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This study is the first to investigate the anticancer effect of tricetin (TCN) in two human liver cancer
cell lines, Hep G2 and PLC/PRF/5. TCN induced cancer cell death treatment by triggering
mitochondrial and death receptor 5 (DR5) apoptotic pathways. Exposure of Hep G2 and PLC/
PRF/5 cells to TCN resulted in cellular glutathione reduction and ROS generation, accompanied
by JNK activation and apoptosis. Both of the antioxidants vitamin C and catalase significantly
decreased apoptosis by inhibiting the phosphorylation of JNK and subsequently triggering DR5 cell
death pathways. The reduction of JNK expression by siRNA decreased TCN-mediated Bim
cleavage, DR5 up-regulation, and apoptosis. Furthermore, daily TCN intraperitoneal injections in
nude mice with PLC/PRF/5 subcutaneous tumors resulted in an approximately 60% decrease of
mean tumor volume, compared with vehicle-treated controls. Taken together, the results of the
present study indicate that TCN-induced cell death in liver cancer cells is initiated by ROS
generation and that both intrinsic and extrinsic apoptotic pathways contribute to the cell death

caused by this highly promising cancer chemopreventive agent.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common
causes of cancer mortality, responsible for > 600000 deaths
annually. The majority of HCC patients die within 7—8 months of
the date of diagnosis (/). Chronic infection with hepatitis B virus
is the predominant risk factor for HCC in Southeast Asia and
Africa, and chronic infection with hepatitis C virus is the
predominant risk factor for HCC in Western and European
countries (/,2). This pathology is currently controlled by surgery,
transplantation, percutaneous ethanol injection, and radiother-
apy and is frequently supported by adjuvant chemotherapies (7).
However, HCC is highly resistant to chemotherapy, and there is
still no effective cure for patients with advanced stages of the
disease (3). Effective chemopreventive treatment for liver cancer
would have a tremendous impact on liver cancer morbidity and
mortality rates.

All aerobic organisms are subject to physiological oxidant
stress as a consequence of aerobic metabolism. Aerobic respira-
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tion coupled to the generation of ATP leads to the formation of
the superoxide anion radical (O,"). Superoxide anion radicals
can then form other reactive oxygen species (ROS), such as
hydrogen peroxide (H,O,) and the highly reactive hydroxyl
radical ("OH) (4). The redox status of all aerobic cells is balanced
by enzyme and nonenzyme systems (4, 5). Oxidative stress occurs
when this critical balance is disrupted because of excess ROS
production and/or antioxidant depletion (5). Evidence is accu-
mulating which indicates that many chemotherapeutic agents
may be selectively toxic to tumor cells because they increase
oxidant stress and enhance these already stressed cells beyond
their limit (6 —8). Cytotoxic ROS signaling appears to be triggered
by the activation of the mitochondrial-dependent cell death
pathway through activation of the mitogen-activated protein
kinase (MAPK) pathways and the proapoptotic Bcl-2 proteins
Bax or Bak, with subsequent mitochondrial membrane permea-
bilization and cell death (7, 8).

Tricetin (5,7,3',4',5-pentahydroxyflavone) (TCN; Figure 1A),
a flavonoid derivative found in Myrtaceae pollen and Eucalyptus
honey (9—11), has potent antiinflammatory and anticancer
activities (12, 13). This study is the first to determine the cell
growth inhibition activity of TCN in two HCC tumor cell lines, a
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Figure 1. Effects of TCN on cell proliferative inhibition and colony forma-
tion in liver cancer cell lines Hep G2 and PLC/PRF/5: (A) chemical
structure of TCN; (B) cell proliferative inhibition effect of TCN in Hep G2
and PLC/PRF/5; (C) influence of Hep G2 and PLC/PRF/5 on the number of
colony-forming cells, as evaluated by clonogenic assay. Cell growth
inhibition activity of TCN was assessed by XTT. For the colony-forming
assay, the clonogenic assay was performed as described under Materials
and Methods. Results are expressed as the percentage of cell proliferation
relative to the proliferation of control. The data shown are the mean from
three independent experiments. Each value is the mean + SD of three
determinations.

poorly differentiated PLC/PRF/S cell line (p53 mutant, K-Ras
mutant, hepatitis B virus integration) and a well-differentiated
Hep G2 (p53 wild type, K-Ras mutant, lacking the hepatitis B
virus integration). Our data have found that TCN increases the
level of ROS in the human liver cancer cells, and this increase is
responsible for its apoptotic effects. TCN-induced ROS activated
JNK and subsequently triggered mitochondrial and DRS apo-
ptotic pathways. Also, TCN’s anticancer activity was further
examined in a xenografts model. On the other hand, TCN did not
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exhibit any toxicity in the nude mice’s body weight and organs.
These data suggest that TCN may be of value in the development
of novel therapeutic approaches for the treatment of liver cancer.

