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BACKGROUND. Previously, the authors observed that paclitaxel treatment of hepa-

toma cells resulted in differential cytotoxicity. Whether other antimicrotubule

agents (docetaxel and 2-methoxyestradiol) are more effective than paclitaxel is not

clear. Moreover, whether the modulation of reactive oxygen species (ROS) is

involved in the drug-induced growth inhibition of hepatoma cells is not known.

METHODS. The authors examined the effects of 2-methoxyestradiol, paclitaxel, and

docetaxel on HepG2, Hep3B, HA22T/VGH, and Hepa1-6 hepatoma cell lines. The

parameters examined included cell viability, cell membrane permeability, cell

cycle distribution, DNA fragmentation, and ROS generation.

RESULTS. Docetaxel and paclitaxel inhibited the growth of hepatoma cells at

submicromolar concentrations, whereas that of 2-methoxyestradiol was within a

micromolar range. This drug-induced growth inhibition was cell cycle dependent.

2-Methoxyestradiol-treated (10 –50 mM) cells resulted in G2/M block prior to

apoptosis. High dose (0.1 mM) docetaxel- and paclitaxel-treated cells resulted in a

G2/M arrest followed by generation of polyploidy or apoptosis; however, low dose

(0.01 mM) treatment induced apoptosis without G2/M arrest. The low dose effect

was more significant in docetaxel-treated cells than in paclitaxel-treated cells.

Although these antimicrotubule agents increased the formation of ROS, antioxi-

dant treatment did not block drug-induced cell cycle and growth inhibition effects.

CONCLUSIONS. The current results suggest that the growth inhibition of hepatoma

cells induced by 2-methoxyestradiol, paclitaxel, and docetaxel was mediated

through G2/M-phase arrest, caspase activation, and DNA fragmentation. The

drug-induced apoptosis was independent of ROS formation. Docetaxel was more

effective than paclitaxel in killing hepatoma cells. The potential of using 2-me-

thoxyestradiol and docetaxel for the treatment of patients with hepatoma is worthy

of further study. Cancer 2000;89:983–94. © 2000 American Cancer Society.

KEYWORDS: 2-methoxyestradiol, docetaxel, paclitaxel, cell cycle, reactive oxygen
species.

The targets of paclitaxel and docetaxel are microtubules,1–3 and
clinical trials of paclitaxel have been evaluated in a variety of

cancers, including advanced unresectable metastatic gastric carci-
noma4 and hepatocellular carcinoma (HCC).5 Similarly, docetaxel
also has been assessed in various cancers, especially nonsmall cell
lung carcinoma.6 –9 Current studies have shown that combination
therapies that include either paclitaxel or docetaxel with other che-
motherapeutic drugs have higher efficacy or reduced adverse effects
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in patients with breast carcinoma,10 esophageal carci-
noma,11 urothelial carcinoma,12 and nonsmall cell lung
carcinoma,6–9,13 but the information on hepatoma is
limited and needs further investigation. HCC is well
known for its expression of the multidrug resistance
(MDR) gene and its poor response to chemotherapeu-
tic agents. Previously, we have reported that several
hepatoma cell lines were resistant to paclitaxel treat-
ment in vitro.14 These results corresponded well with
results observed in a Phase II clinical trial of paclitaxel
for patients with HCC.5 Recently, it was found that
docetaxel was more effective than paclitaxel in treat-
ing mice bearing xenografts of MDR protein (MRP)
positive human tumors.15 Furthermore, a decreased
efflux of docetaxel from tumor cells was observed
compared with cells that were treated with paclitax-
el.16 These results together suggest that docetaxel may
be more effective than paclitaxel in the treatment of
patients with HCC.

2-Methoxyestradiol has been reported to have an
antiangiogenesis effect in animal experiments.17 In
addition, 2-methoxyestradiol has also been reported
to disrupt cell cycle progression. The principal phar-
macologic action of 2-methoxyestradiol, paclitaxel,
and docetaxel is the disturbance of the function of
microtubules, which then leads to cell cycle arrest at
G2/M-phase. More recent studies have revealed that
paclitaxel-induced apoptosis was concentration de-
pendent18 and cell cycle dependent,19 and the low
dose, paclitaxel-induced apoptotic processes were
mediated in a p53 signaling pathway.18 In addition, it
has been found that protein kinase p38 activation
resulted in G2/M arrest.20 The specific signal-trans-
duction pathway that is involved in 2-methoxyestra-
diol-induced, paclitaxel-induced, and docetaxel-in-
duced responses in hepatoma remains unclear.

