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Abstract

Purpose 5, 7-dimethoxyflavone (DMF) has been reported

to induce apoptosis in various cancer cells. The aim of this

study was to examine whether DMF sensitizes human

hepatocellular carcinoma (HCC) cells to tumor necrosis

factor-related apoptosis-inducing ligand (TRAIL)-medi-

ated apoptosis and its mechanism.

Methods Human hepatocellular carcinoma cell lines

Hep3B, Huh-7, and Hep G2 and human embryo liver L-02

cells were cultured in vitro. The cytotoxic activities were

determined using MTT assay. The apoptotic cell death was

examined using Flow cytometry using PI staining and

DNA agarose gel electrophoresis. The activities of caspase-

3, caspase-8, and caspase-9 were measured using ELISA.

Intracellular ROS was measured by FCM using the fluo-

rescent probe DCHF-DA, and the expression of DR4, DR5,

CHOP, GPR78, and ATF4 proteins was analyzed using

Western blot.

Results Our results demonstrated subtoxic concentrations

of DMF sensitize HCC cells to TRAIL-induced apoptosis

and induce the death receptor 5 (DR5) expression level,

accompanying the generation of reactive oxygen species

(ROS) and the upregulation of CHOP, GPR78, and ATF4

protein expression. Pretreatment with N-acetylcysteine

(NAC) inhibited DMF-induced upregulation of DR5,

CHOP, GPR78, and ATF4 protein expression and blocked

the cotreatment-induced apoptosis. Furthermore, DMF-

mediated sensitization of HCC cells to TRAIL was reduced

by administration of a blocking antibody or small inter-

fering RNAs for DR5, salubrinal, an inhibitor of ER stress,

and the small interfering RNAs for CHOP. However, DMF

could not induce the upregulation of DR5 expression, gen-

eration of ROS, and sensitization of TRAIL-induced apop-

totic cell death in human embryo liver L-02 cells or normal

human peripheral blood mononuclear cells (PBMCs).

Conclusion The present study demonstrates that DMF

selectively enhances TRAIL-induced apoptosis by ROS-

stimulated ER-stress triggering CHOP-mediated DR5

upregulation in HCC.
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Introduction

Tumor necrosis factor (TNF)–related apoptosis-inducing

ligand (TRAIL), a member of the TNF family, is consid-

ered a promising anticancer agent due to its ability to

induce apoptosis in a variety of cancer cells but not in

normal cells [1–4]. TRAIL induces apoptosis in cancer

cells through the death receptor pathway [5]. TRAIL cross-

links with the death receptors DR4 or DR5, leading to

aggregation of the receptors, recruitment of the adaptor

molecule FADD, and activation of the initiator caspase-8

[6]. The activated caspase-8 is released into the cytoplasm

and initiates a protease cascade that activates effector

caspases, such as caspase-3 [7]. Recent studies have shown

that some cancer cells are resistant to the apoptotic effects

of TRAIL [8–10]. However, TRAIL-resistant cancer cells

can be sensitized by the combined treatment of chemo-

therapeutic drugs and TRAIL in vitro, indicating that

combination therapy may overcome TRAIL resistance in

cancer cells. Therefore, both the understanding of the
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molecular mechanisms of TRAIL resistance and the

development of strategies to sensitize these cancer cells to

induce TRAIL-triggered apoptosis are important issues for

effective cancer therapy.

Hepatocellular carcinoma (HCC) is the most common

type of liver cancer and is the fourth leading cause for

cancer deaths worldwide [11]. Surgical resection has been

considered the optimal treatment approach, but only a

small proportion of patients qualify for surgery, and there is

a high rate of recurrence. Approaches to prevent recurrence

have included chemoembolization and neoadjuvant therapy

before and after surgery, respectively, of which neither has

been proven to be beneficial [12]. Therefore, new thera-

peutic options are eagerly needed for more effective

treatment of HCC. Although TRAIL has attracted consid-

erable attention as a novel anticancer agent, recent studies

have shown that many cancer cells, including HCC cells,

are resistant to the apoptotic effects of TRAIL [13, 14].

Identification of the sensitizing agents capable of over-

coming this resistance may facilitate the establishment of

TRAIL-based combination regimens for the improved

treatment of HCC.

7-dimethoxyflavone (DMF) is a natural flavonoid, which

has been isolated from Myrtacea Leptospermum scoparium

Forst, Piper methysticum Forst, and other plant sources

[15–17]. Recently, many studies have shown that DMF is

considered to have anticancer potential and exerts cyto-

toxic effects in various cancer cells [18–20]. The cytotoxic

effects are due to the induction of apoptosis. Moreover,

DMF strengthens the toxic effects of chemotherapeutic

agents, such as daunorubicin [15], making it a useful

candidate agent for cancer treatment.

We show for the first time that DMF is a potent sensi-

tizer for TRAIL-induced apoptosis in HCC. Moreover, we

present the first evidence that subtoxic concentrations of

DMF upregulate the expression of DR5 via the generation

of reactive oxygen species (ROS)-stimulated ER-stress

triggering CHOP-mediated DR5 upregulation, leading to

the induction of TRAIL-mediated cell death in HCC but

not in human embryo liver L-02 cells and normal human

peripheral blood mononuclear cells (PBMCs).

Materials and methods

Chemicals

Recombinant human TRAIL (the non-tagged 19-kDa pro-

tein, amino acids 114–281) (R&D Systems, Minneapolis,

MN) was stored in aliquots at -80�C. 20,70-dichlorofluo-

rescein diacetate (DCFH-DA) was from Molecular Probes

(Eugene, OR). 5, 7-dimethoxyflavone (DMF), N-acetyl-

cysteine (NAC), and propidium iodide (PI) were from

Sigma (St. Louis, MO). The ER stress inhibitor salubrinal

was purchased from EMD Chemicals, Inc. (San Diego,

CA). Mouse monoclonal anti-CHOP (B-3) and rabbit

polyclonal ATF4 (CREB-2; C-20) antibodies were pur-

chased from Santa Cruz Biotechnology (Santa Cruz, CA).

Mouse monoclonal anti-GPR78 antibody was purchased

from BD Biosciences (San Jose, CA). The Apoptotic DNA

Ladder Detection Kit was from the Bodataike Company,

Beijing. The Caspase 3 Activity Detection Kit, Caspase 8

Colorimetric Activity Assay Kit 25, and Caspase 9

Colorimetric Activity Assay Kit were from Millipore

(Billerica, MA, U.S.A.). Caspase inhibitors, such as

zVADfmk, zDEVD-fmk, zIETD-fmk, and zLEHD-fmk,

were purchased from R&D Systems (Minneapolis, MN).