MATERIALS AND METHODS

Reagents and Cell Culture. Human hepatocellular carcinoma cell
lines Hep G2 (ATCC HB8065) and PLC/PRF/5 (ATCC CRL 8024) were
obtained from the American Type Cell Culture Collection (Manassas,
VA). Hep G2 and PLC/PRF/5 cells were maintained in monolayer
cultures at 37 °C and 5% CO, in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 10% FCS, 10 U/mL penicillin, 10 ug/mL streptomycin,
and 0.25 ug/mL amphotericin B (GIBCO, Gaithersburg, MD). TCN was
purchased from Extrasynthese (Genay, France), dissolved in DMSO
(Sigma Aldrich, St. Louis, MO), and stored at —20 °C. For all experi-
ments, the final concentrations of the test compound were prepared by
diluting the stock with DMEM. Control cultures received the carrier
solvent (0.1% DMSO).

Cell Proliferation and Clonogenic Assay. Inhibition of cell prolif-
eration by tricetin was measured by XTT (sodium 3'-[1-(phenylamino-
carbonyl)-3,4-tetrazolium]bis(4-methoxy-6-nitro)benzenesulfonic acid
hydrate) assay. Briefly, cells were plated in 96-well culture plates (1 x 10*
cells/well) and, after 24 h of incubation, treated with vehicle alone (0.1%
DMSO) and various concentrations of tricetin for 48 h. One hundred and
fifty microliters of XTT test solution, which was prepared by mixing 5 mL
of XTT-labeling reagent with 100 uL of electron-coupling reagent, was
then added to each well. After 4 h of incubation, absorbance was measured
on an ELISA reader (Multiskan EX, Labsystems) at a test wavelength of
492 nm and a reference wavelength of 690 nm.

To determine long-term effects, cells were treated with TCN at various
concentrations for 1 h. After being rinsed with fresh medium, cells were
allowed to form colonies for 14 days, which were then stained with crystal
violet (0.4 g/L; Sigma).

Apoptosis Assay. Quantitative assessment of apoptotic cells was
assessed by the terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick end-labeling (TUNEL) method, which examines
DNA strand breaks during apoptosis by using a BD ApoAlert DNA
Fragmentation Assay kit, as described previously (/4).

Immunoblot and JNK Kinase Activity Assays. Cells were treated
with 10 uM TCN and were lysed on ice for 40 min in a solution containing
50 mM Tris, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM Na3VO,,
2 mM EGTA, 12 mM f-glycerolphosphate, 10 mM NaF, 16 ug/mL
benzamidine hydrochloride, 10 ug/mL phenanthroline, 10 ug/mL aproti-
nin, 10 ug/mL leupeptin, 10 ug/mL pepstatin, and 1 mM phenylmetha-
nesulfonyl fluoride. The cell lysate was centrifuged at 14000g for 15 min,
and the supernatant fraction was collected for immunoblot. Equivalent
amounts of protein were resolved by SDS-PAGE (6—12%) and trans-
ferred to PVDF membranes. After blocking for 1 hin 5% nonfat dry milk
in Tris-buffered saline, the membrane was incubated with the desired
primary antibody for 1—16 h. The membrane was then treated with the
appropriate peroxidase-conjugated secondary antibody, and the immu-
noreactive proteins were detected using an enhanced chemiluminescence
kit (Amersham, USA) according to the manufacturer’s instructions. The
JNK MAPK activities were determined using kits from Cell Signaling
Technology (Beverly, MA) according to the manufacturer’s instructions.