Many studies have found that reactive oxygen
species (ROS) and reactive nitrogen species (RNS)
played critical roles in signal transduction.21 Free rad-
icals are generated from the activities of enzymatic
reaction, including nicotinamide adenine dinucle-
otide phosphate oxidase and nitric oxide synthase.22,23

For instance, ROS is essential for signal transduction
in receptor-ligand interaction.24 Moreover, free radi-
cals mediate signal transduction through many pro-
cesses, including direct interaction on target proteins,
such as S-nitrosylation of ras active form and disulfide
bond formation in activated OxyR transcription fac-
tor.25,26 Therefore, activation of these proteins by in-
tracellular free radicals may result in modulation of
the down-stream responses. Nevertheless, whether
antimicrotubule agents affect ROS in hepatoma cells is
not known.

HCC is the leading cause of cancer mortality in
Asia, and the only curative therapy is surgery. How-
ever, surgical treatment has limitations for patients
with multiple type or metastatic tumors. Searching for
effective chemotherapeutic agents is important to im-
prove the survival rate of patients with advanced or
recurrent HCC after surgical treatment. Recently, it
was found that radiation therapy or cisplatin com-
bined with low dose paclitaxel for the treatment of
patients with esophageal and lung carcinoma had in-
creased efficacy and decreased adverse effects.11,27 Al-
though a Phase II clinical trial of paclitaxel for patients
with HCC showed only a limited response,5 whether
combination therapy using antimicrotubule agents
will be effective for patients with hepatoma is not
known. Therefore, analysis of the detailed mode of
action of antimicrotubule agents in hepatoma cells
may provide the basis of further combination therapy
for patients with HCC.

In the current study, we compared the effect of
antimicrotubule agents, 2-methoxyestradiol, pacli-
taxel, and docetaxel in hepatoma cells. We found that
2-methoxyestradiol, docetaxel, and paclitaxel inhib-
ited cell growth in four hepatoma cell lines. These
inhibition effects appear to be mediated by both G2/
M-phase arrest and an early inducible apoptosis.
However, these inhibitions were independent of drug
(2-methoxyestradiol, docetaxel, or paclitaxel)-induced
ROS formation, because an antioxidant, magnolol,
blocked the formation of ROS but had no effect on the
drug-induced cell cycle or apoptosis.

MATERIALS AND METHODS
Cell Culture
Human hepatoma cell lines, Hep3B, HepG2, and
HA22T/VGH, and a murine hepatoma cell line, Hepa
1-6, were cultured in Dulbecco minimal essential me-
dium (Gibco BRL, Grand Island, NY) containing 10%
fetal bovine serum (Hyclone, Logan, UT), 0.01 mg/mL
gentamycin, and 0.1 mM nonessential amino acid.
Cells were grown in a CO2 incubator at 37 °C, with 5%
CO2 and 95% filtered air.

Drug Treatment
Hepatoma cells were treated with different concentra-
tions of paclitaxel (0.001–10.0 mM) (Biomol Research
Laboratories, PA), docetaxel (0.001–10 mM; kindly pro-
vided by Rhone-Poulenc Rorer), or 2-methoxyestra-
diol (0.001–100 mM; Sigma, St. Louis, MO) for 24 –72
hours. Paclitaxel and 2-methoxyestradiol were dis-
solved in dimethylsulfoxide (DMSO), and docetaxel
was dissolved in ethanol as stock solutions. t-Butylhy-
droperoxide (100 mM; Sigma), a positive control for
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peroxide analysis, was incubated with cells for 10 min-
utes prior to flow cytometric analysis. Vitamin C
(Merck, Darmstadt, Germany) was prepared in dis-
tilled H2O, whereas probucol (Sigma), magnolol (Na-
calai), and quercetin (Sigma) all were prepared in
DMSO as stock solutions. The final concentration of
vehicle was , 0.1%.

Cell Viability Assay
Cells were cultured in a 96-well cell culture cluster
(Costar, Cambridge, MA) at a density of 4 3 104 cells/
mL. After drug treatment for 24 –72 hours, medium
was discarded and replaced with an equal volume (100
mL) of fresh medium containing 0.456 mg/mL 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT). After incubation for 1.5 hours at 37 °C, the
medium was discarded. Cells were then added with
100 mL DMSO. Cell viability was determined according
to the colorimetric comparison by reading optical
density values from a microplate reader (Spectra Max
250; Molecular Devices, CA) at an absorption wave-
length of 570 nanometers (nm).

