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Abstract: Benzyl isothiocyanate (BITC) is known to inhibit the metastasis of gastric cancer cells but 
further studies are needed to confirm its chemotherapeutic potential against gastric cancer. In this 
study, we observed cell shrinkage and morphological changes in one of the gastric adenocarcinoma 
cell lines, the AGS cells, after BITC treatment. We performed 3-(4,5-dimethyl-2-thiazolyl)-2,5- 
diphenyl-2H-tetrazolium bromide (MTT) assay, a cell viability assay, and found that BITC 
decreased AGS cell viability. Reactive oxygen species (ROS) analyses using 2′,7′-dichlorofluorescin 
diacetate (DCFDA) revealed that BITC-induced cell death involved intracellular ROS production, 
which resulted in mitochondrial dysfunction. Additionally, cell viability was partially restored 
when BITC-treated AGS cells were preincubated with glutathione (GSH). Western blotting 
indicated that BITC regulated the expressions of the mitochondria-mediated apoptosis signaling 
molecules, B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax), and cytochrome c (Cyt c). In 
addition, BITC increased death receptor DR5 expression, and activated the cysteine-aspartic 
proteases (caspases) cascade. Overall, our results showed that BITC triggers apoptosis in AGS cells 
via the apoptotic pathways involved in ROS-promoted mitochondrial dysfunction and death 
receptor activation. 

Keywords: benzyl isothiocyanate; gastric cancer; apoptosis; reactive oxygen species; death 
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1. Introduction 

Cancer is the second-most common fatal disease after cardiovascular disease [1,2], and several 
studies have shown that some dietary components exert cancer-preventing effects [3,4]. Gastric 
cancer is the fifth most common cancer worldwide in both men and women [5]. The most common 
form of gastric cancer is gastric adenocarcinoma, which has a risk of relapse and metastasis even 
after surgery, which is the only curative treatment for gastric cancer and is supplemented with 
adjuvant chemotherapy and/or chemoradiation [6]. Currently, targeted molecular therapy for gastric 
cancers is emphasized to establish a standard chemotherapy regimen with decreased resistance and 
lower non-selective toxicity [7]. 

Benzyl isothiocyanate, BITC, is one of the isothiocyanates, which are breakdown products of 
glucosinolates and are found in various edible plants belonging to the Brassicaceae family, such as 
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broccoli, cabbage, and water cress [8]. Clinical evidence from China has demonstrated that 
isothiocyanates can protect against gastric cancer [9]. BITC has been studied in various cancers, such 
as oral cancer [10], pancreatic cancer [11], brain cancer [12], melanoma [13,14], and gastric cancer 
[15], to evaluate its potential for cytotoxic effects on cancer cells. Additionally, BITC has been shown 
to have anthelmintic [16], anti-inflammatory [17], and anti-adipogenic effects [18]. Due to the large 
number of therapeutic advantages that have been found in various studies, BITC has gained interest 
as a novel therapeutic candidate for gastric cancer, with potential chemopreventive effects. 

Deregulation of the apoptotic machinery is considered to be a hallmark of cancer and fixing the 
deregulation can contribute to cancer cell death/removal [19]. Apoptosis can be characterized by 
morphological features, such as cell shrinkage, nuclear chromatin condensation, and cell 
detachment and budding, and by biochemical hallmarks like internucleosomal DNA fragmentation 
and cysteine-aspartic proteases (caspases) activation [20]. It has been well documented that 
apoptosis is mediated by the extrinsic death receptor-regulated apoptotic pathway and the intrinsic 
mitochondria-involved apoptotic pathway [19,21]. 

In apoptosis modulation, Caspase-8 and Caspase-9 are the two main potential initiator caspases 
that regulate the activation of Caspase-3, which, in turn leads to the disruption of several cellular 
processes [22]. It has also been shown that Caspase-8 is activated by the interaction between the 
death effector domains of proactive Caspase-8 (Pro-Cas-8) and an adaptor protein, Fas-associated 
protein with death domain, which is recruited by the clustering of TNF-related apoptosis-inducing 
ligand (TRAIL) receptors, death receptor DR4/TRAIL-R1 and DR5/TRAIL-R2 [23]. On the contrary, 
proactive Caspase-9 (Pro-Cas-9) has been reported to be activated by the formation of a complex 
between cytochrome c (Cyt c) and apoptotic protease activating factor-1 (Apaf-1), which is initiated 
by the B-cell lymphoma 2 (Bcl-2)-regulated mitochondria-mediated apoptotic pathway [24]. 

It has been proposed that the Bcl-2-regulated apoptotic pathway can be promoted by reactive 
oxygen species (ROS), which are known to interrupt mitochondrial membrane integrity and cause 
oxidative injury [25]. As a result of mitochondrial depolarization, the levels of the anti-apoptotic 
protein Bcl-2, which is localized to the outer mitochondrial membrane, are dampened [13]. On the 
contrary, the proapoptotic effector protein Bcl-2-associated X protein (Bax) translocates from the 
cytosol to the mitochondria, and releases Cyt c from the mitochondrial intermembrane space into the 
cytosol [26]. 

The aim of the present study is to explore the underlying molecular mechanism of 
BITC-induced cell death in the human gastric adenocarcinoma cell line, AGS cells (KCLB 21739). We 
hypothesized that BITC is a potential candidate for the treatment of gastric cancer as it triggers 
apoptosis in AGS cells. We tried to find whether BITC induces AGS cell death by eliciting the 
ROS-initiated mitochondria-mediated pathway and the death receptor-mediated signaling pathway. 

