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Abstract

Glioblastoma multiforme (GBM) is the most lethal and aggressive astrocytoma of primary brain 

tumors in adults. Although there are many clinical trials to induce the cell death of glioblastoma 

cells, most glioblastoma cells have been reported to be resistant to TRAIL-induced apoptosis. 

Here, we showed that gingerol as a major component of ginger can induce TRAIL-mediated 

apoptosis of glioblastoma. Gingerol increased death receptor (DR) 5 levels in a p53-dependent 

manner. Furthermore, gingerol decreased the expression level of anti-apoptotic proteins (survivin, 

c-FLIP, Bcl-2, and XIAP) and increased pro-apoptotic protein, Bax and truncate Bid, by 

generating reactive oxygen species (ROS).We also found that the sensitizing effects of gingerol in 

TRAIL-induced cell death were blocked by scavenging ROS or overexpressing anti-apoptotic 

protein (Bcl-2). Therefore, we showed the functions of gingerol as a sensitizing agent to induce 

cell death of TRAIL-resistant glioblastoma cells. This study gives rise to the possibility of 

applying gingerol as an anti-tumor agent that can be used for the purpose of combination treatment 

with TRAIL in TRAIL-resistant glioblastoma tumor therapy.
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Introduction

Glioblastoma multiforme (GBM) is classified as a grade IV astrocytoma by the World 

Health Organization (WHO) and is a very aggressive malignant astrocytoma that makes up 
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approximately 50% of all astrocytomas (Fuller, 2008; Ohgaki and Kleihues, 2005). As it is 

known from its name, GBM has morphologically multiple heterogeneous populations 

(Krakstad and Chekenya, 2010). Although there have been many radiotherapeutic and 

chemotherapeutic clinical trials to treat glioblastoma, prognosis of glioblastoma patients is 

very poor and the median survival rate is about 14.6 months (Stupp et al., 2005). Recently, 

combination therapies such as cocktail treatments that use more than 2 different anti-cancer 

drugs have been tried to increase the efficacy and survival rate (Doherty et al., 2006; Goudar 

et al., 2005; Rao et al., 2005; Reardon et al., 2006). For example, drugs that target both 

survival pathway and apoptotic pathway have simultaneously been used to improve the 

survival rate for GBM patients (Hawkins, 2004; Krakstad and Chekenya, 2010).

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) has been well 

known to mediate cellular apoptosis in a wide-range of tumor cell types (Aggarwal, 2003; 

Pitti et al., 1996). TRAIL binds to its receptor (death receptor (DR) 4/5) to induce receptor 

trimerization that can recruit downstream molecules such as Fas-associated protein with 

death domain (FADD) and eventually activate caspase cascade (caspases-8, 10, 9, and 3) to 

transmit cell death signaling (Aggarwal, 2003; Bellail et al., 2010). However, it has been 

reported that most glioblastoma cells showed resistance to apoptosis mediated by the TRAIL 

signaling pathway (Krakstad and Chekenya, 2010).

Gingerol, as a major pungent element of ginger, has been reported to exhibit anti-oxidant, 

analgesic, anti-pyretic, anti-inflammatory, and anti-tumorigenic activities (Oyagbemi et al., 

2010; Shukla and Singh, 2007). Gingerol has also been known to show anti-inflammatory 

potential by decreasing the expression level of inducible nitric oxide synthase (iNOS) and 

TNF-α (D.H. Lee et al., 2009; T.Y. Lee et al., 2009). Furthermore, the anti-tumorigenic 

effects of gingerol have been known to be exerted by the induction of apoptosis of tumor 

cells (Bode et al., 2001; Chakraborty et al., 2012; Lee and Surh, 1998). However, the 

detailed molecular mechanism of gingerol-induced apoptosis is still not clear.

Here, we identified that gingerol functions as a sensitizing agent to induce TRAIL-mediated 

apoptosis of glioblastoma cells which were resistant to apoptosis by TRAIL signaling. 

Especially, in non-cytotoxic concentrations gingerol efficiently induced cell death by 

TRAIL in glioblastoma cell lines. Furthermore, we revealed that the sensitizing function of 

gingerol was performed by elevating the expression level of death receptor (DR) 5, by 

decreasing the expression of anti-apoptotic proteins (survivin, c-FLIP, Bcl-2, and XIAP) and 

by inducing the levels of pro-apoptotic proteins (Bax and truncate Bid) in a p53- and 

reactive oxygen species (ROS)-dependent manner. Our effort in identifying gingerol as the 

agent that sensitizes TRAIL-mediated apoptosis in glioblastoma and understanding the 

molecular mechanisms of gingerol-sensitization provides us which an opportunity to make 

more effective drug combination therapies which are non-toxic to GBM patients.