The human recombinant DR5/Fc chimera protein was from

Enzyme System Products (Livermore, CA).

Cells and cell culture

Human hepatocellular carcinoma cell lines Hep3B, Huh-7,

and Hep G2 and human embryo liver L-02 cells were

purchased from the China Centre for Type Culture

Collection (CCTCC; Wuhan, China). The cells were

maintained in Dulbecco’s modified Eagle’s medium (Life

Technologies, Grand Island, NY) supplemented with 10%

fetal bovine serum (FBS) (Invitrogen), 100 U/mL penicil-

lin, and 100 U/mL streptomycin in humidified atmosphere

with 5% CO2 at 37�C. Normal human peripheral blood

mononuclear cells (PBMCs) were isolated using Ficoll-

Paque (Amersham Biosciences, Uppsala, Sweden) density-

gradient centrifugation and were cultured in RPMI 1640

medium supplemented with 20% FBS. Peripheral blood

mononuclear cells were acquired from a healthy volunteer

after obtaining informed consent.

MTT assay

To quantify cytotoxic activities, metabolically active cells

were determined using the quantitative colorimetric MTT

assay. This assay was completed as described previously [21].

Flow cytometry using PI staining

The cellular DNA was stained by applying 250 lL of pro-

pidium iodide (50 lg/mL) for 30 min at room temperature.

The stained cells were analyzed by fluorescent-activated

cell sorting (FACS) on a FACScan flow cytometer for

relative DNA content.

DNA agarose gel electrophoresis

Cells were seeded at a density 4 9 106 cells/well in

250 mL culture flasks for 24 h and then treated with
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medium containing various concentrations of the test

or the control agents and 10% fetal bovine serum for

24 h. The assay was completed as described previously

[22].

Analysis of caspase-3, caspase-8,

and caspase-9 activities

The activities of caspase-3, caspase-8, and caspase-9 were

evaluated using the Caspase 3 Activity Detection Kit, the

Caspase 8 Colorimetric Activity Assay Kit 25, and the

Caspase 9 Colorimetric Activity Assay Kit, respectively.

Briefly, cell lysates were prepared after their respective

treatment with experimental agents. The assays were per-

formed in 96-well plates by incubating 20 lg of cell lysates

in 100 lL of reaction buffer (1% NP-40, 20 mM Tris–HCl

(pH 7.5), 137 mM NaCl, 10% glycerol) containing 5 lM

of the caspase-3 substrate Ac-DEVD-pNA, the caspase-8

substrate Ac-IETD-pNA, or the caspase-9 substrate

Ac-LEHD-pNA. Lysates were incubated at 37�C for 2 h.

Thereafter, the absorbance at 405 nm was measured with

an enzyme-labeling instrument (ELX-800 type). In the

caspase inhibitors assay, cells were pretreated with caspase

inhibitors (20 lM zVAD-fmk, zDEVD-fmk, zIETD-fmk,

or zLEHD-fmk) for 1 h prior to the addition of the agents

tested.

Small interfering RNA

The 25-nucleotide small interfering RNA (siRNA)

duplexes used in this study were purchased from Invitrogen

and had the following sequences: DR5 (E01), UUUAGC

CACCUUUAUCUCAUUGUCC; DR5 (E11), AUCAG

CAUCGUGUACAAGGUGUCCC, CHOP, 50-GAGCUCU

GAUUGACCGAAUGGUGAA-30 (470–494); and green

fluorescent protein (GFP), AAGACCCGCGCCGAGGU

GAAG. Cells were transfected with siRNA oligonucleo-

tides (30 nmol/L) using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s recommendations.

Measurement of ROS

Intracellular ROS accumulation was measured by FCM

using the fluorescent probe DCHF-DA as previously

described [22]. Cells were plated at a density of 5 9 105 in

60-mm dishes, allowed to attach for 24 h, and exposed to

10 mmol/L NAC alone, 10 lmol/L DMF alone, or NAC

plus DMF for specified time intervals. The cells were

stained with 10 lmol/L DCFH-DA for 10 min at 37�C.

The fluorescence intensity of dichlorofluorescein in cells

was determined using a flow cytometer (American BD

Company, FACS 420).

Western blot analysis

Western blot analysis was carried out as previously

described [22]. Anti-DR5, anti-DR4 (Santa Cruz Biotech-

nology, Santa Cruz, CA), and b-actin (Sigma) rabbit

polyclonal antibodies were used as primary antibodies. The

signals were detected using an ECL Advance Western blot

analysis system (Amersham Pharmacia Biotech Inc.,

Piscataway, NJ, USA).

Statistical analysis

Data represent the mean ± SD for triplicate experiments

and were analyzed using the Student’s t test. Differ-

ences were considered significant from the controls when

P \ 0.05.

Results

Subtoxic concentrations of DMF sensitize HCC

to TRAIL-induced apoptosis

The cytotoxic activity of TRAIL was tested in three HCC cell

lines, Hep3B, Huh-7, and Hep G2. Treatment with

50–200 ng/mL TRAIL induced a limited cell viability

inhibition (\15%) for 24 h, suggesting that these HCC cells

are resistant to the cytotoxic effects of TRAIL. Next, we

examined the cytotoxic effects of DMF alone or in combi-

nation with TRAIL in these cells. The cellular activity to

reduce 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoli-

um bromide (MTT) was slightly decreased in the DMF alone

group. However, cell viability was significantly reduced by

the combined treatment of a fixed TRAIL concentration and

a varying concentration of DMF and when holding the

concentration of DMF fixed and varying TRAIL (Fig. 1a–c).

These results show that the combined treatment with sub-

toxic concentrations of DMF and TRAIL effectively induces

cytotoxicity in the tested HCC cell lines. We then investi-

gated whether apoptotic cell death is induced by a combi-

nation of DMF and TRAIL using flow cytometry, which

detects the increase in hypodiploid cell populations.

Cotreatment of Hep3B cells with 5 lmol/L DMF and TRAIL

(25, 50, 100 ng/mL) for 24 h significantly increased the

accumulation of sub-G1 phase cells, whereas treatment with

DMF or TRAIL alone did not affect this population of cells

(Fig. 1d). The increase in the sub-G1 population in Hep 3B

cells began at 12 h and peaked at 24 h (Fig. 1e). Further-

more, DNA fragmentation analysis by agarose gel electro-

phoresis showed a typical ladder pattern of internucleosomal

DNA fragmentation in Hep3B cells cotreated with 5 lmol/L

DMF and 100 ng/mL TRAIL but not in cells treated with
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DMF or TRAIL alone (Fig. 1f). Collectively, these results

suggest that DMF stimulates TRAIL-induced apoptosis in

HCC.