2. Materials and Methods 

2.1. Materials and Reagents 

BITC was purchased from Selleckchem (Houston, TX, USA) and dissolved in dimethyl 
sulfoxide (DMSO) to create a 10 mM stock solution. A glutathione (GSH) (G4705, Sigma-Aldrich 
Inc., Darmstadt, Germany) stock solution was prepared by dissolving GSH in HPLC-grade water 
(Fisher Scientific Korea Ltd., Gangnam-gu, Seoul, Korea), and this stock solution was diluted in the 
culture medium before treatment of cells to obtain the final working solution. RPMI-1640 medium 
was purchased from Welgene Inc. (Daegu, Korea), and fetal bovine serum (FBS) was purchased from 
Corning Inc. (Corning, NY, USA). Antibodies against cleaved Caspase-3 (c-Cas-3) (9664), Caspase-8 
(9746), Caspase-9 (9508), poly (ADP-ribose) polymerase (PARP) (9532), X-linked inhibitor of 
apoptosis protein (XIAP) (14334), DR4 (42533) and DR5 (8074) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Goat anti-rabbit IgG-HRP and goat anti-mouse IgG-HRP 
antibodies were bought from Enzo Life Sciences (Farmingdale, NY, USA). Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) (sc-32233), Bcl-2 (sc-492), Bax (sc-493) and Cyt c (sc-13156) 
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
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2.2. Cell Culture and Morphological Observation 

The human gastric cancer cell line AGS (KCLB 21739) was obtained from the Korean Cell Line 
Bank (Seoul, Korea). The cells were cultured in RPMI-1640 medium containing 10% FBS and 5% 
antibiotics, which contained 1% penicillin-streptomycin and 0.1% amphotericin B, at 37 °C in a 
humidified atmosphere with 5% CO2 and 95% air. Cells were seeded in a petri dish as a monolayer at 
a 1:10 ratio (cell:total media) and were passaged every time 90% confluence was reached. 

To observe the changes in cell morphology, the cells were seeded in culture dishes. When 70% 
confluence was achieved, the cells were treated with different concentrations of BITC (i.e., 1, 5, or 10 
μM) for 48 h. Then, changes in cell morphology were observed using a fluorescence microscope 
(Leica, Wetzlar, Germany). 

2.3. Cell Viability Measurement (MTT Assay) 

To determine cell viability regarding the apoptosis induced by BITC, a 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was performed. 
AGS cells were seeded in 24-well plates and maintained in RPMI-1640 media supplemented with 
10% FBS and 5% antibiotics. When the cells reached 70% confluence, the medium was removed by 
careful aspiration, and fresh culture medium containing different concentrations of BITC (i.e., 1, 5, or 
10 μM) was added to evaluate dose-dependent responses and culture medium containing 5 μM 
BITC was added to evaluate time-dependent responses (24–72 h). After the AGS cells were treated 
with specific BITC doses for the desired time periods, the cells were washed twice with 1× phosphate 
buffered saline (1× PBS), and MTT solution (0.5 mg/mL in 1× PBS) was added to each well. After 
incubation for 4 h with the MTT reagent at 37 °C in the dark, the supernatant was slowly removed, 
and 250 μL DMSO was added. Formazan crystals were dissolved in DMSO for 30 min in the 
incubator, and the solution was transferred to a 96-well plate. Absorbance was measured at 570 nm 
[27] using a Synergy H1 Hybrid Multi-Mode microplate reader (BioTek, Winooski, VT, USA). 

2.4. Measurement of Intracellular ROS 

Intracellular ROS generation was measured through 2′,7′-dichlorofluorescin diacetate (DCFDA; 
Sigma-Aldrich Inc., Darmstadt, Germany) staining [28]. Briefly, the cells were seeded in a 6-well 
plate. After reaching 80% confluence, the cells were washed with 1× PBS and incubated with 15 μM 
DCFDA for 30 min to determine time-dependent ROS analysis, and 15 μM DCFDA with or without 
10 μg/mL 4′,6′-diamidino-2-phenylindole (DAPI; Roche Diagnostics, Indianapolis, IN, USA) for 30 
min at 37 °C in the dark to determine BITC dose-dependent ROS analysis, which was followed by 
another wash with 1× PBS. The cells were, then, treated with 5 μM BITC at different time points (i.e., 
2.5, 4.5, and 6 h) for time-dependent ROS production analysis and cells were treated with 100 μM 
hydrogen peroxide (H2O2) and 1, 5, or 10 μM BITC for BITC concentration-dependent ROS analysis. 
Fluorescent dichlorofluorescin (DCF) was examined with a fluorescence microscope (JULITM Smart 
fluorescent cell analyzer, NanoEnTek Inc., Seoul, Korea) or (Leica, Wetzlar, Germany). Next, the 
AGS cells were collected by trypsinization and resuspended in 500 μL of 1× PBS. The collected cells 
were transferred to a 96-well plate, and DCF fluorescence was measured using a fluorescence 
microplate reader (Synergy H1 Hybrid Multi-Mode Reader; BioTek, Winooski, VT) at excitation and 
emission wavelengths of 485 and 535 nm, respectively, and a fix gain-100 at each time point. 

2.5. Cell Viability Inhibition Assay 

Changes in cell viability in the presence or absence of GSH were observed by measuring dye 
absorbance at 570 nm, as previously described. Briefly, AGS cells were incubated in a 24-well plate. 
After achieving 60% confluence, cells were preincubated with 1 mM GSH for 1 h. Cells were then 
either treated with 5 or 10 μM BITC for 48 h and control cells were incubated with DMSO and water 
for the same period. Cells were washed with 1× PBS and MTT reagent was, then, added for 4 h. The 
resulting yellow formazan crystals were dissolved in DMSO for 30 min in an incubator and the 
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absorbance was, then, measured with a microplate reader (Synergy H1 Hybrid Multi-Mode Reader; 
BioTek, Winooski, VT, USA). 