Flow Cytometric Analysis of Death Receptors. Cells were analyzed
for the surface expression of DRS receptor by indirect staining with
primary goat anti-human DRS antibodies (R&D Systems), followed by
FITC-conjugated rabbit anti-goat IgG. Briefly, cells were stained with
200 uL of PBS containing saturated amounts of anti-DRS antibody for
30 min at 4 °C. After incubation, cells were washed twice and reacted with
FITC-conjugated rabbit anti-goat IgG for 30 min at 4 °C. After washing
with PBS, the expressions of these death receptors were analyzed by a flow
cytometer (Becton Dickinson and Co., Franklin Lakes, NJ).

Mitochondrial Membrane Potential Assay. We used mitochon-
drial-specific cationic dye JC-1 (5,5,6,6-tetrachloro-1,1,3,3'- tetraethyl-
benzimidazolylcarbocyanine iodide) (Molecular Probes, Inc.), which
undergoes potential-dependent accumulation in the mitochondria. It is a
monomer when the membrane potential (AW,,) is lower than 120 mV and
emits a green light (540 nm) following excitation by blue light (490 nm). At
higher membrane potentials, JC-1 monomers convert to J-aggregates that
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Figure 2. Effectof TCN on the induction of apoptosis in Hep G2 and PLC/PRF/5 cells: quantitative evaluations of TUNEL assay by (A) flow cytometry and (B)
fluorescent microscope. TUNEL-positive cells were examined by flow cytometry and were visible through fluorescent microscope. Each value is the mean +

SD of three determinations.

emit a red light (590 nm) following excitation by green light (540 nm). Cells
were seeded in a 96-well plate. Following treatment with various concen-
trations of TCN for the indicated times, cells were stained with 25 uM JC-1
for 30 min at 37 °C. Fluorescence was monitored with the fluorescence
plate reader at wavelength pairs of 490 nm (excitation)/540 nm (emission)
and 540 nm (excitation)/590 nm (emission). Changes in the ratio between
the measurement at test wavelengths of 590 nm (red) and 540 nm (green)
fluorescence intensities are indicative of changes in the mitochondrial
membrane potential.

Assay for Caspase-9 and Caspase-8 Activities. The assay is based
on the ability of the active enzyme to cleave the chromophore from the
enzyme substrate: Ac-IETD-pNA (Ac-lle-Glu-Thr-Asp-pNA) for cas-
pase-8 and LEHD-pNA (Ac-Leu-Glu-His-Asp-pNA) for caspase-9. Cell
lysates were incubated with peptide substrate in assay buffer (100 mM
NacCl, 50 mM HEPES, 10 mM dithiothreitol, 1 mM EDTA, 10% glycerol,
0.1% CHAPS, pH 7.4) for 2 h at 37 °C. The release of p-nitroaniline was
monitored at 405 nm. Results are represented as the percentage of change
of activity compared to the untreated control.

Measurements of ROS and Glutathione. Cells were plated at a
density of 5 x 10° or 1 x 10°, respectively, in 60 mm dishes, allowed to
attach overnight, and exposed to catalase (1000 units/mL) alone, vitamin
C (100 uM) alone, TCN (10 uM) alone, catalase plus TCN, or vitamin C
plus TCN for specified time intervals. The cells were stained with 10 uM
H,DCFDA (for ROS) and CMFDA (for glutathione) for 10 min at 37 °C,
and the fluorescence intensity of the cells was determined by flow
cytometer (Becton Dickinson and Co.).

siRNA-Based Knockdown of JNK and DR5 Expression. Liver
cancer cell monolayers were transfected with JNK siRNA expression
plasmid pKD-JNK1oal/SAPK1c-v4 or pKD-NegCon-vl (Upstate Bio-
technology Inc., Laker Placid, NY) by using Lipofectamine 2000
(Invitrogen). The inhibition of DRS expression was performed by DRS

siRNA transfection (Santa Cruz Biotechnology, Santa Cruz, CA). Im-
munoblot analyses showed that JNK remained low but detectable and that
expression of S-actin was unaffected by plasmid or siRNA transfection.