Analysis of Cell Membrane Permeability
Cells were grown on 25-cm2 flasks (Corning) for the
indicated times followed by the addition of propidium
iodide (PI; 10 mg/mL) for an additional 15 minutes and

incubation for an additional 15 minutes at 37 °C.
Then, medium was collected prior to harvest of the
adherent cells. Both suspended cells and attached
cells were collected and resuspended with 500 mL
phosphate-buffered saline (PBS) for flow cytometry
analysis.

Flow Cytometric Analysis of DNA Content
The cell pellets (1 3 106) were added with lysing buffer
(0.5% Triton X-100, 0.2 mg/mL Na2 ethylenediamine
tetraacetic acid [EDTA].2H2O, and 1% bovine serum
albumin in PBS) and left on ice for 15 minutes. The
mixture was then added with 100% methanol pre-
cooled to 220 °C and centrifuged at 3300 g for 5
minutes. The supernatant fluid was discarded, and the
cell pellet was washed with PBS. The pellet was
stained with a DNA staining solution (50 mg/mL PI and
5 K units/mL of RNase A) for 30 minutes at 4 °C in the
dark. The DNA content of each cell was measured
using a Becton Dickinson FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA).

ROS Measurement
The hepatoma cells were treated with different drugs
for 18 hours to estimate the peroxide and superoxide
anion levels by staining with 29,7 9-dichlorofluorescin
diacetate (DCFH/DA; 5 mM; Eastman Kodak, Roches-

FIGURE 1. Analysis of viability by

3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-

nyl-tetrazolium bromide (MTT) assay in

paclitaxel-treated, docetaxel-treated, and

2-methoxyestradiol-treated hepatoma cell

lines (HepG2, Hep3B, HA22T/VGH, and

Hepa1-6). Hepatoma cells were treated

with the indicated concentrations of pac-

litaxel, docetaxel, or 2-methoxyestradiol

for 24 hours (solid circles) or 72 hours

(open circles). Data are the mean 6 stan-

dard error of the mean from duplicate

samples of three independent experi-

ments.
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ter, NY) and dihydroethidine (HE; 10 mM; Sigma),
respectively.28 –30 For DCFH/DA single staining or
double staining with both DCF/DA and HE, treated
cells were grown on flasks and incubated with
DCFH/DA alone or in combination with HE for 50
minutes at 37 °C. Cells were harvested and used im-
mediately for flow cytometric analysis.

Flow Cytometry
Cells (10,000) were analyzed on a Becton Dickinson
FACSCalibur flow cytometer using an argon-ion laser
(15 mWatt) with incident beam at 488 nm. For PI
exclusion assay, red fluorescence was collected
through a 585-nm filter, and the cell debris signals
were removed by foward scatter–side scatter (FSC-
SSC) gating. Conversely, green fluorescence (DCF)
corresponding to the peroxide level was collected
through a 530-nm filter, whereas the red fluorescence
representing either the level of superoxide anion (HE)
or DNA content (PI) was collected through a 650-nm
filter or a 585-nm filter, respectively. Data were ac-
quired and analyzed using FACS/CELLQuest software
(San Jose, CA) on a Power Macintosh 7600/120 com-
puter (Apple Computers, Cupertino, CA). Apoptotic
cells and cells at specific cycle phases were deter-
mined by ModFit LT software (San Jose, CA).

DNA Fragmentation Electrophoresis Analysis
DNA fragmentation assessment was according to the
method of Herrmann et al.31 Briefly, treated cells (2
3 107) were centrifuged, and cell pellets were resus-
pended with NP-40 lysis buffer (1% NP-40 in 20 mM

EDTA and 50 mM Tris-HCl, pH 7.5). After lysis of cells
for a few seconds, the supernatant fluids were col-
lected (5 minutes at 31600 g). The extraction was
repeated with the same lysis buffer. Sodium dodecyl
sulfate (SDS; final concentration, 1%) and RNase were
added (final concentration, 5.0 mg/mL) to supernatant
fluids and incubated for 2 hours at 56 °C followed by
digestion with proteinase K (2.5 mg/mL) for 2 hours at
37 °C. Then, the mixtures were brought to 10 M am-
monium acetate prior to 100% ethanol precipitation
for 30 minutes at 220 °C. The DNA was collected by
centrifugation (10 minutes at 312000 g) followed by
electrophoresis on 1.5% agarose gels.