2.6. Preparation of Cellular Extracts and Western Blot Analysis 

Human gastric adenocarcinoma cells were grown until 80% confluence was achieved and, then, 
treated with the desired concentrations of 5 or 10 μM BITC in RPMI-1640 medium containing 3% 
FBS for the 24 h BITC treatment; cells were treated with 1, 5, or 10 μM BITC for the 48 h treatment. 
After treatment, the cells were washed twice with ice-cold 1× PBS after the floating cells were 
collected following centrifugation at 1000 rpm for 5 min. Then, the cells were lysed using NP-40 lysis 
buffer [29] and harvested by scraping on ice. The lysates were incubated on ice for 30 min and 
vortexed four times for 10 s. Afterwards, the lysates were centrifuged at 14,000 rpm at 4 °C for 30 
min. Protein quantification was carried out with a Pierce BCA protein assay kit (Pierce 
Biotechnology, Rockford, IL, USA). The lysates (30–50 μg) were subjected to 10–15% sodium dodecyl 
sulfate gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) 
membranes (Merck Millipore Ltd., Tullagreen, Carrigtwohill, Co. Cork, IRL) using a Power Pac 
power supply (Bio-Rad, Melville, NY, USA). After blocking with 5% skim milk or 5% bovine serum 
albumin for 1 h, the membranes were incubated with the designated primary antibodies overnight at 
4 °C at a 1:1000 dilution, with an exception of the primary antibody against Bcl-2, for which a 1:700 
dilution was used. The membrane was, then, washed three times with tris-buffered saline containing 
0.1% Tween 20 and incubated with secondary HRP-labeled antibodies at a 1:5000 dilution to detect 
the expression of the proteins of interest. Protein bands were examined using an enhanced 
chemiluminescence reagent (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and exposed to X-ray 
photographic films in a dark room. Image J was used to analyze the data. 

2.7. Statistical Analysis 

All data were expressed as the mean ± the standard error of the mean (SEM) of at least three 
independent experiments. Statistical differences among the groups were analyzed by Student’s 
t-test. A p-value of 0.05 or less was considered to be statistically significant. 

3. Results 

3.1. BITC Inhibits AGS Cells Survival 

To investigate the effects of BITC in AGS cells, we first observed AGS cells morphology after 
treatment with BITC. After 48 h, cells treated with 5 and 10 μM BITC presented apoptotic 
characteristics, such as cell shrinkage and membrane fragmentation (Figure 1A–D). Next, MTT assay 
was performed to evaluate viable cell levels after BITC treatment. After 48 h, the dose-dependent 
toxicity of BITC was observed at 1, 5, or 10 μM BITC (Figure 1E). Cell death was induced by 5 μM 
BITC, and 54% viable cells were observed compared to control group. Subsequently, the inhibitory 
effect of 5 μM BITC on AGS cell survival was determined by the MTT assay after treatment of cells 
for 24, 48, or 72 h. As shown in (Figure 1F), treatment with 5 μM BITC induced cell death in a 
time-dependent manner. These data suggest that BITC induces AGS cell death (Figure 1E, F). 
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Figure 1. Effects of benzyl isothiocyanate (BITC) on human gastric adenocarcinoma cell line, AGS, 
cell survival. Cells were treated with 0.1% dimethyl sulfoxide (DMSO) (A) and different 
concentrations (1, 5, or 10 μM) of BITC for 48 h (B,C,D) and morphological changes were observed 
using a fluorescence microscope (Leica, Wetzlar, Germany) (scale bar = 100 μm). Arrows indicate cell 
shrinkage and squares describe membrane fragmentation. A dose-dependent cell viability assay, 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, was performed after 
a 48 h treatment with the above mentioned doses (E). Next, the time-dependent effect of 5 μM BITC 
on AGS cells was determined at different time points (24–72 h) (F). Data are expressed as the mean ± 
SEM of three independent experiments and as the relative percentage compared to the control group. 
Statistical analyses were performed, and the results were compared with those of the control group. 
** p value < 0.01. 

3.2. BITC Induces Intracellular ROS Production 

To determine how BITC induces AGS cell death, we designed an experiment to observe the 
ROS generated in BITC-treated AGS cells. A DCFDA assay was conducted to evaluate intracellular 
ROS production in AGS cells after time-dependent treatment (i.e., 0, 2.5, 4.5, or 6 h) with 0.05% 
DMSO and 5 μM BITC (Figure 2A, B). Abundant DCFDA positive signals indicating ROS generation 
were found in the BITC time-dependent treatment (Figure 2B). A peak in ROS accumulation was 
observed at 4.5 h after treatment with 5 μM BITC, with the relative ROS levels (242%) compared to 
the control group. ROS production declined at 6 h after treatment with BITC (Figure 2C). Next, BITC 
dose-dependent treatment was investigated at 4.5 h after AGS cells were treated with 0.1% DMSO, 
the positive control, H2O2 (100 μM), and different concentrations of BITC (1, 5, or 10 μM) (Figure 
2D–F). The highest ROS accumulation (260%) in AGS cells was observed at the BITC low dose 
treatment (1 μM) (Figure 2G). At the 5 and 10 μM BITC treatment, 155% and 122% of ROS 
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production were observed compared to the control group respectively. Taken together, these results 
show that BITC triggers intracellular ROS production in AGS cells. 