In Vivo Tumor Xenograft Experiments. Male nude mice [6 weeks
old; BALB/cA-nu (nu/nu)] were purchased from the National Science
Council Animal Center (Taipei, Taiwan) and maintained in pathogen-
free conditions. PLC/PRF/5 cells were injected subcutaneously (sc) into
the flanks of these nude mice (5 x 10° cells in 200 L), and tumors were
allowed to develop for ~15 days until they reached a size of approximately
100 mm?, when treatment was initiated (/5). Thirty mice were randomly
divided into two groups. The mice in the DHE-treated group were
intraperitoneally (ip) injected daily with TCN in a clear solution contain-
ing 25% polyethylene glycol (4 mg/kg of body weight), in a volume of
0.2 mL. The control group was treated with an equal volume of vehicle.
After transplantation, tumor size was measured using calipers, and
tumor volume was estimated according to the following formula: tumor
volume (mm®) = L x W?/2, where L is the length and W is the width.
Tumor-bearing mice were sacrificed at 45 days after dosing.

Statistical Analysis. Data were expressed as mean £ SD. Statistical
comparisons of the results were made using analysis of variance (one-way
ANOVA). Statistical analyses of differences between the means of the
control and test groups in inhibitor pretreatment and siRNA transfection
experiments were based on two-way ANOVAs. Significant differences
(P < 0.05) between the means of the control and test groups were analyzed
by Dunnett’s test or Tukey’s test (for dose-response effects).

RESULTS

TCN Inhibits Cell Proliferation and Clonogenic Survival in both
Hep G2 and PLC/PRF/5 Cell Lines. To investigate the potential
cell proliferative inhibition activity of TCN in liver cancer, we first
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Figure 3. TCN-induced death receptor apoptotic pathway. (A) TCN increased the expression of DR5. (B) TCN induced the activation of caspase-8. (C)
Genetic suppression of DR5 was accomplished by DR5 siRNA transfection. (D) Inhibition of DR5 decreased the activation of caspase-8. (E) Inhibition of DR5
decreased TCN-induced apoptosis. Cells were treated with 10 M TCN for the indicated times. The expressions of DR5 was assessed by flow cytometry and
immunoblot assay. Caspase-8 activity was measured by caspase-8 activity assay kit. For DR5 inhibition, cells were transfected with control SIRNA or DR5
siRNA by lipofectamine 2000 agents and then treated with TCN for the indicated times (24 h for caspase-8 activation and 48 h for apoptosis assay). Each value
is the mean =+ SD of three determinations. The asterisk indicates a significant difference between two test groups, as analyzed by two-way ANOVA with

Dunnett’s test post hoc (p < 0.05).

examined the effect of TCN on cell proliferation and clonogenic
survival in both Hep G2 and PLC/PRF/5 cell lines. As shown in
Figure 1B, exposure of Hep G2 and PLC/PRF/5to TCN for 48 h
inhibited the growth of each cell line in a dose-dependent manner.
The ICsq values of TCN were 4.87 uM for Hep G2 and 4.23 uM
for PLC/PRF/5.

The anticancer activities of TCN inhibition were assessed by
clonogenic assays, which correlate very well with in vivo assays of
tumorigenicity in nude mice (/6). Both Hep G2 and PLC/PRF/5

cell lines showed the ability to form clones in the untreated control
wells. However, upon the addition of TCN a dose-dependent
inhibition in clonogenicity was observed, with a > 50% inhibition
at dosages as low as 5 uM TCN (Figure 1C).

TCN Induces Apoptosis in Human Liver Cancer Cell Lines. To
investigate the mechanisms leading to loss of cell proliferation
by TCN, we tested whether the observed inhibition effects of
TCN on cell proliferation are due to induction of apoptosis. A
quantitative evaluation was made using TUNEL to detect DNA
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Figure 4. TCN triggers mitochondrial pathways: (A) effect of TCN on Bcl-2 family proteins and Bax translocation; (B) loss of AW3,,; (C) activation of
caspase-9; (D) effect of caspase-9 inhibitor on TCN-induced apoptosis. The levels of Bcl-2 family proteins were assessed by immunoblot assay. AW, was
measured by JC-1 staining. Caspase-9 activity was measured by caspase-9 activity assay kit. For caspase-9 inhibitor blocking experiments, cells were
preincubated with LEHD-CHO (20 «M) for 1 h before the addition of 10 M TCN for an additional 48 h. COX IV is the loading control of mitochondrial fraction in
immunoblot. Each value is the mean 4= SD of three determinations. The asterisk indicates a significant difference between two test groups, as analyzed by two-

way ANOVA with Dunnett’s test post hoc (p < 0.05).

strand breaks. Compared to vehicle-treated cells, 10 uM TCN
induced apoptosis in 30.6% of the Hep G2 and 29.7% of the
PLC/PRF/5 cells at 48 h (Figure 2A). TUNEL-positive cells were
also examined using a fluorescent microscope (Figure 2B).