RESULTS
Figure 1 shows the dose dependent effect of 2-me-
thoxyestradiol, docetaxel, and paclitaxel on cell viabil-
ity in four hepatoma cell lines (HepG2, Hep3B,
HA22T/VGH, and Hepa 1-6). 2-Methoxyestradiol had
no significant effect on the viability of HepG2, Hep3B,
and HA22T/VGH cells up to 1 mM at either 24 hours or
72 hours after treatment. The viability of Hepa 1-6
cells decreased to 57.6% at 1 mM at 72 hours. 2-Me-
thoxyestradiol at 10 –100 mM decreased the viability of
hepatoma cells to 24.2– 62.1%, with Hep3B cells the
most sensitive and HA22T/VGH cells more resistant.

Docetaxel treatment of hepatoma cells had only a
limited effect on the viability of cells at 24 hours. The
viability of HepG2, Hep3B, and Hepa 1-6 cells, but not
HA22T/VHG cells, decreased with increased dose of
docetaxel. At 72 hours, cell viability showed significant
decrease at 0.01 mM for the four cell lines, with the

TABLE 1
Cell Membrane Permeability of Hepatoma Cells After Treatment with Paclitaxel, Docetaxel, and 2-Methoxyestradiola

Cell line

Paclitaxel (mM) Docetaxel (mM) 2-Methoxyestradiol (mM)

0.01 0.1 1 0.01 0.1 1 1 10 50

Hep G2
24 hrs 93.63 6 1.1 85.72 6 6.8 66.71 6 7.2 94.86 6 1.3 85.49 6 1.2 81.24 6 3.2 104.63 6 5.1 93.07 6 8.0 88.55 6 8.0
72 hrs 56.58 6 28.7 43.79 6 11.7 13.27 6 4.3 61.06 6 9.6 40.03 6 9.0 27.42 6 8.8 92.31 6 7.7 33.66 6 6.4 25.10 6 4.5

Hep 3B
24 hrs 77.35 6 11.7 63.50 6 4.0 52.28 6 4.1 93.80 6 10.7 57.41 6 6.8 57.39 6 4.3 96.55 6 15.3 63.15 6 12.5 68.22 6 3.9
72 hrs 57.00 6 7.9 8.09 6 2.3 1.90 6 0.3 36.81 6 14.7 36.25 6 13.5 20.25 6 14.4 101.26 6 8.8 14.20 6 3.0 39.40 6 7.3

HA22T/VGH
24 hrs 94.08 6 18.6 40.03 6 7.8 34.24 6 8.3 98.66 6 9.0 38.71 6 11.2 40.79 6 5.0 85.48 6 13.5 80.61 6 11.3 79.60 6 6.1
72 hrs 92.58 6 21.3 93.38 6 32.5 49.32 6 8.3 55.44 6 5.6 21.24 6 0.4 22.03 6 3.1 97.33 6 6.4 60.11 6 2.6 34.88 6 2.8

Hepa 1-6
24 hrs 93.17 6 3.8 67.20 6 4.4 62.65 6 7.6 94.45 6 1.9 83.35 6 7.2 81.88 6 8.7 94.30 6 1.8 85.83 6 2.0 80.76 6 2.1
72 hrs 62.95 6 5.6 27.79 6 1.3 15.51 6 1.0 77.18 6 1.4 43.94 6 3.4 38.90 6 4.2 93.87 6 8.8 50.26 6 7.9 51.26 6 10.1

a Data are the mean 6 standard error of the mean from duplicated samples of at least three independent experiments. Cells were treated with drugs for 24 –72 hours, and membrane permeability was measured

by flowcytometric analysis of propidium iodide exclusion in viable hepatoma cells. Data are the percentage of cells with intact cell membrane compared with controls.
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maximal decrease in viability observed in the 1–10 mM
docetaxel treatment groups. Hep3B cells were the
most sensitive, and HA22T/VGH cells were more re-
sistant to docetaxel treatment than the other three cell
lines. Similar viability profiles were observed for hep-
atoma cells treated with paclitaxel; however, 0.01 mM
paclitaxel treatment for 72 hours did not result in a
significant decrease in the viability of hepatoma cells.