 
Figure 2. Effects of BITC on intracellular reactive oxygen species (ROS) generation and the inhibition 
of AGS cell death with the antioxidant glutathione (GSH). Cells were treated with 0.05% DMSO in 
the control group (A) and with 5 μM BITC in the treatment group (B) at 2.5 h, 4.5 h, and 6 h. After 
2′,7′-dichlorofluorescin diacetate (DCFDA) staining, fluorescent DCF fluorescence was examined 
with a JULITM Smart fluorescent cell analyzer (scale bar = 250 μm) (A, B). (C) DCF fluorescence 
intensity in AGS cells was measured with a fluorescence microplate reader. Nuclei of cells (D), ROS 
production (E), and merged fluorescence (F) were analyzed using a fluorescence microscope (Leica, 
Wetzlar, Germany) by 4′,6′-diamidino-2-phenylindole (DAPI) and DCFDA staining after treatment 
with 0.1% DMSO, 100 μM hydrogen peroxide (H2O2) and 1, 5, or 10 μM BITC at 4.5 h (scale bar = 100 
μm) (D–F). (G) DCF fluorescence intensity was determined with a fluorescence microplate reader. 
(H, I) Cells were treated with either 5 (H) or 10 μM BITC (I) for 48 h, with or without 1 mM GSH, and 
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cell viability was measured via MTT assay. Data are expressed as mean ± SEM of three independent 
experiments and as the relative percentage compared to the control group. Statistical analyses were 
performed, and the results were compared with those of the control group. * p value < 0.05 and ** p < 
0.01.  

3.3. Antioxidant Glutathione Ameliorated BITC-Induced AGS Cell Death 

To identify the role of ROS in BITC-induced AGS cell death, we treated AGS cells with BITC in 
the presence or absence of the antioxidant, GSH. GSH is a commonly used antioxidant that prevents 
cellular damage caused by oxidative stress [30]. Treatment with GSH at physiological concentrations 
(1 to 10 mM) followed by treatment with apoptotic stimuli was found to repress apoptotic effects in 
lung epithelial cells [31]. AGS cells were pretreated with 1 mM GSH for 1 h, after which, 5 or 10 μM 
BITC was added and incubated for an additional 48 h. Then, 5 or 10 μM BITC-triggered AGS cell 
death was quantified by MTT assay (Figure 2H, I). To evaluate the hypothesis that BITC promotes 
ROS-induced AGS cell death, we compared the relative percentage of viable cells between the cells 
treated with only BITC and those treated with a combination of BITC and GSH. AGS cells treated 
with BITC alone resulted in 75% and 41% AGS cells survival in 5 and 10 μM BITC treatment, 
respectively, compared to the control group. Thus, a partial recovery from BITC-triggered cell death 
was observed in the cells that had been treated with both GSH and either 5 or 10 μM BITC by 28% 
and 16%, respectively (Figure 2H, I). These data indicate that BITC-induced cell death is mitigated 
by GSH and that ROS are involved in BITC-induced AGS cell death. 

3.4. BITC Increases the Expression of DR4 and DR5 TRAIL Death Receptors 

Given that cell morphologies related to apoptosis were observed upon treatment with BITC 
(Figure 1A–D), we hypothesized that BITC might induce AGS cell death by regulating the apoptotic 
machinery. The protein expressions of the DR4 and DR5 TRAIL-inducing ligand death receptors 
during AGS cell death were analyzed via western blotting after 5 or 10 μM BITC treatment for 24 h 
on AGS cells. Interestingly, the levels of both the truncated and complete isoforms of DR4 and DR5 
increased in a BITC dose-dependent manner (Figure 3A, B). The higher expressions of DR4 and DR5 
in BITC-treated cells compared to those in control cells imply that the death receptors were activated 
by BITC treatment to initiate TRAIL-induced apoptosis. We further examined Pro-Cas-8 expression 
and found that it remarkably decreased in a BITC dose-dependent manner, accounting for two-fifths 
of the 0.1% DMSO-treated control cells in the 10 μM BITC treatment (Figure 3C). The 
downregulation of Pro-Cas-8 indicates that the extrinsic initiator Caspase-8 was activated by the 
auto-proteolytic cleavage process after being recruited by the death-inducing signaling complex 
[23]. These data suggest that BITC triggered AGS cell death via the activation of the DR4 and DR5 
TRAIL death receptors. 
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Figure 3. BITC induces apoptosis via the death receptor DR4/DR5-mediated pathway. AGS cells 
were treated with 0.1% DMSO and 5 or 10 μM BITC for 24 h, and protein lysates were extracted. The 
protein levels of DR4 (A), DR5 (B), and proactive Caspase-8 (Pro-Cas-8) (C) were analyzed by 
western blotting. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the loading 
control. Densitometer data are expressed as the mean fold change ± SEM of three independent 
experiments. Statistical analyses were performed by comparing the results to those of the control 
group. * p value < 0.05.  