Materials and methods

Cell culture

Human glioma U87, U343, and T98G, human prostate carcinoma LNCaP cells, human 

breast carcinoma MCF-7 cells, human liver carcinoma HepG2 cells and human cervical 
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carcinoma HeLa cells were purchased from American Tissue Type Culture Collection 

(Manassas, VA, USA). Cells were cultured in DMEM and RPMI 1640 medium (Invitrogen, 

Carlsbad, CA, USA) with 10% fetal bovine serum (HyClone, Logan, UT, USA), 1 mM L-

glutamine, and 26 mM sodium bicarbonate for monolayer cell culture. Primary cultures of 

human astrocyte cells (Cryo NHMC) and their corresponding growth medium (CC-3146 

MsGM) were purchased from Clonetics (San Diego, California, USA). p53-containing 

(p53+/+) and p53-deficient (p53−/−) HCT116 human colon carcinoma cell lines were kindly 

provided by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD, USA). These 

cell lines were cultured in McCoy's 5A medium (Gibco-BRL, Gaithersburg, MD, USA) 

containing 10% fetal bovine serum and antibiotics. The dishes containing cells were kept in 

a 37 °C humidified incubator with 5% CO2.

Reagents and antibodies

6-Gingerol was purchased from LKT Laboratories (St. Louis, MO, USA). Treatments of 

drugs were accomplished by aspirating the medium and replacing it with medium containing 

these drugs. Soluble human recombinant SuperKillerTRAIL (referred to as TRAIL in this 

manuscript) was purchased from Enzo Biochemicals (Enzo Life Sciences), diluted, and 

stored in KillerTRAIL storage and dilution buffer (Enzo Life Sciences). 6-Carboxy-2′,7′-

dichlorofluorescein diacetate (H2DCF-DA) and dihydroethidium (DHE) were from 

Molecular Probe. N-acetylcysteine was from Sigma. Anti-c-FLIP, anti-Bax, anti-Bcl-2, and 

anti-p53 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-

XIAP, anti-survivin, anti-Bid, anti-phospho ERK and anti-ERK, anti-phospho-p38, anti-p38, 

anti-cleaved caspase-3, anti-caspase-8, and anti-PARP-1 were purchased from Cell 

Signaling (Beverly, MA, USA). Anti-phospho JNK and anti-JNK were purchased from 

Upstate Biotechnology (Lake Placid, NY, USA). Anti-Flag M2 were purchased from Sigma 

(USA). Anti-DR4 and anti-DR5 were purchased from R&D Systems (Plymouth Metting, 

PA, USA). Anti-actin antibody was purchased from MP Biomedicals (Solon, OH, USA). 

For the secondary antibodies, anti-mouse-IgG-HRP and anti-rabbit-IgG-HRP were 

purchased from Santa Cruz Biotechnology.

Determination of cell viability and cytotoxicity assay

To determine the effect of gingerol on cell death, the trypan blue dye exclusion assay was 

used, as described previously (D.H. Lee et al., 2009; T.Y. Lee et al., 2009). Briefly, one or 

two days prior to the experiment, cells were plated into 60-mm dishes at a density of 1 × 105 

cells/plate in 5 ml tissue culture medium in triplicate. For the trypan blue exclusion assay, 

trypsinized cells were pelleted and resuspended in 0.2 ml of medium, 0.5 ml of 0.4% trypan 

blue solution and 0.3 ml of phosphate-buffered saline solution (PBS). The samples were 

mixed thoroughly, incubated at room temperature for 15 min, and examined under a light 

microscope. At least 300 cells were counted for each survival determination. The LDH assay 

and DNA fragmentation were performed using the Cytoxicity Detection kit and DNA 

fragmentation ELISA kit (Roche, Mannheim, Germany) according to the manufacturer's 

instructions.
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Measurement of reactive oxygen species

ROS generation was measured after staining the cells with 5-(and-6)-carboxy-2′,7′ 

dichlorodihydro-fluorescein diacetate (H2DCFDA) and dihydroethidium (DHE). U87 cells 

were plated at a density of 5 × 105 in 60-mm dishes, allowed to attach overnight, and 

exposed to 10 mM N-acetylcysteine (Lluis et al., 2010) alone, 25 μM gingerol alone, or 

NAC plus gingerol for specified time intervals. Samples were kept on ice at the end of the 

incubation period. The cells were stained with 10 μM H2DCFDA and dihydroethidium 

(DHE) for 40 min at 37 °C and then observed under a fluorescence microscope (Axiovert 

200M; Carl Zeiss).