Activation of caspase-8 is required for the induction

of apoptosis by combined treatment with DMF

and TRAIL in HCC

We next examined whether caspases were actually acti-

vated during the induction of apoptotic cell death by the

combined treatment with DMF and TRAIL in HCC cells.

Treatment of HCC cells with 5 lmol/L DMF alone for

24 h did not induce any activity of caspase-3, caspase-8,

and caspase-9. In response to TRAIL, the activities of

caspase-3, caspase-8, and caspase-9 did not change.

However, the combined treatment of DMF and TRAIL

induced the activation of caspase-3 and caspase-8 and

slightly activated caspase-9 (Fig. 2a–c).

We next examined which caspase was specifically

activated in response to DMF and TRAIL treatment using

caspase inhibitors, including the pancaspase inhibitor

zVAD-fmk, the caspase-3 inhibitor zDEVD-fmk, the cas-

pase-8 inhibitor zIETD-fmk, and the caspase-9 inhibitor

zLEHD-fmk. As shown in Fig. 2d, zVAD-fmk, zDEVD-

fmk, and zIETD-fmk decreased the level of activity of

caspase-3 induced by the combined treatment of DMF and

TRAIL, but zLEHD-fmk had no effect. zVAD-fmk and

zIETD-fmk can simultaneously completely block caspase-

8 activation, and zDEVD-fmk partially blocked the acti-

vation of caspase-8; however, zLEHD-fmk did not affect

Fig. 1 Effects of DMF and/or TRAIL on hepatocellular carcinoma

cell viability. a–c Hepatocellular carcinoma cells were treated with 5,

7-dimethoxyflavone (DMF) for 30 min and further treated with or

without TRAIL for 24 h at the indicated concentrations. Cellular

viability was assessed using the MTT assay. Columns average of three

individual experiments, bars SD. d Hep 3B cells were treated with

5 lmol/L DMF alone, 25, 50, 100 ng/mL of TRAIL alone for 24 h, or

treated with 5 lmol/L DMF for 30 min before treated with 25, 50,

100 ng/mL of TRAIL for 24 h. To examine the effect of the inhibition

of caspases, Hep 3B cells were pretreated with 20 lmol/L z-IETD-

fmk for 30 min and further treated as described above. The DNA

contents of the cells were analyzed by flow cytometry. Data shown

are the mean ± SD (n = 3). *P \ 0.05; **P \ 0.01 vs. 0.1% DMSO;

#P \ 0.05; ##P \ 0.01 vs. treatment with DMF or TRAIL alone;
$P \ 0.05 vs. treatment with DMF followed by TRAIL. e Hep 3B

cells were pretreated with 5 lmol/L DMF for 30 min followed by

treated with 25, 50, 100 ng/mL of TRAIL for the indicated times. The

DNA contents of the cells were analyzed by flow cytometry. Columns
average of three individual experiments, bars SD. **P \ 0.01;

***P \ 0.001 vs. treatment at 0 and 6 h, respectively; #P \ 0.05 vs.

treatment with 5 lmol/L DMF followed by 25 ng/mL TRAIL. f Hep

3B cells were treated 5 lmol/L DMF alone, 100 ng/mL of TRAIL

alone for 24 h, or pretreated with 5 lmol/L DMF for 30 min followed

by treated with 100 ng/mL of TRAIL for 24 h.. Fragmented DNA

was extracted from the treated cells and analyzed on a 1.8% agarose

gel
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the activation state of caspase-8 (Fig. 2e). Correspond-

ingly, we found that caspase-9 was slightly activated in

cells treated with DMF and TRAIL but not in cells treated

with DMF and TRAIL in the presence of z-IETD-fmk,

zVAD-fmk, and zLEHD-fmk (Fig. 2f). Collectively, these

results suggest that DMF with the addition of TRAIL

induces caspase-8 activation upstream of caspase-9

activation.

We further examined the role of caspase-8 activation

during apoptosis using the caspase-8 inhibitor z-IETD-

fmk. As shown in Fig. 2d, treatment with DMF and

TRAIL induced the activation of caspase-3. z-IETD-fmk

interrupted the activation of caspase-3 induction by DMF

and TRAIL. In addition, we carried out cell apoptotic

analysis using z-IETD-fmk in Hep 3B cells. As shown in

Fig. 1d and f, z-IETD-fmk rescued the increase of cell

apoptotic death by the DMF and TRAIL treatment.

These data indicate that the apoptosis induced by

treatment with DMF and TRAIL is dependent on cas-

pase-8 activation.

DMF upregulates DR5 in HCC

It is well known that TRAIL interacts with the death

receptors DR4 and DR5 to trigger apoptotic signaling,

and caspase-8 plays a central role in the apoptosis med-

iated by death receptors, especially DR5 [23–25]. To

assess the molecular mechanisms underlying the syner-

gistic induction of apoptosis by the combined treatment of

DMF and TRAIL in HCC cells, we found that the treat-

ment of Hep 3B cells with DMF induced a dose-depen-

dent increase in the protein levels of DR5 (Fig. 3a).

However, with the same conditions, the protein level of

DR4 did not change (data not shown). The increase in

DR5 expression occurred as early as 6 h after treatment

and, therefore, preceded the increase of hypodiploid cell

Fig. 2 Effects of DMF and/or TRAIL on the caspase activities of

hepatocellular carcinoma cells. a–c The enzymatic activities of

caspase-3, caspase-8, and caspase-9 were determined by the incuba-

tion of 20 lg of total protein with 200 lmol/L chromogenic substrate

(Ac-DEVD-pNA or Ac-IETD-pNA or Ac-LEHD-pNA) in 100 lL

assay buffer for 2 h at 37�C. The release of chromophore p-nitroan-

ilide (pNA) was monitored by a spectrophotometer (405 nm). Data

shown are the mean ± SD (n = 3). *P \ 0.01 vs. 0.1% DMSO;

#P \ 0.05 vs. treatment with DMF and TRAIL alone. d–f Hepatocel-

lular carcinoma cells were preincubated with the pancaspase inhibitor

zVAD-fmk, the caspase-3 inhibitor zDEVD-fmk, the caspase-8

inhibitor zIETD-fmk, and the caspase-9 inhibitor zLEHD-fmk prior

to treatment with 5 lmol/L DMF for 30 min and then treatment with

100 ng/mL TRAIL for other 24 h. Data shown are the mean ± SD

(n = 3). *P \ 0.05, **P \ 0.01 vs. 0.1% DMSO; #P \ 0.05;
##P \ 0.01 vs. other combined treatment
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populations after 12 h of treatment in Hep 3B cells

(Figs. 2e, 3b). Consistent with this, treatment with

5 lmol/L DMF for 24 h significantly increased DR5

protein levels in other HCC cell lines, such as Hep G2

and Huh-7 (Fig. 3c), showing that upregulation of the

DR5 TRAIL death receptor is a common response of

HCC cells to DMF treatment.