3.5. BITC Activates the Caspase Signaling Cascade 

To confirm that BITC triggers apoptosis in AGS cells, we, next, explored whether caspases are 
activated upon BITC treatment. The expression of Pro-Cas-9 was detected by western blotting after 5 
or 10 μM BITC treatment for 24 h on AGS cells and a BITC dose-dependent downregulation was 
observed (Figure 4A). The Pro-Cas-9 expression level was remarkably reduced in the 10 μM BITC 
treatment compared to the control. The downregulation of Pro-Cas-9 protein expression correlates 
with the formation of an apoptosome complex (Cyt c, Apaf-1, and Caspase-9), resulting in the 
auto-proteolytic cleavage of the Pro-Cas-9 protein [23]. Thus, the apoptosome complex downstream 
signal, c-Cas-3, and XIAP were evaluated by western blot analysis after 5 or 10 μM BITC treatment 
for 24 h. c-Cas-3 protein expression was upregulated in a dose-dependent manner in BITC-treated 
cells by up to 14-fold in the 10 μM BITC treatment group, compared to that of the cells of the control 
group (Figure 4B). In addition, a BITC concentration-dependent decreased release of XIAP was 
observed (Figure 4C). The elevated expression of c-Cas-3 implies that the apoptosis signal can be 
transduced by BITC. The downregulation of the anti-apoptotic protein XIAP suggests that BITC 
promotes AGS cell apoptosis. Thus, the protein level of the downstream caspase substrate, PARP, 
was examined and a dose-dependent increase of cleaved PARP/full length PARP (c-PARP/PARP) 
was observed after 1, 5 or 10 μM BITC treatment for 48 h (Figure 4D). The increased expression of 
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c-PARP indicates that PARP was degraded by the c-Cas-3 protein resulting in cancer cell death. 
These data clearly indicate that BITC triggered AGS cell death through the caspase-dependent 
pathway. 

 
Figure 4. BITC induces apoptosis via the cysteine-aspartic protease (caspase)-dependent pathway. 
AGS cells were treated with 0.1% DMSO and 5 or 10 μM BITC for 24 h (A,B,C), or 1, 5, or 10 μM BITC 
for 48 h (D), and protein lysates were extracted. The expression of specific proteins was detected via 
western blotting. The protein levels of proactive Caspase-9 (Pro-Cas-9) (A), cleaved Caspase-3 
(c-Cas-3) (B), X-linked inhibitor of apoptosis protein (XIAP) (C), and cleaved poly (ADP-ribose) 
polymerase (c-PARP)/full length PARP (PARP) (D) were quantified by western blotting. GAPDH 
was used as the loading control. Densitometer data are expressed as the mean fold change ± SEM of 
three independent experiments. Statistical analyses were performed, and the results were compared 
with those of the control group. * p value < 0.05 and ** p < 0.01. 

3.6. BITC Induces the Bcl-2-Regulated Apoptotic Pathway 

To further explore the molecular mechanism of apoptosis induced by BITC in AGS cells, 
Bcl-2-regulated apoptotic proteins were evaluated by western blotting. AGS cells were exposed to 5 
or 10 μM BITC for 24 h, and the expression levels of the proteins that regulate mitochondrial 
function (i.e., the pro-survival marker Bcl-2 and pro-apoptotic marker Bax) were quantified. The 
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data from the immunoblot analysis showed that there was no apparent change in Bax protein 
expression despite the dose-dependent decrease in Bcl-2 expression. This favored a dose-dependent 
reduction in the Bcl-2: Bax ratio of 10 μM BITC-treated cells of up to four-tenths of that of the control 
group (Figure 5A). In addition, Cyt c protein expression was found to be 1.6-fold higher in 10 μM 
BITC-treated cells and only slightly higher in 5 μM BITC-treated cells, compared to that of the 
control group (Figure 5B). These data indicate that BITC induces apoptosis of AGS cells via the 
Bcl-2-modulated apoptotic pathway. 

 

Figure 5. BITC induces apoptosis via the B-cell lymphoma 2 (Bcl-2)-modulated pathway. AGS cells 
were treated with 0.1% DMSO and 5 or 10 μM BITC for 24 h and protein lysates were extracted. 
Protein expressions of Bcl-2 and Bcl-2-associated X protein (Bax) (A) and cytochrome c (Cyt c) (B) 
were detected by western blot analysis. GAPDH was used as the loading control. Densitometer data 
are expressed as the mean fold change ± SEM of three independent experiments. Statistical analyses 
were performed by comparing the results with the data for the control group. * p value < 0.05 and ** p 
value < 0.01. 

4. Discussion 

Apoptosis, or programmed cell death, is critical for the success of chemotherapies against 
various cancers and cancer cell resistance [32]. Failure in gastric cancer therapy may be the result of 
defective apoptosis process accompanied with the underlying mechanisms of Bcl-2 protein 
overexpression, hypoxia, and tumor microenvironment remodeling [33,34]. Nowadays, gastric 
cancer cells are acquiring resistance to TRAIL and various chemotherapy approaches have been 
investigated to increase TRAIL sensitivity in gastric cancer cells [35,36]. Thus, TRAIL, which can 
alter the tumor microenvironment resulting in cancer cell death [37], can be a target to reduce the 
chemotherapeutic resistance in gastric cancer. BITC has been reported to exert chemopreventive 
effects in several cancer cells by inducing anti-angiogenesis, apoptosis, cell-cycle arrest, 
anti-metastasis, and anti-tumorigenesis effects, and has been described to have synergistic effects 
with TRAIL, cisplatin, sulforaphane, phenethyl isothiocyanate, and radiation treatments [38]. BITC 
has been shown to inhibit AGS cell proliferation [15], but information relating to its 
chemotherapeutic potential in gastric adenocarcinoma has been too inconclusive to progress to its 
clinical use. This study was designed to explore the molecular mechanisms underlying 
BITC-induced AGS cell cytotoxicity. 