DRS5 Is Involved in TCN-Mediated Apoptosis. To establish the
sequence of events occurring during TCN-induced apoptosis, we
measured some of the molecular activity of the death receptor
apoptotic pathway, including DRS5. TCN treatment increased
DRS5 levels in both cancer cell lines, with maximum levels of DR5
detected at 36 h (Figure 3A). We next measured the downstream
caspase of the DRS system. The results showed that caspase-8
activity reached maximum induction at 36 h in TCN-treated Hep
G2 and PLC/PRF/5 cells (Figure 3B).

DRS has been shown to induce apoptotic cell death through
caspase-8 activation (/7). To confirm the central role of DRS as a
key activator of TCN-mediated caspase-8 activation and apop-
tosis, we transfected Hep G2 and PLC/PRF/S with DRS siRNA
targeting DRS. As shown in Figure 3C, DRS siRNA reduced
DRS expression in comparison with control siRNA. Selective
genetic inhibition of DRS abrogated TCN-induced caspase-8

activation (Figure 3D). Specific knockdown DRS expression by
DR5siRNA also inhibited TCN-mediated apoptosis (Figure 3E).
These data clearly indicate that the up-regulation of DR5 might
act upstream of caspase-8 and play a key role in TCN-induced
apoptosis.

TCN Induces Mitochondrial Apoptotic Pathway. The mitochon-
drial pathway plays a central role in apoptosis. To determine
whether TCN induces apoptosis by triggering the mitochondrial
apoptotic pathway, we measured the changes of mitochondrial
membrane potential (AW,,), the activation of the caspase, and the
expression of the Bcl-2 family protein (/7). Immunoblot analysis
showed that treatment of Hep G2 and PLC/PRF/5 cells with
TCN increased Bax protein levels (Figure 4A). TCN also slightly
enhanced the levels of three isoforms of BH3-only Bim protein,
including BimEL, BimL, and BimS. The TCN-induced changes
in BimL protein expression were more pronounced than for
BimEL proteins in both cancer cell lines. In contrast, TCN
decreased Bcl-2 and Bcl-XL levels, which led to an increase in the
proapoptotic/antiapoptotic Bcl-2 ratio (Figure 4A). The proa-
poptotic molecule Bax has been demonstrated to migrate from
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Figure 5. Effect of TCN on the production of ROS, the levels of glutathione, and the activation of JNK. (A) TCN increased the generation of ROS in Hep G2
and PLC/PRF/5 cells. (B) TCN decreased the levels of glutathione. TCN increased the JNK activation (C) and activity (D) in Hep G2 and PLC/PRF/5 cells.
Cells were treated with 10 «M TCN with or without catalase (1000 units/mL) and vitamin C (100 xM) for the indicated times, and the amounts of ROS and
glutathione were assayed by H.DCFDA (for ROS) and CMFDA (for glutathione) staining. The activation of JNK was assessed by immunoblot assay. JNK
kinase activity was determined using a JNK Activity kit from Cell Signaling Technology (Beverly, MA) according to the manufacturer’s instructions.

the cytosol to the mitochondria in response to multiple apoptotic
stimuli. We therefore examined whether TCN changes localiza-
tion of Bax protein in Hep G2 and PLC/PRF/5 cells. The
subcellular fractionation method showed that Bax protein did
indeed move from the cytosol to the mitochondria in both TCN-
treated cancer cell lines at 6 h (Figure 4A).

We also investigated mitochondrial dysfunction by measuring
AW, in TCN-treated Hep G2 and PLC/PRF/5 cells (Figure 4B).
Hallmarks of the apoptotic process include the activation of
cysteine proteases, which represent both initiators and executors
of cell death (/7). Upstream caspase-9 activities increased sig-
nificantly, as shown by the observation that treatment with TCN
increased caspase-9 activity in both Hep G2 and PLC/PRF/5 cells

(Figure 4C). Furthermore, when cells were pretreated with the
specific caspase-9 inhibitor LEHD-CHO before TCN treatment,
the apoptosis induction effect of TCN decreased in both Hep G2
and PLC/PRF/S cells (Figure 4D).