To clarify the functional role of DR5 in stimulation of

TRAIL-induced apoptosis by DMF, we examined the

effect of a DR5-specific blocking chimera antibody on

DMF/TRAIL-induced apoptosis. Addition of a DR5-spe-

cific blocking antibody inhibited the DMF/TRAIL-induced

increase in the sub-G1 population in Hep3B cells (Fig. 3d).

Furthermore, suppression of DR5 expression by the trans-

fection of Hep3B cells with siRNA for DR5 also effec-

tively inhibited the DMF-stimulated upregulation of DR5

and TRAIL-induced cell death (Fig. 3e, f). These results

support the idea that the DMF-induced upregulation of

DR5 is critical for the enhancement of TRAIL sensitivity in

HCC cells.

Fig. 3 DMF increases DR5 protein levels in hepatocellular carci-

noma cell lines. a DMF-induced DR5 upregulation in Hep3B cells.

Hep3B cells were treated with the indicated concentrations of DMF

for 24 h, and Western blotting of DR5 and the loading control b-actin

was completed. b Hep3B cells were treated with 5 lM DMF for the

indicated times, and Western blotting of DR5 and the loading control

b-actin was completed. c The indicated hepatocellular carcinoma cell

lines were treated with 5 lM DMF for 24 h, and Western blotting of

DR5 and the loading control b-actin was completed. d The effect of

DR5-specific blocking chimera antibody on DMF/TRAIL-induced

apoptosis. Hep3B cells were pretreated with or without 5 lmol/L

DMF for 30 min followed by treatment with or without 100 ng/mL

TRAIL for 24 h in the presence of the indicated concentrations of a

DR5-specific blocking chimera antibody. The sub-G1 population was

measured using flow cytometry. e Hep3B cells were transfected with

30 nmol/L of GFP siRNA or two different siRNA duplexes against

DR5 mRNA. Twenty-four hours after the transfection, the cells were

treated with 5 lmol/L DMF for 24 h. Western blotting of DR5 was

completed to confirm the down regulation of DR5 by siRNA

transfection. b-actin levels were assessed to show equal gel loading.

f The suppression of DR5 expression by siRNAs reduces DMF-

stimulated TRAIL-induced apoptosis in Hep3B cells. Hep3B cells

were transfected with siRNAs, incubated for 24 h, and further treated

with or without 5 lmol/L DMF for 30 min followed by 100 ng/mL

TRAIL for 24 h. The sub-G1 population was measured using flow

cytometry
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DMF-induced ROS generation plays a critical role

in the upregulation of DR5 and the induction of cell

death by cotreatment with DMF and TRAIL

Many antineoplastic agents eliminate tumor cells by induc-

ing apoptosis, and numerous investigations have docu-

mented that oxidative stress-mediated cellular changes are

frequently induced in cells exposed to cytotoxic drugs, UV or

c-irradiation [26, 27]. Therefore, we examined whether DMF

affects the cellular levels of peroxide and/or anion super-

oxides by measuring the changes in fluorescence using

DCFH-DA. DCFH-DA-based FACS detection revealed that

intracellular ROS levels increased in Hep3B cells following

treatment with 2.5–10 lmol/L DMF for 3 h (Fig. 4a).

Increased dichlorofluorescein (DCF) fluorescence was

detected as early as 30 min after treatment with 10 lmol/L

DMF, which peaked at 3 h and diminished afterward

(Fig. 4b). NAC is a widely used thiol-containing antioxidant

that is a precursor of reduced glutathione (GSH). Glutathione

scavenges ROS in cells by interacting with OH- and H2O2,

affecting ROS-mediated signaling pathways. The DMF-

induced increases in ROS production were completely

blocked by pretreatment with 10 mM NAC (Fig. 4a). Next,

we examined the role of DMF-induced ROS generation in

the upregulation of DR5. Western blotting showed that

pretreatment with NAC caused a significant dose-dependent

inhibition of DMF-induced upregulation of the DR5 protein

(Fig. 4c). We also tested whether treatment of HCC cells

with H2O2 could elevate DR5 protein levels. We found that

H2O2 dose-dependently increased the protein levels of DR5

in Hep 3B cells (Fig. 4d). Collectively, these results clearly

show that DMF-induced upregulation of DR5 requires the

generation of ROS. We next tested whether scavenging of

ROS could attenuate the apoptotic cell death induced by

cotreatment with DMF and TRAIL. Pretreatment of Hep 3B

cells with NAC dose-dependently blocked cell death induced

by the combination of DMF and TRAIL (Fig. 4e), suggest-

ing that ROS generation is required for the induction of cell

death. Taken together, these results indicate that DMF-

induced ROS generation plays a key role in its ability to

upregulate DR5 and, therefore, contributes to its dramatic

enhancement of TRAIL-induced apoptosis.

DMF increases CHOP expression leading to DR5

upregulation involves ROS and ER stress

Recently, it has been demonstrated that the synthetic

cannabinoid R-(?)-(2,3-dihydro-5-methyl-3-[(4-morpholi-

nyl)methyl]pyrol[1,2,3-de]-1,4-benzoxazin-6-yl)-(1-napht-

halenyl) methanone mesylate (WIN 55,212-2) sensitizes

HCC cells to apoptosis mediated by tTRAIL by the

induction of DR5 via CCAAT/enhancer binding protein

homologous protein(CHOP) [28]. We speculate that CHOP

should also contribute to DMF-induced apoptosis in HCC

cells. By Western blot analysis, we detected a time-

dependent CHOP induction accompanied by DR5 upreg-

ulation in cells exposed to DMF (Fig. 5a). To test whether

CHOP induction is involved in mediating DMF-induced

DR5 upregulation, we silenced CHOP expression via siR-

NA transfection to block DMF-induced CHOP expression.