We investigated BITC-induced ROS generation in AGS cells and its role in BITC-triggered AGS 
cell death. ROS generation in BITC-induced AGS cell death was examined, given that ROS 
production had been found to be triggered by BITC in prostate cancer cells and rat liver epithelial 
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cells [25,39]. To the best of our knowledge, this is the first study to report that BITC-treated AGS cells 
produce intracellular ROS, as demonstrated by the increased number of DCF-positive cells observed 
upon time-dependent BITC treatment (Figure 2A,B) and dose-dependent BITC treatment (Figure 
2D–F). To evaluate the impact of ROS on BITC-triggered AGS cell death, we utilized GSH to 
suppress BITC-induced ROS accumulation. According to our MTT assay results, AGS cell viability 
was restored in the presence of GSH, indicating that BITC-induced AGS cell death is truly correlated 
with intracellular ROS generation. Recent studies have also provided information to support the 
hypothesis that cytotoxic cell death is associated with intracellular ROS accumulation [40,41]. For 
example, apoptotic cell death has been shown to be promoted by ROS but inhibited by the 
antioxidant GSH [42]. Other studies that have used different cell lines have found that cell 
cytotoxicity ceases after treatment with GSH similarly to our data regarding the inhibition of 
BITC-triggered AGS cell apoptosis [11,43]. Based on these data, it is reasonable to conclude that 
BITC-triggered AGS cell apoptosis is promoted by ROS. 

We also found that BITC modulated the expression of mitochondrial apoptosis-related proteins 
in AGS cells via western blot analysis. Bcl-2, a mitochondrial membrane stabilizing protein, has been 
shown to inhibit apoptosis by binding to pro-death proteins, such as Bax, Bcl-2-associated agonist of 
cell death, and Bcl-2 homologous antagonist/killer [24]. When we evaluated the levels of Bcl-2 
expression, we found that Bcl-2 protein levels decreased significantly after treatment with BITC, 
although Bax was not affected. Concomitantly, the release of Cyt c was observed with the 
dose-dependent increase in protein expression compared to that in the control group. According to 
recent studies, Bcl-2 was found to be downregulated while Bax was upregulated in the presence of 
an apoptotic signal, and Cyt c was observed to be released as a result of altered mitochondrial 
membrane permeability [13,44]. Bcl-2 was shown to phosphorylate without the expression alteration 
of Bax levels in human bladder cancer cells, which is similar to our study that Bax level was not 
changed by BITC [45]. It has further been suggested that this discrepancy in the modulation of the 
Bcl-2 associated proteins by isothiocyanates may be correlated with the concentrations of the 
treatments. However, an accepted explanation for the dissociation of Bcl-2 family proteins in 
BITC-triggered apoptosis remains unknown. The results of the previous study [45] may explain why 
we found that the Bax expression level did not change upon exposure to BITC in AGS cells, while a 
downregulation of the Bcl-2 expression level was observed. Our data demonstrate that BITC favors a 
dose-dependent decrease in the Bcl-2: Bax ratio and the release of Cyt c in AGS cells. Therefore, we 
hypothesize that BITC triggers AGS cell death by initiating the Bcl-2-regulated apoptotic signaling 
pathway. 

The regulation of the expression of the proactive form of the caspase initiator of the intrinsic 
apoptotic pathway, Pro-Cas-9, may be one of the important checkpoints of mitochondrial 
dysfunction in BITC-triggered apoptosis. When we evaluated Pro-Cas-9 expression after BITC 
treatment, we found that it was downregulated. On the contrary, the expression of XIAP, which may 
inhibit the cleavage of the Caspase-9 initiator and the Caspase-3 executor [46,47], was reduced in a 
dose-dependent manner with the reduction in the levels of Pro-Cas-9 expression and elevation in the 
levels of c-Cas-3 expression. This hyperactivation of the caspases has been found to contribute to 
membrane blebbing in apoptotic cells [23]. Similar results can be found in a previous study [45] that 
supports the premise that BITC-induced mitochondrial damage is involved in the apoptotic 
machinery. The data produced in this study clearly suggest that mitochondrial dysfunction plays a 
role in BITC-triggered AGS cell apoptosis. 

Caspases activation may be mediated by an another pathway, the death-receptor-mediated 
apoptotic pathway [48], and the elevated expressions of DR4 and DR5 have been found to be 
correlated with the cellular sensitivity to TRAIL-mediated apoptosis [49]. In the current study, we 
showed that BITC initiates caspases activation via the extrinsic apoptotic pathway by regulating 
DR4, DR5, and Caspase-8. When we observed membrane-bound TRAIL receptors activation during 
BITC-induced apoptosis, we found that BITC upregulated both DR4 and DR5 expressions. This 
hyperactivation of the death receptors initiated the caspases cascade. PARP, a downstream caspase 
substrate, can be cleaved by c-Cas-3, which results in the disruption of several cellular processes and 
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leads to apoptosis [50]. As such, BITC-induced AGS cell death was triggered by the DR4- and 
DR5-modulated apoptotic pathway. This result is supported by previous studies that poncirin and 
tangeretin also induced apoptosis through the death receptor-mediated apoptotic pathway [51,52]. 
Other studies have reported similar results that show that the molecular mechanisms of apoptosis in 
gastric cancer cells are related to DR4 [53] and DR5 [54]. These data support the hypothesis that the 
regulation of DR4 and DR5 is a key molecular mechanism underlying apoptosis in AGS cells. 

Interestingly, a study on glioma cells found that the apoptosis signaling cascade was initiated 
by the specific death receptor DR5, but not DR4 [55]. However, in human cancer stem-like cells, 
upregulation of both DR4 and DR5 was found to contribute to apoptosis [56]. Therefore, death 
receptor activation that is initiated by a cell death stimulus appears to be specific for particular cell 
types [57]. On the contrary, DR4 is considered to play a pivotal role in apoptosis and its dysfunction 
can promote tumor cell metastasis [58]. Hence, the upregulation of both DR4 and DR5 in 
BITC-induced AGS cell death may be advantageous for enhancing the responsiveness of AGS cells 
to TRAIL ligands. 