Bcl-2 constructs and stable transfection

The human Bcl-2 cDNA fragment was digested from pCMV-Flag-Bcl-2 (Addgene) and the 

myc-DR5 expression plasmid (pcDNA3-myc-DR5), which was kindly provided by Dr. 

Y.J.Lee (University of Pittsburgh, PA, USA). The Bcl-2 cDNA fragment was digested with 

KpnI and XhoI and subcloned into the pcDNA 3.1 vector (Invitrogen, Carlsbad, CA, USA) 

and termed pcDNA 3.1-Bcl-2. The U87 cells were transfected in a stable manner with the 

pcDNA 3.1-Bcl-2 plasmid or the control plasmid pcDNA 3.1 using Lipofectamine as 

prescribed by the manufacturer (Invitrogen). After48 h of incubation, transfected cells were 

selected in primary cell culture medium containing 800 μg/ml G418 (Invitrogen). After 2 or 

3 weeks, to rule out the possibility of clonal differences between the generated stable cell 

lines, the pooled U87/pcDNA 3.1 and U87/Bcl-2 clones were tested for Bcl-2 expression by 

immunoblotting and were used in this study.

Small interfering RNA (siRNA)

Bcl-2 siRNA (Cat. No. SC-29214) and negative control siRNA (Cat. No. SC-37007) were 

obtained from Santa Cruz Biotechnology. Cells were transfected with siRNA 

oligonucleotides using Lipofectamine RNAi Max reagents (Invitrogen) according to the 

manufacturer's recommendations.

Analysis of cell surface DR4 and DR5

Indirect staining with primary rabbit anti-human DR4 or DR5 followed by FITC-conjugated 

IgG was used to analyze cells for the surface expression of DR4 and DR5. In brief, cells 

were detached with Trypsin-EDTA and washed three times with PBS wash buffer 

supplemented with 0.5% BSA. Cells were resuspended in 200 μl PBS, stained with primary 

antibody (1 μg/ml), and incubated for 30 min at 4 °C. Unreacted antibody was removed by 

washing the cells twice with PBS buffer. Cells were stained with secondary antibody 

conjugated with fluorescein isothiocyanate (FITC) and incubated for 30 min at 4 °C. 

Unbound FITC-conjugated antibody was washed twice with PBS. Cells were resuspended in 

200 μl PBS. Surface expression of DR4 and DR5 were determined by flow cytometry. 

Fluorescence intensity of the cells was directly proportional to the density of receptor.

Immunofluorescent staining

U87 cells were either treated or not with 25 μM gingerol for 24 h, stained with antibodies 

against DR5 and processed for fluorescence microscopy. In brief, cells were fixed with 4% 
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paraformaldehyde and incubated with monoclonal antibodies recognizing DR5 (Alexis 

Biochemicals, San Diego, CA, USA) 1 : 200 in PBS containing 0.1% Tween 20 and 5 

mg/ml BSA (PBST/BSA) followed by Alexa Fluor 488-conjugated anti-mouse IgG 

(Invitrogen, Carlsbad, CA, USA; 1 : 200 in PBST/BSA). Visualization was performed with 

Alexa fluorophore-conjugated secondary antibodies (1:1,000; Molecular Probes, Inc., 

Eugene, OR, USA).

Staining with AnnexinV-FITC analysis

Induction of apoptosis was assessed by the binding of Annexin V to phosphatidylserine, 

which is externalized to the outer leaflet of the plasma membrane early on during induction 

of apoptosis. Briefly, U87 cells untreated or treated with gingerol, TRAIL, or a combination 

of the two agents were resuspended for 24 h in the binding buffer provided in the Annexin 

V-FITC Detection Kit II (BD Biosciences Pharmingen, San Diego, CA, USA). Cells were 

mixed with 5 μL Annexin V-FITC reagent and incubated for 30 min at room temperature in 

the dark. Stained cells were analyzed by fluorescent-activated cell sorting on a FACS can 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Immunoblot analysis

Proteins were separated by SDS-PAGE and electrophoretically transferred to a 

nitrocellulose membrane. The nitrocellulose membrane was blocked with 5% nonfat dry 

milk in PBS–Tween-20 (0.1%, v/v) at 4 °C overnight. The membrane was incubated with 

primary antibody (diluted according to the manufacturer's instructions) for 2 h. Horseradish 

peroxidase conjugated anti-rabbit or anti-mouse IgG was used as the secondary antibody. 