In addition to the MTT assay, we also used the PI
exclusion assay to examine the effect of 2-me-
thoxyestradiol, docetaxel, and paclitaxel on the mem-
brane permeability of hepatoma cells. Table 1 shows

that the membrane permeability of hepatoma cells
increased with the dose of antimicrotubule agents.
HepG2 cells showed an increase in membrane perme-
ability with 2-methoxyestradiol (1–50 mM), docetaxel
(0.01–1.0 mM,) and paclitaxel (0.01–1.0 mM) treatment
for 24 –72 hours. Only 13–27% of cells had intact cell
membranes after drug treatment for 72 hours. Hep3B
cells were more sensitive to paclitaxel than docetaxel
or 2-methoxyestradiol; less than 10% of cells had in-
tact cell membranes after treatment with paclitaxel for
72 hours, compared with 20 –36% and 14 –39% for the
docetaxel (0.1–1.0 mM) and 2-methoxyestradiol (10 –50

FIGURE 2. The effect of paclitaxel,

docetaxel, and 2-methoxyestradiol (2-

Me) on cell cycle progression in four

hepatoma cell lines (HepG2, Hep3B,

HA22T/VGH, and Hepa 1-6). Hepatoma

cells were treated with paclitaxel

(0.001–1.0 mM), docetaxel (0.001–1.0

mM) or 2-methoxyestradiol (0.1–50.0

mM) for 24 and 72 hours prior to DNA

histogram analysis by flow cytometry.

Control, medium control.
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mM) treatment groups, respectively. In comparison,
HA22T/VGH cells were more sensitive to docetaxel
treatment than to treatment with paclitaxel or 2-me-
thoxyestradiol. Cells with intact cell membranes de-
creased to 22% for the docetaxel group (1 mM) com-
pared with 35% and 49% for the 2-methoxyestradiol
(50 mM) and paclitaxel (1 mM) groups, respectively.
Conversely, Hepa 1-6 cells were more sensitive to pac-
litaxel treatment than to docetaxel or 2-methoxyestra-
diol treatment. Cells with intact cell membranes de-
creased to 16% for the paclitaxel group (1 mM)
compared with 39% and 51% for the docetaxel (1 mM)
and 2-methoxyestradiol (50 mM) groups, respectively.

2-Methoxyestradiol, docetaxel, and paclitaxel are
antimicrotubule agents that have been reported to
interfere with cell cycle progression. Figure 2 shows
that 2 methoxyestradiol (10 –50 mM) treatment of hep-
atoma cells for 24 hours resulted in significant G2/M-
cycle arrest in HepG2, HA22T/VGH, and Hepa 1-6
cells, whereas Hep3B cells showed increased apopto-
sis. At 72 hours, increased apoptosis was observed in
2-methoxyestradiol-treated (10 –50 mM) Hep3B,
HA22T/VGH, and Hepa 1-6 cells. For HepG2 cells, 10
mM 2-methoxyestradiol had no effect on the cell cycle,

but treatment with 50 mM 2-methoxyestradiol resulted
in increased apoptosis. When hepatoma cells were
treated with docetaxel for 24 hours and 72 hours,
increased apoptosis as well as G2/M-cycle arrest were
observed at doses of 0.01–1.0 mM in docetaxel-treated
HepG2, Hep3B, HA22T/VGH, and Hepa 1-6 cells. Pac-
litaxel treatment (0.1–1 mM) of hepatoma cells for 24
hours resulted in G2/M-cycle arrest in HepG2, HA22T/
VGH, and Hepa 1-6 cells, whereas both Hep3B and
Hepa 1-6 cells showed increased apoptosis. Similar
paclitaxel-induced responses were observed at 72
hours after treatment.

In addition to the analysis of DNA content by flow
cytometry, we further investigated whether 2-me-
thoxyestradiol (10 mM and 50 mM), docetaxel (0.1 mM
and 1 mM), or paclitaxel (0.1 mM and 1 mM) could
induce DNA fragmentation in HepG2 cells. Figure 3
shows that paclitaxel (0.1 mM and 1 mM) and docetaxel
(0.1 mM and 1 mM) induced DNA fragmentation.
2-Methoxyestradiol (10 mM and 50 mM M) also elicited
DNA laddering in HepG2 cells. To understand the
more detailed mechanism of G2/M-phase arrest and
sub-G0/G1 apoptosis, we examined the generation of
ROS in hepatoma cells after antimicrotubule agent
treatment. First, we investigated intracellular oxidative
stress in four hepatoma cell lines. Figure 4A shows that
there were higher peroxide radicals in HepG2 cells
than in Hep3B, HA22T/VGH, or Hepa 1-6 cells. t-Butyl
hydroperoxide was used as a positive control. Figure
4B shows that the production of peroxide radicals
increased with increased concentrations of paclitaxel
and docetaxel in four cell lines. It is interesting that no
significant increase in peroxide levels was found in
2-methoxyestradiol-treated (10 mM or 50 mM) HepG2
cells, yet high levels of peroxide radicals were found in
10250 mM 2-methoxyestradiol-treated Hep3B, HA22T/
VGH, and Hepa 1-6 cells.