Overall, our findings highlight the importance of the apoptotic machinery in BITC-triggered 
AGS cell death. Moreover, our results provide evidence that BITC provokes DR4/DR5-dependent 
and mitochondria-mediated apoptosis, which is accompanied by the intracellular generation of ROS. 
These conclusions are supported by a recent study that used different cell lines to determine the 
involvement of extrinsic and intrinsic apoptotic pathways in BITC-induced cell death [13]. These 
new findings greatly improve our understanding of the molecular mechanisms of BITC-induced 
AGS cell death and pave the way for designing novel chemotherapeutic strategies for gastric cancer. 
However, the link between the different signaling pathways that promote BITC-triggered AGS cell 
death requires further investigation. Previous studies showing that chemotherapeutic efficacy can be 
obtained with BITC doses below the genotoxic levels, both in vitro and in vivo [59], and negligible or 
absence of BITC toxicity in normal PBMCs [60], normal breast MCF-10A cells [61,62], and normal 
HPDE-6 cells [63] indicate that BITC could be a novel chemotherapeutic agent with low toxicity in 
normal cells. According to our data, BITC could be helpful to gastric cancer patients because it 
induces apoptosis in gastric cancer cells. As BITC is a dietary phytochemical, it can be easily 
supplemented as a diet or pill. BITC may enhance the effects of chemotherapies in gastric cancer 
patients when it is given in combination with chemotherapies or it may be helpful for gastric cancer 
prevention when it is ingested daily as a food supplement. 

5. Conclusions 

The present study demonstrated that BITC-triggered AGS cell death is mediated by apoptotic 
pathways. Our data showed that BITC-induced AGS cell death is carried out via the 
DR4/DR5-regulated caspase-dependent pathway and the mitochondrial dysfunction mediated by 
the ROS production. To the best of our knowledge, this study is the first to show that BITC induces 
AGS cell death via apoptosis signaling pathways. A proposed model depicting the molecular 
mechanism underlying BITC involvement in AGS cell death is presented in Figure 6. In accordance 
with our data, BITC could be used to reduce the occurrence of or treat cancer in gastric cancer 
patients in the future. In summary, our findings highlight that BITC may be promising as a 
candidate for the development of gastric cancer chemotherapies or as a potential food supplement to 
lessen the occurrence of gastric cancer worldwide. 
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Figure 6. Proposed model of the signaling pathways underlying BITC-induced. BITC induced 
apoptosis in AGS cells via the death receptor-mediated apoptotic pathway and the 
mitochondria-mediated apoptotic pathway. 

Author Contributions: K.W.W.H. designed the experiment, analyzed the data, and wrote the manuscript under 
the guidance of U.D.S. and H.-J.K. H.-J.K. analyzed the data, wrote the manuscript, participated in discussion 
and approved the submission. W.W.P. participated in discussing the results. 

Funding: This research was supported by the National Research Foundation of Korea under Grant 
NRF2017R1A1A1A05000876 (to H.-J.K.), funded by the South Korean government. This work was also 
supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) 
and funded by the Ministry of Education, Science and Technology [Grant NRF-2019R1F1A1062070]. 

Conflicts of Interest: The authors declare no conflict of interest. 



Biomolecules 2019, 9, 839 14 of 17 

References 

1. Heron, M.; Anderson, R.N. Changes in the Leading Cause of Death: Recent Patterns in Heart Disease and 
Cancer Mortality. NCHS Data Brief 2016, 254, 1–8. 

2. Ma, X.; Yu, H. Global burden of cancer. Yale J. Biol. Med. 2006, 79, 85–94. 
3. Donaldson, M.S. Nutrition and cancer: A review of the evidence for an anti-cancer diet. Nutr. J. 2004, 3, 19, 

doi:10.1186/1475-2891-3-19. 
4. Stan, S.D.; Kar, S.; Stoner, G.D.; Singh, S.V. Bioactive food components and cancer risk reduction. J. Cell. 

Biochem. 2008, 104, 339–356, doi:10.1002/jcb.21623. 
5. Rawla, P.; Barsouk, A. Epidemiology of gastric cancer: Global trends, risk factors and prevention. Prz. 

Gastroenterol. 2019, 14, 26–38, doi:10.5114/pg.2018.80001. 
6. Orditura, M.; Galizia, G.; Sforza, V.; Gambardella, V.; Fabozzi, A.; Laterza, M.M.; Andreozzi, F.; Ventriglia, 

J.; Savastano, B.; Mabilia, A.; et al. Treatment of gastric cancer. World J. Gastroenterol. 2014, 20, 1635–1649, 
doi:10.3748/wjg.v20.i7.1635. 

7. Xu, W.; Yang, Z.; Lu, N. Molecular targeted therapy for the treatment of gastric cancer. J. Exp. Clin. Cancer 
Res. 2016, 35, 1, doi:10.1186/s13046-015-0276-9. 

8. Singh, S.V.; Singh, K. Cancer chemoprevention with dietary isothiocyanates mature for clinical 
translational research. Carcinogenesis 2012, 33, 1833–1842, doi:10.1093/carcin/bgs216. 

9. Moy, K.A.; Yuan, J.M.; Chung, F.L.; Wang, X.L.; Van Den Berg, D.; Wang, R.; Gao, Y.T.; Yu, M.C. 
Isothiocyanates, glutathione S-transferase M1 and T1 polymorphisms and gastric cancer risk: A 
prospective study of men in Shanghai, China. Int. J. Cancer 2009, 125, 2652–2659, doi:10.1002/ijc.24583. 