Immunoreactive proteins were visualized by the chemiluminescence protocol (ECL, 

Amersham, Arlington Heights, IL, USA). ImageJ software (NIH) was used for 

quantification of intensities of western blot bands.

Caspase-3/7 assay

Caspase 3/7 activities were measured on untreated and drug-treated cells using the caspase 

Glo-3/7 assay kit (Promega). Briefly, 5 × 103 cells were plated in a white-walled 96-well 

plate, and the Z-DEVD reagent, the luminogenic caspase 3/7 substrate, containing a 

tetrapeptide Asp–Glu–Val–Asp, was added in a 1:1 ratio of reagent to sample. After 60 min 

at room temperature, the substrate cleavage by activated caspases-3 and -7, and the intensity 

of a luminescent signal, was measured using a Fusion-α plate reader (PerkinElmer). 

Differences in caspase-3/7 activity in drug-treated cells compared with untreated cells are 

expressed as fold-change in luminescence.

Statistical analysis

Statistical analysis was carried out using GraphPad InStat 5 software (GraphPad Software, 

Inc., San Diego, CA, USA). The results were expressed as the mean of arbitrary values ± 

SEM. All results were evaluated using an unpaired Student's t test, where a p-value of less 

than 0.05 was considered significant.
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Results

Gingerol can sensitize TRAIL-induced apoptosis in U87 glioblastoma cells

Previously, gingerol has been reported to induce apoptosis of several cell types such as 

human cervical cancer cells (HeLa), human promyelocytic leukemia cells (HL-60), and 

human colorectal carcinoma cells (HCT-116, SW480, and LoVo) (Chakraborty et al., 2012; 

Lee and Surh, 1998; Lee et al., 2008). However, these studies have used high doses of 

gingerol (200–500 μM) to induce cell death of each cell type and do not show the significant 

effects in cell growth arrest and apoptosis which are produced by using low doses of 

gingerol (20–25 μM) (Chakraborty et al., 2012; Lee and Surh, 1998; Lee et al., 2008). Prior 

to investigating the effect of combined treatment with gingerol and TRAIL on cell viability 

in U87 cells, we examined whether gingerol alone induces cytotoxicity. Cells were treated 

with various concentrations (10–100 μM) of gingerol for 24 h. As shown in Figs. 1A and B, 

gingerol induced cytotoxicity in a dose-dependent manner. Next, we examined the effect of 

gingerol (25 μM) in combination with 50 ng/ml TRAIL on cell viability (Figs. 1C, D, E). 

Single treatment of TRAIL and gingerol did not affect cell viability and did not induce 

apoptosis (annexin V (+) and PI (+)) in U87 glioblastoma cells (Figs. 1A, E, G). Also, they 

were no morphological changes of U87 cells compared to the control treatment (Fig. 1F). 

However, co-treatment of TRAIL and gingerol reduced cell viability and significantly 

increased apoptosis in U87 glioblastoma cells. Furthermore, these results were confirmed by 

intracellular apoptosis indicators (cleaved caspases-3 and -8, and PARP-1) (Fig. 1H). 

Therefore, these results indicate that in non-cytotoxic doses (25 μM), gingerol can increase 

TRAIL-induced apoptosis in TRAIL-resistant U87 glioblastoma cells.

Gingerol can increase the expression of death receptors (DR) 5 in a p53-dependent 
manner

Next, we investigated how gingerol can sensitize the effect of TRAIL in U87 cells. Death 

receptors (DR) 4 and 5 are well known as TRAIL receptors (de Wilt et al., 2013; Wang and 

El-Deiry, 2003). First, we checked the expression level of DR4 and DR5. As shown in Fig. 

2A, gingerol elevated the expression of DR5 and not DR4 in a dose- and time-dependent 

manner. FACS and immunocytochemical analyses also showed the increase of DR5 but not 

DR4 by treatment of gingerol in U87 glioblastoma cells (Fig. 2B). The same effect 

(elevation of DR5) of gingerol is also shown in the tumor cell lines of prostate cancer, breast 

cancer, liver cancer, and cervical cancer (Fig. 2C). To characterize the functional 

significance of DR5 upregulation in TRAIL-induced apoptosis, we employed a myc-DR5 

expression vector (Myc-DR5) to induce ectopic expression of DR5 in U87 cells. As shown 

in Fig. 2D, Myc-DR5-induced overexpression of DR5 in U87 cells enhanced TRAIL-

induced apoptosis compared with cells transfected with pcDNA. Recently, it has been 

reported that p53 can regulate DR5 expression but not DR4 in myeloma cells (Surget et al., 

2012). Thus, we checked the p53 dependency in DR5 expression by gingerol in U87 cells. 