Because HepG2 cells have higher endogenous
peroxide radicals, this cell line was selected for exam-
ination of the effects of antioxidants. Figure 5 shows
the antioxidant effect of probucol-treated (0.1–100
mM), vitamin C-treated (0.1–100 mM), magnolol-
treated (0.01–100 mM), and quercetin-treated (0.1–100
mM) HepG2 cells. The antioxidant activity of probucol
did not increase with the dose of the drug. The treat-
ment of cells with vitamin C resulted in decreased
peroxide radicals in the dose range from 1 mM to 10
mM, but increased peroxide radicals were found in the
50-mM and 100-mM vitamin C treatment groups. Sim-
ilarly, in quercetin-treated HepG2 cells, 0.1–10 mM
quercetin treatment decreased peroxide radicals,
whereas increased peroxide radicals were found in the
50-mM and 100-mM quercetin treatment groups. For

FIGURE 3. The effect of paclitaxel-induced (0.1 mM and 1 mM), docetaxel-

induced (0.1 mM and 1 mM), and 2-methoxyestradiol-induced (10 mM and 50

mM) internucleosomal DNA fragmentation in HepG2 cells. Cells were treated

with drugs for 72 hours, and DNA was isolated and assayed as described in

Materials and Methods. M, 100 base-pair marker. Lane 1, medium control;

lanes 2 and 3, paclitaxel (0.1 mM and 1 mM, respectively) treatment groups;

lanes 4 and 5, docetaxel (0.1 mM and 1 mM, respectively) treatment groups;

lanes 6 and 7, 2-methoxyestradiol (10 mM and 50 mM, respectively) treatment

groups.
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magnolol-treated HepG2 cells, 0.01–1.0 mM of magno-
lol had no significant effect on peroxide level. How-
ever, 10 mM and 100 mM magnolol treatment de-
creased peroxide levels to 53.26% and 58.50% of the
control level, respectively.

Figure 6 shows the effect of magnolol on antimi-

crotubule agent-induced peroxide and superoxide lev-
els. The elevation of peroxide radicals (DCF fluores-
cence) was observed in HepG2 cells that were treated
with paclitaxel (0.1 mM or 1 mM) and docetaxel (0.1
mM or 1 mM) but not in 10 mM and 50 mM 2-me-
thoxyestradiol-treated HepG2 cells. In addition, pacli-
taxel (0.1 mM and 1 mM), docetaxel (0.1 mM and 1 mM),
and 2-methoxyestradiol (10 mM and 50 mM) induced
superoxide anion levels in HepG2 cells. Magnolol in-
hibited docetaxel- and paclitaxel-induced peroxide
free radicals but had a limited effect on 2-me-
thoxyestradiol treatment. Superoxide anion levels
were similar in magnolol-treated groups. No reduc-
tion in drug-induced ROS formation was observed in
HepG2 cell that were treated with less potent antioxi-
dants (probucol, quercetin, and vitamin C) (data not
shown).

Because magnolol showed a significant effect on
the reduction of drug-induced peroxide radicals, we
evaluated the effect of magnolol on paclitaxel-induced
(0.1 mM and 1 M), docetaxel-induced (0.1 mM and 1
mM), and 2-methoxyestradiol-induced (10 mM and 50
mM) cell cycle progression and cytotoxicity. No signif-
icant alteration was observed either in drug-induced
cell cycle arrest or cytotoxicity (data not shown).

DISCUSSION
Previously, we found that several human hepatoma
cell lines were resistant to paclitaxel.14 In the current
study, we have compared further the effects of two
antimicrotubule agents, docetaxel and 2-me-
thoxyestradiol, with the effects of paclitaxel in both
human (HepG2, Hep3B, and HA22T/VGH) and mu-
rine (Hepa 1-6) hepatoma cells. We have found that
docetaxel induced apoptosis in hepatoma cells at rel-
atively low doses (Fig. 2), whereas 2-methoxyestradiol
also was effective in killing hepatoma cells at higher
doses (Figs.1, 2; Table 1). As far as we know, this is the
first report to show that docetaxel and 2-me-
thoxyestradiol are effective in treating hepatoma cells
in vitro. However, paclitaxel had many adverse effects,
including hypersensitivity, neutropenia, neurotoxicity,
disturbance of cardiac rhythm, mucositis, and alope-
cia.32 There have been limited reports regarding side
effects of docetaxel treatment to date.33 Determining
whether docetaxel is more effective and has lower
toxicity than paclitaxel in patients with HCC will re-
quire further clinical evaluations.