As presented in Fig. 5b, we detected CHOP induction in

cells transfected with the control siRNA, but not or only

minimally in CHOP siRNA-transfected cells after exposing

to DMF, indicating a successful silencing of CHOP

expression. Accordingly, we detected DR5 upregulation

only in control siRNA-transfected cells when treated with

DMF. Thus, these data clearly indicate that DMF-induced

DR5 upregulation is secondary to CHOP induction. Next,

we demonstrated the sub-G1 population in CHOP siRNA-

transfected cells significantly reduced compared with that

in control siRNA-transfected Hep 3B cells using flow

cytometry analysis, when exposed to DMF followed by

TRAIL (Fig. 5c). These results collectively indicate that

blockade of CHOP induction attenuates the cotreatment

with DMF- and TRAIL-induced apoptosis. Thus, we con-

clude that CHOP induction contributes to DMF-stimulated

induction of apoptosis by TRAIL.

Given that CHOP is known to be a featured ER stress

marker protein involved in ER stress-mediated apoptosis,

we further determined whether DMF induces ER stress.

DMF elevated the levels of GPR78 and ATF4 (Fig. 5a).

Together, these results suggest that DMF induces ER

stress. To determine the impact of ER stress on DMF-

enhanced apoptosis induced by TRAIL, we compared the

effects of the cotreatment with DMF and TRAIL on the

induction of apoptosis in the absence and presence of

salubrinal, an inhibitor of ER stress-induced apoptosis.

Salubrinal (50 lmol/L) significantly protected Hep 3B

cells from the cotreatment with DMF- and TRAIL-induced

cell death. Thus, it appears that ER stress is involved in the

cotreatment with DMF- and TRAIL-induced apoptosis.

Moreover, we examined the role of DMF-induced ROS

generation in the induction of ER stress and the expression

of CHOP. Western blotting showed that pretreatment with

NAC caused inhibition of DMF-induced upregulation of

CHOP, GPR78, and ATF4 proteins (Fig. 5d). These data

suggest that induction of ER stress and CHOP protein

expression seem to be associated with the generation of

ROS by DMF treatment.

Combined treatment with DMF and TRAIL

did not induce apoptosis in human embryo

liver L-02 cells and PBMCs

Because we found that the combined treatment with

DMF and TRAIL strongly induced apoptosis in HCC
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cells, we next examined the effect of the treatment on

normal human cells. The recombinant human TRAIL

was reported to induce massive apoptosis in normal

human liver hepatocytes despite the demonstration that

only the polyhistidine tagged or leucine zipper motif

containing versions of recombinant human TRAIL with

low zinc contents are toxic to the normal cells [29–32].

In addition, the side effects of chemotherapeutic agents

on hematopoietic cells are a major problem during

clinical treatment. Thus, we used human embryo liver

L-02 cells and normal human PBMCs as models. Inter-

estingly, the combination of DMF and TRAIL did not

induce apoptosis in L-02 cells and normal human

PBMCs (Fig. 6a). Furthermore, in L-02 cells and normal

Fig. 4 ROS generation is critical for DMF-induced DR5 upregula-

tion and DMF/TRAIL-induced cell death in hepatocellular carcinoma

cells. a The mean fluorescence intensity of DCF was measured by

FCM using a DCFH-DA fluorescence probe of Hep 3B cells treated

with 2.5, 5.0 or 10.0 lM DMF in the presence or absence of 10 mM

NAC for 3 h. Data shown here were the results of three independent

experiments, expressed as the mean ± SD, n = 3. **P \ 0.01;

***P \ 0.001 vs. 0.1% DMSO; ###P \ 0.001 vs. pretreatment with

10 mM NAC followed by cotreatment of 10 mM NAC and 10.0 lM

DMF. b Hep 3B cells were treated with 10.0 lM DMF at the

indicated times, and then ROS generation was tested by FCM using a

DCFH-DA fluorescence probe. Data shown here were the results of

three independent experiments, expressed as the mean ± SD, n = 3.

**P \ 0.01; ***P \ 0.001 vs. treatment at 0 h; #P \ 0.05 vs.

treatment at other indicated times. c NAC treatment blocks DMF-

induced increases in DR5 protein levels. Hep3B cells were pretreated

with NAC at the indicated concentrations for 30 min and further

treated with or without 5 lmol/L DMF for 24 h. Cell extracts were

prepared for Western blotting of DR5, and b-actin was used as a

loading control. Representative of three independent experiments.

d Effect of H2O2 on DR5 protein levels. Cell extracts were prepared

from Hep3B cells treated with the indicated concentrations of H2O2

for 24 h, and Western blotting of DR5 and the loading control b-actin

was completed. e Treatment with NAC blocks the cell death induced

by DMF ? TRAIL. Hep3B cells were pretreated with NAC at the

indicated concentrations for 30 min and further treated with 5 lmol/L

DMF for 30 min followed by treated with 100 ng/mL TRAIL for

24 h. The DNA contents of the cells were analyzed by flow

cytometry. Data shown are the mean ± SD (n = 3). *P \ 0.05;

**P \ 0.01; ***P \ 0.001 vs. 0.1% DMSO; #P \ 0.05; ##P \ 0.01;
###P \ 0.001 vs. treatment with DMF followed by TRAIL
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human PBMCs, DMF did not induce DR5 protein

expression and ROS generation (Fig. 6b, c).

Discussion

In this study, we investigated the ability of DMF, a natural

flavonoid, to enhance TRAIL-induced apoptosis in HCC.

We demonstrate for the first time that subtoxic concentra-

tions of DMF sensitize HCC cells to TRAIL-induced

apoptosis (Fig. 1). Furthermore, we examined whether the

combined treatment of DMF and TRAIL preferentially

induced caspase-8 activity (Figs. 1 and 2). The activation

of caspases plays an important role in apoptosis triggered

by various proapoptotic signals [33, 34]. It is generally

recognized that there are two major apoptotic pathways;

one involves death signals transduced through death

receptors, and the other relies on a signal from the mito-

chondria [22, 34]. Both pathways are involved in an

ordered activation of a set of caspases, which in turn cleave

cellular substrates leading to the morphological and bio-

chemical changes in apoptosis. The activation of caspase-8

and caspase-9 has been documented to play central roles in

mediating apoptosis signaled by death receptors and by

mitochondria, respectively [22, 34]. However, caspase-8

can activate the caspase-9-mediated apoptotic pathway via

activating or cleaving the Bid protein [33, 34]. In the

present study, we found that the combined treatment of

DMF and TRAIL activated caspase-8. The presence of the

caspase-8 inhibitor z-IETD-fmk abrogated the apoptosis

Fig. 5 DMF increases ER stress-related CHOP expression leading to

DR5 upregulation involves ROS and ER stress. a Hep 3B cells were

treated with 5 lmol/L DMF for the indicated time. The expressions of

CHOP, GPR78, ATF4, and DR5 proteins were analyzed using

Western blotting. b-actin was used as a loading control. b Hep3B

cells were transfected with 30 nmol/L of GFP siRNA or CHOP

siRNA duplexes against CHOP mRNA. Twenty-four hours after the

transfection, the cells were treated with 5 lmol/L DMF for 24 h. The

expressions of CHOP and DR5 proteins were analyzed using Western

blotting. b-actin was used as a loading control. c Hep 3B cells were

treated with 5 lmol/L DMF followed by 50 ng/mL TRAIL for 24 h at

presence or absence of 50 lmol/L salubrinal or 10 mM NAC or

30 nmol/L of CHOP siRNA duplexes. Data shown are the

mean ± SD (n = 3). *P \ 0.05; ***P \ 0.001 vs. 0.1% DMSO;
##P \ 0.01; ###P \ 0.001 vs. treatment with DMF followed by