As shown in Fig. 2E, gingerol increased p53 expression in a dose- and time-dependent 

manner. To figure out the p53 dependency, we investigated the level of DR5 in colorectal 

cancer cell lines (HCT116 (p53+/+) and (p53−/−)) (Bunz et al., 1998; Waldman et al., 

1995). Although DR4 expression did not change in both cell types, gingerol induced DR5 

expression in HCT116 (p53+/+) cells but not in HCT116 (p53−/−) cells (Fig. 2F). We also 
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found that gingerol synergized with TRAIL to increase cytotoxicity in HCT116 p53+/+, but 

not in HCT116 p53−/− cells (Fig. 2G). Therefore, these data suggest that the sensitizing 

effect of gingerol could be exerted by elevation of DR5 in a p53 dependent manner and 

gingerol might sensitize the effect of TRAIL-induced apoptosis in other cancer cell types as 

well.

Gingerol can regulate pro-apoptotic and anti-apoptotic signaling pathways in glioblastoma 
cells

Binding of TRAIL to death receptors has been known to lead to the activation of the 

apoptotic signaling pathway through cleavage of caspases and activation of pro-apoptotic 

proteins (Bax and Bak) (Manzo et al., 2009; Wu, 2009). Therefore, we investigated whether 

gingerol could affect the apoptotic pathway to show the sensitizing effect for apoptosis in 

glioblastoma cells. As shown in Fig. 3A, as the concentration of gingerol increased, the 

concentration of pro-apoptotic protein, Bax, and Bid dramatically decreased and levels of 

anti-apoptotic proteins such as XIAP, survivin, c-FLIP, and Bcl-2 were significantly reduced 

in U87 glioblastoma cells. In addition, phosphorylation of p38 and JNK, which are known to 

mediate apoptosis, was also increased by gingerol on U87 glioblastoma cells (Fig. 3B). 

Furthermore, when we checked the effect of gingerol in other glioblastoma cell lines, we 

found that gingerol can reduce anti-apoptotic protein Bcl-2 in U343 and T98G (Fig. 3C). 

These results indicate that the sensitizing effect of gingerol could be exerted by regulating 

pro-and the anti-apoptotic signaling pathways in TRAIL-resistant glioblastoma cells.

Reactive oxygen species (ROS) generation by gingerol can sensitize the pro-apoptotic 
signaling of TRAIL in U87 glioblastoma cells

Recently, gingerol has been reported to increase intracellular reactive oxygen species (ROS) 

in HepG2 cells (Yang et al., 2012). Therefore, we investigated the relationship between 

gingerol-mediated ROS generation and the sensitizing of gingerol effect in TRAIL-induced 

cell death of U87 glioblastoma cells. Through measurement of intracellular ROS and 

immunocytochemical analysis, we found that gingerol treatment led to intracellular ROS 

generation, and gingerol-mediated ROS generation was blocked by a ROS scavenger, N-

acetylcysteine (NAC) (Lluis et al., 2010) (Figs. 4A, B). In addition, regulation of pro- and 

anti-apoptotic proteins by gingerol was inhibited by NAC treatment (Fig. 4C). NAC 

treatment caused inhibition of the sensitizing effect of gingerol in TRAIL-induced cleavage 

of caspases-3 and -8 and PARP-1 of U87 glioblastoma cells (Fig. 4D). Therefore, these 

results suggest that the potentiating effect of gingerol in TRAIL-mediated apoptosis could 

be exerted by ROS generation in U87 glioblastoma cells.

Anti-apoptotic protein, Bcl-2 is important for the sensitizing effect of gingerol in TRAIL-
induced apoptosis of U87 glioblastoma cells

Next, we checked the effect of anti-apoptotic protein, Bcl-2, in the sensitizing effect of 

gingerol for TRAIL-induced apoptosis of U87 glioblastoma cells. We generated a stable cell 

line overexpressing Bcl-2 and investigated the effect of gingerol. As shown in Fig. 5A, 

gingerol potentiated TRAIL-mediated cell death in control cells, but Bcl-2 overexpressing 

cell line blocked the sensitizing function of gingerol for TRAIL-induced apoptosis. Also, 

silencing of Bcl-2 by siRNA increased TRAIL-induced apoptosis (Fig. 5B). These data 
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indicate that regulation of anti-apoptotic protein, Bcl-2, by gingerol could be required for the 

sensitizing effect of gingerol in TRAIL-induced apoptosis of U87 glioblastoma cells.