The male-to-female incidence rate of HCC in Tai-
wan is 5:1.34 Males not only are at higher risk for HCC
than females, but they also have a poor prognosis
compared with females.35 The detailed mechanism
behind this observation is not clear at present. One

FIGURE 4. (A) Endogenous peroxide levels in four hepatoma cell lines

(HepG2, Hep3B, HA22T/VGH, and Hepa 1-6). Hepatoma cells were grown in

medium for 18 hours followed by staining with (endogenous) or without

(background) 29,79-dichlorofluorescin diacetate (DCF-DA). For a positive con-

trol, butyl hydroperoxide (BHT) cells were incubated with 100 mM t-BHT for 10

minutes prior to DCF-DA staining. (B) The effect of paclitaxel, docetaxel, and

2-methoxyestradiol on the formation of peroxide radicals in hepatoma cell

lines. Data are shown as the mean 6 standard error of the mean from

duplicate samples of three independent experiments. DMSO: dimethylsulfoxide.
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possibility is that androgen contributed to tumor
growth in HCC. Yu and Chen36 suggested that high
levels of serum testosterone were correlated with an
increased risk for HCC in males. Nagasu et al.38 found
that patients with higher androgen receptor levels in
their HCC tumors had a poor prognosis. In contrast,
there is no convincing evidence to show that androgen
directly stimulated the growth of hepatoma cells.38 In
addition, clinical trials using antiandrogen drugs for
the treatment of patients with HCC showed mostly
negative results.39,40 Conversely, the function of estro-
gen and estrogen receptors in tumorigenesis also has
been examined. It has been reported that estrogen

and its metabolites (4-hydroxyestradiol and 16a-hy-
droxyestrone) are carcinogenic and genotoxic in estro-
gen-induced carcinogenesis.41 However, another es-
trogen metabolite, 2-methoxyestradiol, which is
catalyzed from 2-hydroxyestradiol by catechol-O-
methyltransferase (COMT), has no estrogen-related
mitogenic activity. Zhu et al.42,43 reported that the
inhibition of COMT by quercetin may have contrib-
uted partially to estradiol-induced carcinogenesis. In
addition, it has been documented that women with
low COMT activity were associated with a higher in-
cidence for breast carcinoma.44 These results, together
with the observation that 2-methoxyestradiol pos-
sesses tumor growth inhibition activity,17,45 suggest
that 2-methoxyestradiol may be an important endog-
enous inhibitor of tumor growth. Therefore, it is very
likely that the low incidence rate of HCC in females
may be the result of 2-methoxyestradiol-inhibited
HCC growth in the female liver rather than androgen-
stimulated HCC growth in male patients. In line with
the above hypothesis, we have found that 2-me-
thoxyestradiol inhibited hepatoma cell growth in vitro
(Fig. 1). In view of the fact that long term treatment
with high dose (75–100 mg/kg) 2-methoxyestradiol in-
hibited tumor growth in mice without significant tox-
icity,17,45 the potential of using 2-methoxyestradiol in
the treatment of patients with HCC should be ex-
plored.

Previous studies revealed that paclitaxel-induced
apoptosis in tumor cells was dose dependent, and low
doses of paclitaxel could induced apoptosis without a
G2/M-phase arrest in gastric and breast carcinoma
cells.18,19 In the current study, we found that low dose
(0.01 mM) docetaxel induced apoptosis without G2/M
arrest in Hep G2, Hep 3B, HA22T/VGH, and Hepa 1-6
cells at 24 hours after drug treatment (Fig. 2). It is
interesting that no such effect was observed in pacli-
taxel-treated cells. The different responses induced by
these two antimicrotubule agents with similar action
remains to be elucidated. It has been reported that
paclitaxel-induced G2/M arrest was correlated with

FIGURE 5. The effect of probucol, vitamin C, magnolol, and quercetin on

peroxide level of HepG2 cells. HepG2 cells were treated with the indicated

concentrations of probucol, vitamin C, magnolol, or quercetin for 18 hours

followed by the measurement of peroxide radicals level. Data are shown as the

mean 6 standard error of the mean from duplicate samples of a representative

experiment from two separate experiments. DCF: 29,79-dichlorofluorescin.

