward apoptosis [29,30]. A two-step process of
cyt c release has been reported during apoptosis, and late
cyt c release can be a consequence of caspase activation.
Release of cyt c to the cytoplasm causes activation of
caspase 9, located upstream of caspase 3 activation [31,32].
Caspase 3 is an executioner of apoptosis by cleavage of
several essential cellular proteins such as PARP, D4-GDI,
and Bcl-2 family proteins such Bcl-2. However, Chen et al.
indicated that caspase 3 directly contributes to cyt c release
in the absence of cytosolic factors [33,34]. Results of the

present study show that activation of caspases 3 and 9 but
not caspase 8, a caspase activated by the Fas ligand and
which transduces apoptotic signals from the membrane,
was identified in ME-induced apoptosis with a decrease in
mitochondrial membrane potential and release of cyt c
from mitochondria to the membrane. Addition of peptidyl
inhibitors for caspases 3 and 9 but not for caspase 8
significantly attenuated ME-induced apoptosis, and cas-
pase 9 inhibition by the specific inhibitor, Ac-LEHD-fmk,
caused a decrease in caspase 3 enzyme activity and protein
procession during ME treatment. These data reinforce the
idea that apoptosis induced by ME occurs through mito-
chondria-dependent caspase activation.

The relationship between ROS and mitochondrial func-
tions is not clear, although several previous studies pro-
vided both positive and negative evidence on this topic
[35-37]. A number of apoptotic stimuli induce cyt c release
and apoptosis via ROS production. However, ROS are able
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significantly different from control as analyzed by Student’s #-test.

to play a role as mitogens to induce proliferation and
protect cells from apoptosis induced by oxidative stresses
[38,39]. These data suggest a double-sided function of
ROS. In order to understand the complex functional rela-
tionships between the biochemical hallmarks for apoptosis
including cyt c release, caspase activation, ROS produc-
tion, and their regulation by Bcl-2 family proteins, analysis
of the indicated genes’ expressions and ROS productions
by flow cytometry was performed in ME-treated cells. We
found that apoptosis induced by ME is associated with the
release of cyt c to the cytosol, caspase activation, and a
decrease in Bcl-2 protein and an increase in Bax protein
levels. However, no ROS production was detected in
several ROS assay systems including the DPPH assay,
plasmid digestion assay, antioxidant protection assay,
and DCHF-DA assay under ME treatment. Therefore,
mitochondria-dependent, ROS-independent apoptosis
was suggested to occur in ME-treated cells. Previous
studies including our own demonstrated that cells expres-
sing high levels of ectopic Bcl-2 protein showed resistance
to apoptosis induced by stimuli via preventing GSH deple-
tion, cyt c release, and mitochondrial dysfunction [40—42].
In the present study, a decrease in the Bcl2/Bax protein
ratio was found in ME-treated cells with loss of mitochon-
drial functions. This suggests that reduction of the Bcl-2
protein and induction of the Bax protein are involved in
apoptosis induced by ME.

TPA is a tumor promoter and induces carcinogenesis in
mouse skin models. Our previous studies identified several
genes activated by TPA including PKC, ornithine decar-
boxylase (ODC), c-Jun, and PKC located upstream of ODC
and c-Jun gene expression induced during TPA treatment
[27]. Activation of PKC regulates several physiological
roles including survival, proliferation, and apoptosis. PKC
activation contributes to the resistance of cells to stimuli-
induced apoptosis via activation of ERK1/2 [43]. Zhuang
et al. indicated that PKC inhibits singlet oxygen-induced
apoptosis by blocking activation of caspase-8 [44]. How-
ever, induction of apoptosis by TPA through activation of
protein kinase C has also been identified, and inostamycin-
induced apoptosis is mediated by PKC-regulated ceramide
generation, leading to activation of a caspase cascade
[45,46]. These data suggest that activation of PKC may
both potentiate and decrease the generation of apoptosis.
However, the effect of PKC activation on mitochondrial
function during apoptosis is still unclear. The present
results show that the addition of TPA protected cells from
ME-induced apoptosis in accordance with inducing PKC
translocation, reducing cyt c release to the cytoplasm, and
maintaining the mitochondrial membrane potential (data
not shown). The addition of the PKC inhibitor, GF
109203X, reversed the protective effect of TPA on ME-
induced apoptosis with the reappearance of mitochondrial
damage induced by ME. ME activation of downstream
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caspases was also inhibited by pre-treatment of cells with
TPA, and that was fully reversed by adding PKC inhibitors.
We provide scientific evidence to indicate that TPA’s
protection against apoptosis occurs through PKC activa-
tion via maintaining mitochondrial functions in cells.

The locations of hydroxyl groups are important to the
biological activities of flavonoids. Our previous studies
demonstrated that rutinoside at C7 reduces both the apop-
totic and anti-inflammatory activities of flavonoids, and
OH groups at C4’ and C6 are important for the apoptosis-
inducing activity of flavanone [20]. The present data
support glycoside addition possibly attenuating the apop-
tosis-inducing activity of flavonoids because ME but not its
glycoside MI exhibited a significant apoptotic effect in
cells. Additionally, deletion of three OH groups at C3’, 4,
and 5’ of ME such as in galangin (Gal), replacement of
three OH groups at C3/, 4, and 5’ of ME by OCHj; groups
such as in ME-trimethylester (ME-M), or deletion of all six
OH groups at C3, 5, 7, 3, 4, and 5, of ME such as in
flavone (Fla) significantly reduced the apoptotic effect of
ME, and the respective ICs, values of ME, Gal, ME-M, and
Fla were 42.25, 102.3, >200, and >200 uM in HL-60
leukemia cells. These data strongly suggest that OH groups
at C3’, 4, and 5 are important substitutions for the
apoptosis-inducing activity of ME.

In conclusion, mitochondria-dependent apoptosis indi-
cated by sequential events including reducing the mito-
chondrial membrane potential, inhibiting the Bcl-2/Bax
protein ratio, releasing cyt ¢ from mitochondria to the
cytosol, and activating caspases 9 and 3 enzymes without
ROS production was identified in the present study.
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Fig. 10. A tentative model for ME-induced apoptosis in HL-60 cells as
proposed in the present study. TPA, 12-O-tetradecanoylphorbol 13-acetate;
PKC, protein kinase C; ST, staurosporine; H-7, isoquinoline-5-sulfonic
2-methyl-1-piperazide; GF, GF-109203X, and PARP, poly(ADP-ribose)
polymerase.

Additionally, PKC activated by TPA prevented mitochon-
drial dysfunction induced by ME. ME shows no cytotoxi-
city in normal PMN and PM cells. A proposed mechanism
of apoptosis induced by ME in leukemia cells was shown in
Fig. 10.
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