Combined treatment with gingerol and TRAIL does not induce cell death in normal 
astrocytes

Finally, we investigated the effects of cotreatment with gingerol and TRAIL on the viability 

of normal astrocytes. Astrocytes were very resistant to TRAIL and gingerol, either alone or 

in combination (Fig. 6A), indicating that the sensitizing regimen of gingerol plus TRAIL 

may be preferentially toxic to glioma cells. We then examined whether the resistance of 

astrocytes to the combined treatment regimen was associated with differential regulation of 

DR5 and Bcl-2. In contrast to its effects in U87MG cells, gingerol treatment did not affect 

DR5 protein levels in normal astrocytes. Bcl-2 protein levels, which were significantly 

down-regulated by gingerol in U87MG cells, were markedly low in normal astrocytes and 

were not affected by gingerol (Fig. 6B). Furthermore, procaspase-3 processing, which was 

partially induced in glioma cells by TRAIL alone and was completed in cells cotreated with 

TRAIL and gingerol, was not observed in astrocytes (Fig. 6C).

Discussion

Glioblastoma multiforme (GBM) is a major primary brain tumor in adults that shows high 

lethality and aggressiveness (Karsy et al., 2012). It has been considered to be very difficult 

to treat GBM (Bonavia et al., 2011; Burger and Vollmer, 1980; Galli et al., 2004). 

Furthermore, most glioblastoma cells have been known to show resistance to cell death by 

TRAIL (Hawkins, 2004; Krakstad and Chekenya, 2010). Although there have been many 

combinational clinical trials for GBM, there remain many challenges in effective treatment. 

Here, we showed that gingerol can sensitize cell death by TRAIL in TRAIL-resistant 

glioblastoma cells. Elevated DR5 can transmit stronger apoptotic signaling such as the 

caspase cascade. Furthermore, gingerol can decrease the expression of anti-apoptotic 

proteins (Bcl-2 and survivin) and induce an increase in the level of pro-apoptotic protein 

(Bax) through ROS generation. Eventually, gingerol can sensitize the cell death of TRAIL-

resistant glioblastoma by modulating TRAIL-mediated apoptotic signaling through DR5 and 

pro-apoptotic protein, and anti-apoptotic proteins. Therefore, this study suggests the 

possibility that gingerol at non-cytotoxic concentrations can be used as an anti-tumor agent 

that can serve as one of the combination therapies with TRAIL in TRAIL-resistant 

glioblastoma patients.

GBM patients that show the median survival rate of about 14.6 months have heterogeneous 

phenotypes (Boerman et al., 1996; Stupp et al., 2005, 2009). These heterogeneous properties 

of GBM are one of the reasons why treatment is more difficult than for other tumors 

(Bonavia et al., 2011; Burger and Vollmer, 1980; Galli et al., 2004). In addition, most GBM 

is resistant to apoptotic cell death by TRAIL (Hawkins, 2004; Krakstad and Chekenya, 

2010). This issue gives rise to the limitations and difficulty of glioblastoma treatment. There 

are many clinical trials with various drugs targeting survival and anti-apoptotic signaling 

pathways in GBM patients (erlotinib and gefitinib targeting EGFR, perifosine targeting Akt, 

temsirolimus targeting mTOR, and gossypol targeting Bcl-2) (Chang et al., 2005; Krakstad 
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and Chekenya, 2010; Rich et al., 2004; van den Bent et al., 2009). Recently, the 

effectiveness of human TRAIL (hTRAIL) as an anti-tumor drug was demonstrated by 

showing that hTRAIL can inhibit the growth of glioma in a xenograft mouse model (Roth et 

al., 1999; Saito et al., 2004). Furthermore, combination treatment with more than 2 anti-

tumor drugs has been challenged to overcome the drug resistance of glioblastoma. In the use 

of TRAIL in TRAIL-resistant glioblastoma, preclinical study has shown that the 

combination treatment of TRAIL and temozolomide prolonged survival of glioblastoma 

xenografted mice (Panner et al., 2006; Saito et al., 2004). Although more extensive 

preclinical studies are required to determine the effects of gingerol in glioblastoma, we 

expect to see the use of gingerol in combination with TRAIL in future treatments.