TCN Increases ROS Production, Decreases Glutathione Levels,
and Activates JNK. Because ROS generation plays an important
role in the proapoptotic activities of various anticancer agents
6, 7), we investigated whether ROS generation was required in
TCN-induced apoptosis. Intracellular ROS generation in control
and TCN-treated Hep G2 and PLC/PRF/S cells was assessed by
flow cytometry following staining with H,DCFDA. TCN treat-
ment exhibited a time-dependent increase in mean DCF fluores-
cence when compared with control cells in both liver cancer cell
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measured as described in the legend of Figure 5. The expression of DR5 was assessed by flow cytometry. The induction of apoptosis was determined by
TUNEL analysis. Each value is the mean + SD of three determinations. The asterisk indicates a significant difference between two test groups, as analyzed

by two-way ANOVA with Dunnett’s test post hoc (p < 0.05).

lines (Figure 5A). In addition, two antioxidants, catalase and
vitamin C, could prevent the enhancement of ROS caused by TCN.
We next investigated whether the generation of ROS induced by the
TCN treatment is accompanied by the loss of glutathione, a thiol
antioxidant against oxidant stress. The result showed that TCN
treatment also decreased glutathione levels in both cancer cell lines
after 1 h of exposure (Figure 5B).

Because it has been shown that the ROS-mediated DNA
damage triggers activation of JNK and subsequent cell death,
we assessed the status of INK phosphorylation after TCN treat-
ment (7). Figure 5C shows that activation (phosphorylation) of
JNK was evident as early as 1 h after TCN treatment and persisted
for the duration of the experiment. On the other hand, the
expression of JNK (unphosphorylated form) was not affected by
TCN treatment. TCN-mediated activation of JNK was further
confirmed by determining the phosphorylation of one of its
substrates, c-Jun. As shown in Figure 5D, in comparison with

the control, the Ser63 phosphorylation of c-Jun increased after
Hep G2 and PLC/PRF/S cells were exposed to 10 uM TCN.
Phosphorylation of c-Jun increased relative to the control
(Figure 5D).

Antioxidant Protected against TCN-Induced JNK Activation
and Cell Death in Hep G2 and PLC/PRF/5 Cells. A previous study
has reported that ROS production induces apoptotic cell death by
JNK activation (7), thus raising the question of whether produc-
tion of cellular ROS contributed to TCN-mediated JNK activa-
tion and apoptosis. We addressed this possibility by determining
the effects of antioxidants on JNK activation and cell death
caused by TCN. As shown in Figure 6A, pretreatment of Hep G2
and PLC/PRF/5 cells with catalase and vitamin C could prevent
the phosphorylation of JNK caused by TCN (Figure 6A). We
further assessed the effect of antioxidant agents in TCN-induced
apoptosis. The results showed that TCN-induced apoptosis in
both cancer cell lines was significantly attenuated in catalase- or
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Figure 7. TCN inhibits growth of PLC/PRF/5 in nude mice: (A) mean of tumor volume measured at the indicated number of days after implant; (B) mean of
body weight in TCN-treated mice. TCN increased JNK activation (C) and induced apoptotic cell death (D) in PLC/PRF/5 xenografts. Animals bearing pre-
established tumors (n = 15 per group) were dosed daily for 45 days with ip injections of TCN (4 mg/kg/day) or vehicle. During the 45 day treatment, tumor
volumes were estimated using measurements taken by external calipers (mm®). The levels of JNK and phospho-JNK in nude mice tumor section were
assessed by immunoblot analysis. The induction of apoptosis in nude mice tumor section was determined by TUNEL assay. Each value is the mean =+ SD of

three determinations.

vitamin C-pretreated cells, compared with TCN-treated Hep G2
and PLC/PRF/5 cells (Figure 6B). These data strongly suggest
that the generation of ROS plays an important role in TCN-
induced JNK activation and apoptosis.