TRAIL. d Hep 3B cells were treated with 10 mmol/L NAC for

30 min followed by 5 lmol/L DMF for 24 h. The expressions of

CHOP, GPR78, ATF4, and DR5 proteins were analyzed using

Western blotting. b-actin was used as a loading control
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induced by the combined treatment of DMF and TRAIL,

indicating that caspase-8 activation is required for the

apoptosis induced by DMF and TRAIL in HCC cells

(Figs. 1 and 2). Moreover, DMF upregulated DR5

expression, and silencing of DR5 expression using a DR5

siRNA abrogated the combined treatment of DMF and

TRAIL-induced apoptosis, which shows that DR5 upreg-

ulation is required for DMF and TRAIL-induced apoptosis

(Fig. 3). Therefore, we conclude that the combined treat-

ment with DMF and TRAIL induces DR5-mediated cas-

pase-8 activation and the induction of apoptosis in HCC

cells. Thus, our results, for the first time, highlight a novel

death receptor-mediated mechanism by which the com-

bined treatment with DMF and TRAIL induces apoptosis in

HCC cells.

Recently, it has been suggested that oxidative stress

plays a role as a common mediator of apoptosis [34]. We

and other groups reported that some flavonoids generate

reactive oxygen intermediates in cancer cells [22, 35]. The

accumulation of intercellular ROS leads to the disruption of

the mitochondrial membrane potential, the release of cyc-

tochrome c into the cytosol with subsequent activation of

the caspase cascade, and ultimately to apoptosis [36]. In this

study, we demonstrate that exposure of Hep 3B cells to 2.5,

5.0, or 10 lmol/L DMF induces ROS generation. DMF-

induced ROS generation was evident as early as 30 min and

peaked at 3 h after treatment with DMF, whereas a signif-

icant increase in protein levels of DR5 was observed only

after 6 h. Pretreatment with NAC blocked the DMF-

induced increase in DR5 expression. In addition, treatment

with H2O2 significantly enhanced DR5 protein levels.

Finally, pretreatment of Hep 3B cells with NAC blocked the

induction of cell death by the combined treatment of DMF

and TRAIL. These results collectively show that ROS act as

upstream signaling molecules for the initiation of DMF-

induced DR5 expression and are critical for the sensitization

of the cells to TRAIL-induced apoptosis.

In addition, several papers have reported that ER stress-

mediated C/EBP homologous protein (CHOP) is a potential

transcription factor for DR5 [28, 37]. Here, we provide

evidence that the CHOP transcription factor is critical for

DMF-induced DR5 upregulation. First, DMF induces

CHOP expression (Fig. 5a). Second, siRNA-mediated

CHOP knockdown significantly blocks DMF-induced DR5

upregulation (Fig. 5b). Third, siRNA-mediated CHOP

knockdown significantly attenuated the induction of

apoptosis by combined treatment of DMF and TRAIL

(Fig. 5c). In our study, DMF also induces GPR78 and

ATF4 proteins (Fig. 5a), and salubrinal apparently protects

Hep 3B cells from the cotreated with DMF and TRAIL-

induced apoptosis (Fig. 5c). Thus, DMF upregulates DR5

via ER stress-related CHOP induction in HCC cells. The

study by Eom et al. shown that berberine induces apoptosis

via ER stress through the elevation of ROS in human

glioblastoma T98G cells [38]. Here, our results also

revealed that NAC caused inhibition of DMF-induced

upregulation of CHOP, GPR78, and ATF4 proteins

(Fig. 5d). These data suggest that generation of ROS seems

to be necessary for the induction of ER stress and CHOP

protein expression by DMF treatment. However, the

mechanism underlying DMF-induced ROS-dependent

CHOP upregulation in ER stress needs further

investigation.

Clinically, resistance to apoptosis is a major obstacle in

the chemotherapeutic treatments of cancers. The apoptosis-

inducing ability of the combined treatment of DMF and

TRAIL, in conjunction with its nontoxic nature, could

make it a potentially effective preventive and/or

Fig. 6 DMF did not induce the expression of DR5 or generation of

ROS, and DMF/TRAIL did not induce apoptosis in human embryo

liver L-02 cells and PBMCs. a L-02 cells and PBMCs were treated

with 5 lmol/L DMF, 100 ng/mL TRAIL or in combination for 24 h

and analyzed by flow cytometry. The columns represent the mean

from three independent experiments, and the bars represent the

standard deviation. b L-02 cells and PBMCs were treated with

10 lmol/L DMF for 24 h, and Western blotting of DR5 and the

loading control b-actin was completed. c The mean fluorescence

intensity of DCF was measured by FCM using a DCFH-DA

fluorescence probe in L-02 cells and PBMCs treated with 5 lmol/L

DMF, 100 ng/mL TRAIL or in combination for 3 h. Data shown here

were the results of three independent experiments expressed as the

mean ± SD, n = 3
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therapeutic tool against tumor progression. Moreover, the

combination of DMF and TRAIL demonstrated consider-

able cytotoxicity not only in human hepatoma cells with

wild-type p53 (Hep G2 cells; Ref. [38]) but also in those

with mutant p53 [Huh-7 cells, Hep3B (p53 deleted)]

commonly caused by DR5 upregulation. These results

suggest that this combined treatment of DMF and TRAIL

could be useful for HCC cells whose p53 function has been

compromised by aflatoxin B-mediated mutations or by

binding of the X protein of the hepatitis B virus [36, 39].