Gingerol is a major component of ginger (the rhizome of Zingiber officinalis) that is used as 

a common spice in foods and for medical purposes (Shukla and Singh, 2007). Gingerol has 

been known to regulate a variety of cell functions such as inflammation and apoptosis 

(Oyagbemi et al., 2010; Shukla and Singh, 2007). Specifically, it has been reported that 

gingerol showed anti-tumor effects by the inducing apoptosis of various tumor cells 

including human cervical cancer cells, human promyelocytic leukemia cells, and human 

colorectal carcinoma cells (Chakraborty et al., 2012; Lee and Surh, 1998; Lee et al., 2008). 

However, these studies have used high concentrations of gingerol (200–500 μM) to induced 

growth arrest and apoptosis of tumor cells and do not show the detailed molecular 

mechanism by which gingerol is able to induce apoptosis in tumor cells. We revealed the 

molecular mechanisms and demonstrated that a non-cytotoxic dose of gingerol (25 μM) can 

regulate multiple survival and apoptotic proteins (DR5, Bax, Bcl-2, survivin, c-FLIP, and 

Bid) through ROS and p53 dependent pathways (Figs. 2, 3, and 4). Although gingerol has 

recently been shown to promote TRAIL-induced apoptosis on gastric cancer cells (Ishiguro 

et al., 2007), we report here that gingerol sensitizes glioma cells to TRAIL-induced caspase 

activation and apoptosis at least in part by a novel mechanism involving the antiapoptotic 

protein Bcl-2. Several studies have reported that gingerol can induce apoptosis in a p53-

dependent or independent manner (Lin et al., 2012; Nigam et al., 2010). In the present study, 

we show for the first time that subtoxic doses of gingerol effectively sensitize different 

glioma cell lines to TRAIL-induced apoptosis. Moreover, we showed that the molecular 

mechanisms that gingerol affects contributed to sensitizing apoptotic cell death by TRAIL in 

glioblastoma (Fig. 7). Understanding these mechanisms underlying the sensitizing of 

apoptosis in tumors will give us a chance to create more effective combination treatment for 

anti-tumor therapies. These results may or may not benefit the patient, but we are hoping 

that our results would improve treatment regiment of the patient. Each type of cancer cells 

has different traits, so we want to use novel approaches. For future therapeutic application of 

our experimental strategy, we suggest a dietary intervention together with the targeted 

delivery of a protected TRAIL protein to tumors to avoid dilution in the body or inactivity 

due to the short half-life. In this regard, we are currently evaluating the suitability of the 

transduction of natural killer cells with TRAIL-expressing oncolytic adenoviruses.
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Fig. 1. 
Sensitizing effect of gingerol in TRAIL-induced apoptosis of U87 glioblastoma cells. (A and 

B) Cells were treated with DMSO (sham control) or various concentrations (10–100μM) of 

gingerol for 24 h. (C, D, and E) Cells were incubated in the presence or absence of TRAIL 

(50 ng/ml) and/or gingerol (25 μM) for 24 h. (F) Microscopic cell morphologies. Scale bar: 

100 μm. (G) The cells were stained with annexin V and propidium iodide (PI), followed by 

FACS analysis. (H) The cell lysates were analyzed by western blotting using indicated 

antibodies. Data is presented as arbitrary values and results are expressed as the mean ± 

SEM. The effects of nicotine were determined using a Student's unpaired t-test. Asterisk * 

represents statistically significantly difference between control and gingerol-treated cells at 

p < 0.05.
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Fig. 2. 
Gingerol can regulate the expression of death receptors (DR) 5, but not DR4. (A) U87 cells 

were treated with indicated gingerol doses (0, 10, 25, 50 μM) for 24 h or 25 μM gingerol at 

an indicated time (0, 4, 8, 16, 24 h). Western blotting analysis was performed with DR4 and 

DR5 antibodies. (B) U87 cells were incubated with DMSO or gingerol (25 μM) for 24 h and 

stained with DR4 and DR5 antibodies, followed by FACS analysis (left panels) and 

immunocytochemistry (right panels). Scale bar: 100 μm. (C) The indicated cell types were 

incubated with DMSO or gingerol (25 μM) for 24 h. The cell lysates were analyzed by 

western blotting using DR4 and DR5 antibodies. (D) U87 cells were transfected with Myc-