Several studies have indicated that JNK can cause apoptosis by
a variety of mechanisms, including regulation of Bcl-2 family
proteins and initiation of death receptor (/8). Next, we assessed
the role of JNK on TCN-induced apoptosis. To do so, Hep G2
and PLC/PRF/5 cells were transiently transfected with JNK
siRNA. Subsequently, the siRNA-transfected cells were exposed
to TCN, and then the levels of DRS5, Bax, and Bim and the

amount of apoptotic cells were determined. Inhibition of phos-
pho-JNK in TCN-treated Hep G2 and PLC/PRF/5 cells that had
been transiently transfected with a JNK siRNA plasmid was
confirmed by immunoblot, as shown in Figure 6C. TCN treat-
ment caused a marked increase in the protein levels of Bax, BimL,
BimS, and DRS5, and these effects were inhibited in both JNK-
siRNA transfected cell lines (Figure 6C,D). In addition, our data
also show that JNK inhibition almost completely abrogated
TCN-induced apoptosis in Hep G2 and PLC/PRF/S cells
(Figure 6E). These results suggest that apoptosis induction by
TCN was due to JNK activation.
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TCN Inhibits Tumor Growth of Human Liver Cancer Xeno-
grafts, Associated with JNK Activation and Apoptosis Induction in
Vivo. To determine whether TCN inhibits tumor growth in vivo,
equal numbers of PLC/PRF/5 cells were injected subcutaneously
into both flanks of the nude mice. Once the tumors reached a
palpable size (approximately 100 mm®), the mice were treated
daily for 45 days with ip injections of either the vehicle control
or4 mg/kg of TCN. At the end of 45 days, control tumors grew to
anaverage size of 1954 +98.2 mm?®, whereas TCN-treated tumors
had grown to 798 + 89.3 mm®. Tumor growth inhibition corre-
sponded to 59.2% growth (Figure 7A). Mean body weight
(Figure 7B) and tissue sections of lungs, livers, and kidneys did
not indicate any significant differences between vehicle- and
TCN-treated mice (data not shown).

To gain insight into the mechanism of TCN’s inhibition of
tumor growth in vivo, we harvested the PLC/PRF/5 tumor
xenografts from vehicle- and TCN-treated mice. We also ex-
tracted proteins to assess levels of phospho-JNK proteins. As
shown in Figure 7D, an increase of TUNEL-positive cells was
observed in the tumors of the TCN-treated mice when compared
to tumors taken from vehicle-treated mice. An increase of phos-
pho-JNK was also observed in tumors from the TCN-treated
group (Figure 7C).

DISCUSSION

This study is the first to show that TCN, a novel dietary
flavonoid from Myrtaceae pollen and Eucalyptus honey, inhibits
the growth of two human liver cancer cell lines, Hep G2 and PLC/
PREF/5, both in vitro and in vivo. Both Hep G2 and PLC/PRF/5
cells treated with TCN underwent apoptosis in a dose-dependent
manner.

Death receptor apoptotic pathways have been described as
important signals for apoptotic cell death for mammalian
cells (17). Following the treatment of Hep G2 and PLC/PRF/S
cells with TCN, we observed that TCN treatment increased the
expression of DRS. Also, caspase-8 activity was simultaneously
enhanced in DRS-up-expressing Hep G2 and PLC/PRF/5. More-
over, selective knockdown DRS expression by siRNA-based
inhibition approach also decreased the effects of TCN on the
activation of caspase-8 and apoptosis, suggesting that the co-
operation of DRS plays a crucial role in TCN-induced cell death
in human liver cancer cells.

Mitochondria are thought to be another pathway for apopto-
sis, and mitochondrial function is regulated through Bcl-2 family
proteins, composed of both antiapoptotic (Bcl-2, Bel-XL) and
proapoptotic members (Bax, Bak, Bim) (/7, 19). The BH3-only
Bim has been shown to function as a sensor to apoptotic
signals (/9). BH3-only proteins and BH3 peptides interact with
Bax and Bak, resulting in conformational changes, oligomeriza-
tion, and activation of Bax and Bak to permeabilize the mem-
branes (/9). Three major isoforms of Bim are generated by
alternative splicing: BimEL, BimL, and BimS (20). BimS is the
most cytotoxic and is generally only transiently expressed during
apoptosis (27). TCN treatment results in a significant increase of
Bax expression and a decrease of Bcl-2 and Bel-XL, suggesting
that changes in the ratio of proapoptotic and antiapoptotic Bel-2
family proteins might contribute to the apoptosis-promoting
activity of TCN. Moreover, TCN-induced up-regulation of BimL
and BimS protein appeared to correlate with translocation of
Bax, suggesting that Bim expression is closely associated with the
activation of Bax. In addition, our findings also showed a collapse
of AW, and activation of caspase-9 after Hep G2 and PLC/PRF/
5 cells were treated with TCN. These mitochondrial apoptotic
events play an important role in TCN-mediated apoptosis.