‹

FIGURE 6. The effect of magnolol on the superoxide (HE) and peroxide (29,79-dichlorofluorescin [DCF]) levels in HepG2 cells after treatment with paclitaxel (B),

docetaxel (C), and 2-methoxyestradiol (D). HepG2 cells were grown in the presence or absence of drugs (paclitaxel, 0.1 mM or 1 mM; docetaxel, 0.1 mm or 1 mM;

and 2-methoxyestradiol, 10 mM or 50 mM) for 18 hours followed by staining with (control) or without (background) DCF-DA and HE. For peroxide positive control,

cells were incubated with 100 mM t-butyl hydroperoxide (t-BHP) for 10 minutes prior to DCF-DA and HE staining (A). Conversely, magnolol (10 mM) was added

simultaneously with paclitaxel (0.1 mM or 1 mM), docetaxel (0.1 mM or 1 mM), or 2-methoxyestradiol (10 mM or 50 mM) for an 18-hour treatment of HepG2 cells.

Treated cells were simultaneously analyzed for the peroxide radicals and superoxide anion levels by measurement of DCF (X-axis) and HE (Y-axis) fluorescence

intensity, respectively. The quadrant was defined by the X-axis and Y-axis means of control, and the percentage value of each quadrant was from a representative

experiment.
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Raf-1 phosphorylation.18,46 In contrast, low dose pa-
clitaxel-induced apoptosis without G2/M arrest re-
quired the activation of p53 and p21 (WAF-1), which
was Raf-1 independent.18 Previously, we found that
p53 was expressed in Hep G2 cells but not in Hep 3B
or HA22T/VGH cells.14 The level of docetaxel-induced
apoptosis was higher in p53 negative Hep 3B and
HA22T/VGH cells than in p53 positive Hep G2 cells.
These results suggest that p53 activation was not in-
volved in docetaxel-induced apoptosis in these hu-
man hepatoma cells. Whether p21 activation is in-
volved in this early apoptosis process needs further
investigation.

It has been hypothesized that tumor cells have
persistently higher levels of ROS.47 The functional role
of ROS in tumor cells is still not clear at present. ROS
has been found to regulate translocation of NF-kB48 as
well as translocation of p53 and the p53-mediated
apoptosis pathway.49 In addition, ROS also has been
found to be involved in the MAP kinase signal-trans-
duction pathway.20,50 Simizu et al.51 showed that an-
ticancer drugs, including vinblastin and camptoth-
ecin, induced cell apoptosis with the generation of
ROS. Similarly, we also found that the treatment of
hepatoma cells with high doses of paclitaxel, do-
cetaxel, and 2-methoxyestradiol resulted in increased
peroxide levels (Fig. 4). To evaluate the role of ROS in
drug-induced G2/M arrest and apoptosis, we exam-
ined the effect of antioxidants, including probucol,52

vitamin C,53 magnolol,54 and quercetin,55 on drug-
induced responses. Among these four antioxidants,
magnolol and quercetin were found to reduce ROS in
HepG2 cells (Fig. 5). The effect of quercetin on endog-
enous peroxide radicals of HepG2 cells is biphasic.
Quercetin has antioxidant activity at low doses (0.1–
10.0 mM), whereas prooxidant activity is found at high
doses (50 mM and 100 mM). However, low dose quer-
cetin (1 mM) not only failed to inhibited the antimi-
crotubule agent-induced ROS but enhanced the gen-
eration of ROS instead. Quercetin also has been found
to inhibit protein kinase C, cytochrome P450, COMT,
and MDR transporter activity.42,43,55–57 Moreover,
quercetin had been evaluated in a Phase I clinical
trial.58 Whether the quercetin-induced modulation of
ROS in tumor cells is related to apoptosis needs fur-
ther study. Magnolol is the most potent antioxidant
examined in this study. Although magnolol is effective,
as shown by decreased formation of paclitaxel-in-
duced, docetaxel-induced, or 2-methoxyestradiol-in-
duced peroxide radicals (Fig. 6), it has no effect on
drug-induced changes in cell viability, G2/M arrest, or
apoptosis. This correlated well with the finding that
antioxidant (N-acetyl-L-cysteine)-inhibited anticancer

drugs induced ROS formation but failed to inhibit
caspase-3 activity.51

In conclusion, we found that docetaxel appears to
be more effective than paclitaxel in inducing apopto-
sis in hepatoma cells. In addition, 2-methoxyestradiol
also is effective at doses of 10 –100 mM. The drug-
induced ROS is not related to apoptosis or cell cycle
arrest in hepatoma cells. The potential of using do-
cetaxel and 2-methoxyestradiol for the treatment of
patients with HCC is worthy of investigation.
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