DR5 plasmid or pcDNA (control). After treatment with TRAIL for 4 h, western blot analysis 

demonstrated that Myc-DR5-induced DR5 overexpression increased apoptosis compared 

with pcDNA. (E) U87 cells were incubated with indicated gingerol doses (0, 10, 25, 50 μM) 

for 24 h or 25 μM gingerol at an indicated time (0, 4, 8, 16, 24 h) and then analyzed by 
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western blotting using p53 antibody. (F) HCT116 (p53+/+) and HCT116 (p53−/−) cells 

were incubated with indicated gingerol (0, 10, 25, 50 μM) for 24 h. The cell lysates were 

analyzed by western blotting using p53, DR4, and DR5 antibodies. Data is presented as 

arbitrary values and results are expressed as the mean ± SEM. The effects of nicotine were 

determined using a Student's unpaired t-test. *p < 0.05 vs control. (G) Cell viability was 

determined using the trypan blue dye exclusion assay. Error bars represent the mean ± SE 

from six separate experiments. *Significant difference between TRAIL and TRAIL + 

gingerol-treated cells at p < 0.05. These results are representative of data obtained from at 

least five independent experiments.
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Fig. 3. 
Modulation of gingerol in the pro-apoptotic and anti-apoptotic signaling pathways in 

glioblastoma cells. U87 cells were treated with indicated gingerol doses (0, 10, 25, 50 μM) 

for 24 h. (A) Western blotting analysis was done by using indicated antibodies (XIAP, 

Survivin, c-FLIP, Bax, Bcl-2, and Bid). (B) Phosphorylation of MAP kinases was analyzed 

by western blotting using phosphorylation-specific antibodies (p-ERK, p-p38, and p-JNK). 

(C) U343 and T98G cells were treated with indicated gingerol doses (0, 10, 25, 50 μM) for 

24 h, followed by western blotting using Bcl-2 antibody. Data is presented as arbitrary 

values and results are expressed as the mean ± SEM. The effects of nicotine were 

determined using a Student's unpaired t-test. *p < 0.05 vs control. These results are 

representative of data obtained from at least five independent experiments.
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Fig. 4. 
Gingerol can regulate the pro-apoptotic signaling of TRAIL through ROS generation. U87 

cells were treated with gingerol (25 μM) in the presence or absence of N-acetylcysteine 

(Lluis et al., 2010) for 24 h, and then incubated with dihydroethidium (DHE) or 2′,7′-

dichlorofluorescein (H2DCF), followed by (A) FACS analysis and (B) 

immunocytochemical analysis. Scale bar: 100 μm. (C) The cells were incubated with 

indicated drugs (25 μM gingerol and 5 mM NAC) for 24 h, and then western blotting was 

performed by using the indicated antibodies (Survivin, c-FLIP, BAX, Bcl-2, and Bid). (D) 

The cells were treated with indicated reagents (TRAIL, gingerol and NAC) for 24 h. The 

cell lysates were analyzed by western blotting using indicated antibodies (caspase-3,-8 and 

PARP-1). Data is presented as arbitrary values and results are expressed as the mean ±SEM. 

The effects of nicotine were determined using a Student's unpaired t-test. *p < 0.05 vs 
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control. These results are representative of data obtained from at least five independent 

experiments.
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Fig. 5. 
Effect of Bcl-2 in the sensitizing function of gingerol. (A) Vector or Bcl-2-overexpressing 

U87 stable cell lines (upper panel) were treated with TRAIL and gingerol for 24 h. The cell 

lysates were analyzed by western blotting of Flag antibody. Actin was used to confirm the 

equal amount of proteins loaded in each lane. All results are representative of the data 

obtained by five independent experiments. The cells were then analyzed by MTT assay. (B) 

Bcl-2 was silenced by si-RNA in U87 cells (upper panel). The cells were then treated with 

TRAIL for 24 h, followed by MTT analysis. Results shown are representative of six 

independent experiments.
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Fig. 6. 
Astrocytes are resistant to the combined treatment with gingerol and TRAIL. (A) Human 

astrocytes were treated with or without gingerol for 30 min and further treated with TRAIL 

for 16 h at the indicated concentrations. Cellular viability was assessed using trypan blue 

exclusion assay. (B) Following treatment of astrocytes or U87MG cells with 25 μM gingerol 

for the indicated times, western blotting of DR5 and Bcl-2 antibodies. Actin was used to 

confirm the equal amount of proteins loaded in each lane. (C) Astrocytes or U87MG cells 

were treated with 25 μM gingerol alone, 100 ng/ml TRAIL alone or a combination with 

gingerol and TRAIL for 16 h. Caspase-3/7 activity is shown. Data is presented as arbitrary 

values and results are expressed as the mean ± SEM. The effects of nicotine were 

determined using a Student's unpaired t-test. *p < 0.05 vs control. Results shown are 

representative of six independent experiments.
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Fig. 7. 
Schematic diagram of working model of gingerol for sensitizing TRAIL-induced apoptosis.
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