Thus, in terms of a clinical perspective, the combination of

DMF and TRAIL may be a novel strategy for the treatment

of a variety of human cancers that are resistant to chemo-

therapy. However, the potential clinical implications of our

studies will depend on whether DMF can be given safely to

humans at high enough doses to achieve pharmacologically

active levels. Clinical trials of oral flavonoids cannot be

utilized because of poor bioavailability due to their rapid

metabolism in liver and intestinal wall. However, Walle

et al. [37, 40] reported that DMF was clearly detected in

plasma with a peak concentration of 2.5 ± 0.8 lM

(mean ± SEM) at 1 h after gavage (5 mg/kg each) in a rat

in vivo model. The area under the plasma concentration–

time curve was 58.8 lg mL-1 min. DMF was also clearly

detected in liver, lung, and kidney tissues, with concen-

trations in the liver exceeding those in the plasma by as

much as sevenfold, i.e., 16.5 ± 5 lM at 1 h after the dose.

The liver, which showed the highest accumulation of DMF,

is predicted to be a site where DMF might exert its greatest

activity. Therefore, additional in vivo studies are needed to

evaluate the applicability of DMF as a chemopreventive

and/or therapeutic agent for cancer.

The study by Walle et al. [37, 40] demonstrated that

DMF was a 10 times more potent inhibitor of cell prolif-

eration (IC50 values 5–8 microM) than the corresponding

unmethylated analogs of chrysin. Importantly, DMF

inhibited the proliferation of the cancer cell lines, including

oral squamous cell carcinoma SCC-9 cells and breast

cancer MCF-7 cells, and had very little effect on two

immortalized normal cell lines, virus-transformed normal

human esophageal epithelial HET-1A cells, and virus-

transformed normal human lung epithelial BEAS-2B cells.

In the present study, we showed that the combined treat-

ment of DMF and TRAIL was specific to the induction of

apoptosis in human HCC cells but not in L-02 cells and

PBMCs (Figs. 1, 5), although the mechanism of the

selective induction of apoptosis needs to be investigated.

Our findings suggest that the combined treatment of DMF

and TRAIL may be an effective low toxic therapeutic

strategy for specific cancers.

In conclusion, DMF selectively enhances TRAIL-

induced apoptosis associated with ROS-triggered ER

stress-related CHOP-mediated DR5 upregulation in HCC

cells, and the use of TRAIL in combination with subtoxic

doses of DMF may provide an effective therapeutic strat-

egy for safely treating hepatocellular carcinoma.

Acknowledgments The work was supported by the Major Project

of Scientific Research Fund of Hunan Province Education Department

(NO. 09A054).

References

1. Wicker CA, Sahu RP, Kulkarni-Datar K, Srivastava SK, Brown TL

(2010) BITC sensitizes pancreatic adenocarcinomas to TRAIL-

induced apoptosis. Cancer Growth Metastasis 2009:45–55

2. Tiwary R, Yu W, Li J, Park SK, Sanders BG et al (2010) Role of

endoplasmic reticulum stress in alpha-TEA mediated TRAIL/

DR5 death receptor dependent apoptosis. PLoS One 5:e11865

3. Sung B, Ravindran J, Prasad S, Pandey MK, Aggarwal BB (2010)

Gossypol induces death receptor-5 through activation of ROS-

ERK-chop pathway and sensitizes colon cancer cells to trail.

J Biol Chem 285:35418–35427

4. Seo SB, Hur JG, Kim MJ, Lee JW, Kim HB et al (2010) TRAIL

sensitize MDR cells to MDR-related drugs by down-regulation of

P-glycoprotein through inhibition of DNA-PKcs/Akt/GSK-3beta

pathway and activation of caspases. Mol Cancer 9:199

5. do Lim Y, Park JH (2009) Induction of p53 contributes to

apoptosis of HCT-116 human colon cancer cells induced by the

dietary compound fisetin. Am J Physiol Gastrointest Liver

Physiol 296:G1060–G1068

6. Poulaki V, Mitsiades CS, McMullan C, Fanourakis G, Negri J

et al (2005) Human retinoblastoma cells are resistant to apoptosis

induced by death receptors: role of caspase-8 gene silencing.

Invest Ophthalmol Vis Sci 46:358–366

7. Srivastava RK (2001) TRAIL/Apo-2L: mechanisms and clinical

applications in cancer. Neoplasia 3:535–546

8. Wang S, El-Deiry WS (2003) TRAIL and apoptosis induction by

TNF-family death receptors. Oncogene 22:8628–8633

9. Ivanov VN, Bhoumik A, Ronai Z (2003) Death receptors and

melanoma resistance to apoptosis. Oncogene 22:3152–3161

10. Ozoren N, Fisher MJ, Kim K, Liu CX, Genin A et al (2000)

Homozygous deletion of the death receptor DR4 gene in a

nasopharyngeal cancer cell line is associated with TRAIL resis-

tance. Int J Oncol 16:917–925

11. Parkin DM (2001) Global cancer statistics in the year 2000.

Lancet Oncol 2:533–543

12. Carr BI (2004) Hepatocellular carcinoma: current management

and future trends. Gastroenterology 127:S218–S224

13. Shankar S, Srivastava RK (2004) Enhancement of therapeutic

potential of TRAIL by cancer chemotherapy and irradiation:

mechanisms and clinical implications. Drug Resist Updat

7:139–156

14. Yamanaka T, Shiraki K, Sugimoto K, Ito T, Fujikawa K et al

(2000) Chemotherapeutic agents augment TRAIL-induced

apoptosis in human hepatocellular carcinoma cell lines. Hepa-

tology 32:482–490

15. Patanasethanont D, Nagai J, Yumoto R, Murakami T, Sutthanut

K et al (2007) Effects of Kaempferia parviflora extracts and their

flavone constituents on P-glycoprotein function. J Pharm Sci

96:223–233

16. Wu D, Nair MG, DeWitt DL (2002) Novel compounds from

Piper methysticum Forst (Kava Kava) roots and their effect on

cyclooxygenase enzyme. J Agric Food Chem 50:701–705

17. Haberlein H, Tschiersch KP, Schafer HL (1994) Flavonoids from

Leptospermum scoparium with affinity to the benzodiazepine

Cancer Chemother Pharmacol (2012) 69:195–206 205

123



receptor characterized by structure activity relationships and in

vivo studies of a plant extract. Pharmazie 49:912–922

18. Wen X, Walle T (2007) Cytochrome P450 1B1, a novel che-

mopreventive target for benzo[a]pyrene-initiated human esopha-

geal cancer. Cancer Lett 246:109–114

19. Wen X, Walle UK, Walle T (2005) 5, 7-Dimethoxyflavone

downregulates CYP1A1 expression and benzo[a]pyrene-induced

DNA binding in Hep G2 cells. Carcinogenesis 26:803–809

20. Wen X, Walle T (2005) Preferential induction of CYP1B1 by

benzo[a]pyrene in human oral epithelial cells: impact on DNA

adduct formation and prevention by polyphenols. Carcinogenesis

26:1774–1781

21. Wang CK, Cao JG, Peng B, Gu YX, Zheng GP et al (2010)

Inhibition of growth and motility of human A549 lung carcinoma

cells by a recombined vascular basement membrane derived

peptide. Cancer Lett 292:261–268

22. Yang XH, Zheng X, Cao JG, Xiang HL, Liu F et al (2010)

8-Bromo-7-methoxychrysin-induced apoptosis of hepatocellular

carcinoma cells involves ROS and JNK. World J Gastroenterol

16:3385–3393

23. Bodmer JL, Holler N, Reynard S, Vinciguerra P, Schneider P et al

(2000) TRAIL receptor-2 signals apoptosis through FADD and

caspase-8. Nat Cell Biol 2:241–243

24. Sprick MR, Weigand MA, Rieser E, Rauch CT, Juo P et al (2000)

FADD/MORT1 and caspase-8 are recruited to TRAIL receptors 1

and 2 and are essential for apoptosis mediated by TRAIL receptor

2. Immunity 12:599–609

25. Kischkel FC, Lawrence DA, Chuntharapai A, Schow P, Kim KJ

et al (2000) Apo2L/TRAIL-dependent recruitment of endogenous

FADD and caspase-8 to death receptors 4 and 5. Immunity

12:611–620

26. Benov L, Sztejnberg L, Fridovich I (1998) Critical evaluation of

the use of hydroethidine as a measure of superoxide anion radical.

Free Radic Biol Med 25:826–831

27. LeBel CP, Ischiropoulos H, Bondy SC (1992) Evaluation of the

probe 20, 70-dichlorofluorescin as an indicator of reactive oxygen

species formation and oxidative stress. Chem Res Toxicol

5:227–231

28. Pellerito O, Calvaruso G, Portanova P, De Blasio A, Santulli A

et al (2010) The synthetic cannabinoid WIN 55, 212-2 sensitizes

hepatocellular carcinoma cells to tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL)-induced apoptosis by acti-

vating p8/CCAAT/enhancer binding protein homologous protein

(CHOP)/death receptor 5 (DR5) axis. Mol Pharmacol 77:854–863

29. Jo M, Kim TH, Seol DW, Esplen JE, Dorko K et al (2000)

Apoptosis induced in normal human hepatocytes by tumor

necrosis factor-related apoptosis-inducing ligand. Nat Med

6:564–567

30. Leverkus M, Neumann M, Mengling T, Rauch CT, Brocker EB

et al (2000) Regulation of tumor necrosis factor-related apopto-

sis-inducing ligand sensitivity in primary and transformed human

keratinocytes. Cancer Res 60:553–559

31. Lawrence D, Shahrokh Z, Marsters S, Achilles K, Shih D et al

(2001) Differential hepatocyte toxicity of recombinant Apo2L/

TRAIL versions. Nat Med 7:383–385

32. Qin J, Chaturvedi V, Bonish B, Nickoloff BJ (2001) Avoiding

premature apoptosis of normal epidermal cells. Nat Med

7:385–386

33. He Q, Huang Y, Sheikh MS (2004) Proteasome inhibitor MG132

upregulates death receptor 5 and cooperates with Apo2L/TRAIL

to induce apoptosis in Bax-proficient and -deficient cells. Onco-

gene 23:2554–2558

34. Woo JH, Kim YH, Choi YJ, Kim DG, Lee KS et al (2003)

Molecular mechanisms of curcumin-induced cytotoxicity: induc-

tion of apoptosis through generation of reactive oxygen species,

down-regulation of Bcl-XL and IAP, the release of cytochrome c

and inhibition of Akt. Carcinogenesis 24:1199–1208

35. Zou W, Liu X, Yue P, Zhou Z, Sporn MB et al (2004) c-Jun

NH2-terminal kinase-mediated up-regulation of death receptor 5

contributes to induction of apoptosis by the novel synthetic tri-

terpenoid methyl-2-cyano-3, 12-dioxooleana-1, 9-dien-28-oate in

human lung cancer cells. Cancer Res 64:7570–7578

36. Staib F, Hussain SP, Hofseth LJ, Wang XW, Harris CC (2003)

TP53 and liver carcinogenesis. Hum Mutat 21:201–216

37. Walle T, Ta N, Kawamori T, Wen X, Tsuji PA et al (2007)

Cancer chemopreventive properties of orally bioavailable flavo-

noids-methylated versus unmethylated flavones. Biochem Phar-

macol 73:1288–1296

38. Kim EH, Yoon MJ, Kim SU, Kwon TK, Sohn S et al (2008)

Arsenic trioxide sensitizes human glioma cells, but not normal

astrocytes, to TRAIL-induced apoptosis via CCAAT/enhancer-

binding protein homologous protein-dependent DR5 up-regula-

tion. Cancer Res 68:266–275

39. Lim JH, Park JW, Kim SH, Choi YH, Choi KS et al (2008)

Rottlerin induces pro-apoptotic endoplasmic reticulum stress

through the protein kinase C-delta-independent pathway in

human colon cancer cells. Apoptosis 13:1378–1385

40. Eom KS, Kim HJ, So HS, Park R, Kim TY (2010) Berberine-

induced apoptosis in human glioblastoma T98G cells is mediated

by endoplasmic reticulum stress accompanying reactive oxygen

species and mitochondrial dysfunction. Biol Pharm Bull

33:1644–1649

206 Cancer Chemother Pharmacol (2012) 69:195–206

123


	5, 7-Dimethoxyflavone sensitizes TRAIL-induced apoptosis through DR5 upregulation in hepatocellular carcinoma cells
	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Chemicals
	Cells and cell culture
	MTT assay
	Flow cytometry using PI staining
	DNA agarose gel electrophoresis
	Analysis of caspase-3, caspase-8, and caspase-9 activities
	Small interfering RNA
	Measurement of ROS
	Western blot analysis
	Statistical analysis

	Results
	Subtoxic concentrations of DMF sensitize HCC to TRAIL-induced apoptosis
	Activation of caspase-8 is required for the induction of apoptosis by combined treatment with DMF and TRAIL in HCC
	DMF upregulates DR5 in HCC
	DMF-induced ROS generation plays a critical role in the upregulation of DR5 and the induction of cell death by cotreatment with DMF and TRAIL
	DMF increases CHOP expression leading to DR5 upregulation involves ROS and ER stress
	Combined treatment with DMF and TRAIL did not induce apoptosis in human embryo liver L-02 cells and PBMCs

	Discussion
	Acknowledgments
	References