J. Agric. Food Chem., Vol. 58, No. 23,2010 12555

| TCN |
ROS
Antioxidants — I
P Bax
JNK = Bim %
I INKsiRNA ‘/Bax
DRS! 7&1—21 Bel-XLi
|
Cytochrome ¢
Caspase-8 '
Caspase-9

I'4
Apoptosis

Figure 8. Molecular mechanism of TCN-induced apoptosis. TCN caused
Hep G2 and PLC/PRF/5 cells to produce ROS, which increased the activation
and activity of JNK. The activation of JNK caused an enhanced effect on DR5
and Bax expression as well as Bim cleavage, resulting in apoptosis.

Enhancement of ROS production has long been associated
with the apoptotic response induced by several anticancer agents
(7,8, 22). The status of intracellular redox is regulated by anti-
oxidant enzymes (SOD, catalase, glutathione peroxidase) and
nonenzymatic antioxidants (GSH, vitamin C, thioredoxin) (5).
GSH is a major thiol—disulfide redox buffer that participates in
redox reactions by maintaining a reducing environment in the
cell. Up-regulation of GSH levels are an important factor in
protection against apoptosis and are associated with cancers
resistant to therapy (23, 24). Consequently, low GSH levels are
sometimes associated with mitochondrial dysfunction and induc-
tion of apoptosis, thereby decreasing cancer’s chemoresistance
(22, 25). ROS can cause apoptotic cell death via a variety of
mechanisms, among which the activation of stress kinases JNK
plays an important role. Our study showed that TCN-mediated
oxidative stress resulted mainly from GSH depletion. We further
observed that TCN generates ROS and activates JNK, resulting
in caspase-9 activation. Furthermore, these agents can regulate
ROS detoxification, such as the scavengers of oxygen-free radi-
cals vitamin C, and the H,O,-scavenging enzyme catalase, which
inhibits JNK activation and decreases apoptosis induced by
TCN. These data suggest that ROS accumulation contributes
to TCN-induced cell death in human liver cancer cells.

JNKSs have been implicated in the apoptotic response of cells
exposed to UV irradiation, heat shock, chemotherapy, and
proinflammatory cytokines (25, 26). A number of anticancer
drugs have been reported to kill liver cancer cells via the JNK
apoptotic pathway, so it is to be expected that blockade of JNK
activation could inhibit anticancer activity (27, 28). In addition,
inhibition of JNK by MKP-1 has been shown to inhibit che-
motherapy agent-induced apoptosis (29, 30). The proapoptotic
targets of the activated JNK are not clearly defined, but the
phosphorylation of transcription factors such as c-Jun and p53,
as well as pro- and antiapoptotic Bcl-2 family members such
as Bim, Bax, and Bcl-2, have been suggested to be of impor-
tance (25). In this paper, we have shown that treatment of Hep G2
and PLC/PREF/5 cells with TCN resulted in the accumulation of
phospho-JNK in both in vitro and in vivo cancer cells. This JNK
activation correlated well with the TCN-induced increase of
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JNK activity, as measured by the JNK substrate phospho-c-Jun.
Furthermore, we observed that blocking the TCN-induced acti-
vation of JNK by JNK siRNA prevents DRS enhancement, Bim
(BimL and BimS) expression, and Bax translocation, suggesting
that TCN-induced JNK activation contributes to both TCN-
induced death receptor and mitochondrial apoptotic pathways.
Moreover, the inhibition of JNK also prevented TCN-induced
apoptosis, further suggesting that the cooperation of JNK with
DR5 and mitochondrial apoptotic pathway plays a crucial role in
TCN-induced apoptosis.

In conclusion, our data indicate that human liver cancer cells
are highly sensitive to growth inhibition and apoptosis induction
by TCN. TCN-induced apoptosis is associated with mitochon-
drial and DRS5 cell death pathways, which are mediated by ROS
generation and, subsequently, JNK activation (Figure 8). The
proposed working models for the molecular basis, if confirmed,
would provide invaluable insights for approaches to the devel-
opment of effective chemotherapy by targeting appropriate signal
transducers.
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