10. Lee, C.F.; Chiang, N.N.; Lu, Y.H.; Huang, Y.S.; Yang, J.S.; Tsai, S.C.; Lu, C.C.; Chen, F.A. Benzyl 
isothiocyanate (BITC) triggers mitochondria-mediated apoptotic machinery in human cisplatin-resistant 
oral cancer CAR cells. Biomedicine (Taipei) 2018, 8, 15, doi:10.1051/bmdcn/2018080315. 

11. Kasiappan, R.; Jutooru, I.; Karki, K.; Hedrick, E.; Safe, S. Benzyl Isothiocyanate (BITC) Induces Reactive 
Oxygen Species-dependent Repression of STAT3 Protein by Down-regulation of Specificity Proteins in 
Pancreatic Cancer. J. Biol. Chem. 2016, 291, 27122–27133, doi:10.1074/jbc.M116.746339. 

12. Shang, H.S.; Shih, Y.L.; Lu, T.J.; Lee, C.H.; Hsueh, S.C.; Chou, Y.C.; Lu, H.F.; Liao, N.C.; Chung, J.G. Benzyl 
isothiocyanate (BITC) induces apoptosis of GBM 8401 human brain glioblastoma multiforms cells via 
activation of caspase-8/Bid and the reactive oxygen species-dependent mitochondrial pathway. Environ. 
Toxicol. 2016, 31, 1751–1760, doi:10.1002/tox.22177. 

13. Huang, S.H.; Wu, L.W.; Huang, A.C.; Yu, C.C.; Lien, J.C.; Huang, Y.P.; Yang, J.S.; Yang, J.H.; Hsiao, Y.P.; 
Wood, W.G.; et al. Benzyl isothiocyanate (BITC) induces G2/M phase arrest and apoptosis in human 
melanoma A375.S2 cells through reactive oxygen species (ROS) and both mitochondria-dependent and 
death receptor-mediated multiple signaling pathways. J. Agric. Food Chem. 2012, 60, 665–675, 
doi:10.1021/jf204193v. 

14. Ni, W.Y.; Hsiao, Y.P.; Hsu, S.C.; Hsueh, S.C.; Chang, C.H.; Ji, B.C.; Yang, J.S.; Lu, H.F.; Chung, J.G. Oral 
administration of benzyl-isothiocyanate inhibits in vivo growth of subcutaneous xenograft tumors of 
human malignant melanoma A375.S2 cells. In Vivo 2013, 27, 623–626. 

15. Ho, C.C.; Lai, K.C.; Hsu, S.C.; Kuo, C.L.; Ma, C.Y.; Lin, M.L.; Yang, J.S.; Chung, J.G. Benzyl isothiocyanate 
(BITC) inhibits migration and invasion of human gastric cancer AGS cells via suppressing ERK signal 
pathways. Hum. Exp. Toxicol. 2011, 30, 296–306, doi:10.1177/0960327110371991. 

16. Kermanshai, R.; McCarry, B.E.; Rosenfeld, J.; Summers, P.S.; Weretilnyk, E.A.; Sorger, G.J. Benzyl 
isothiocyanate is the chief or sole anthelmintic in papaya seed extracts. Phytochemistry 2001, 57, 427–435. 

17. Lee, Y.M.; Seon, M.R.; Cho, H.J.; Kim, J.S.; Park, J.H. Benzyl isothiocyanate exhibits anti-inflammatory 
effects in murine macrophages and in mouse skin. J. Mol. Med. (Berl) 2009, 87, 1251–1261, 
doi:10.1007/s00109-009-0532-6. 

18. Chuang, W.T.; Liu, Y.T.; Huang, C.S.; Lo, C.W.; Yao, H.T.; Chen, H.W.; Lii, C.K. Benzyl Isothiocyanate and 
Phenethyl Isothiocyanate Inhibit Adipogenesis and Hepatosteatosis in Mice with Obesity Induced by a 
High-Fat Diet. J. Agric. Food Chem. 2019, 67, 7136–7146, doi:10.1021/acs.jafc.9b02668. 

19. Pistritto, G.; Trisciuoglio, D.; Ceci, C.; Garufi, A.; D’Orazi, G. Apoptosis as anticancer mechanism: 
Function and dysfunction of its modulators and targeted therapeutic strategies. Aging (Albany NY) 2016, 8, 
603–619, doi:10.18632/aging.100934. 



Biomolecules 2019, 9, 839 15 of 17 

20. Saraste, A.; Pulkki, K. Morphologic and biochemical hallmarks of apoptosis. Cardiovasc. Res. 2000, 45, 
528–537, doi:10.1016/s0008-6363(99)00384-3. 

21. Jin, Z.; El-Deiry, W.S. Overview of cell death signaling pathways. Cancer Biol. Ther. 2005, 4, 139–163, 
doi:10.4161/cbt.4.2.1508. 

22. Chang, H.Y.; Yang, X. Proteases for cell suicide: Functions and regulation of caspases. Microbiol. Mol. Biol. 
Rev. 2000, 64, 821–846, doi:10.1128/mmbr.64.4.821-846.2000. 

23. Green, D.R.; Llambi, F. Cell Death Signaling. Cold Spring Harb. Perspect. Biol. 2015, 7, 
doi:10.1101/cshperspect.a006080. 

24. Cook, S.J.; Stuart, K.; Gilley, R.; Sale, M.J. Control of cell death and mitochondrial fission by ERK1/2 MAP 
kinase signalling. FEBS J. 2017, 284, 4177–4195, doi:10.1111/febs.14122. 

25. Lin, J.F.; Tsai, T.F.; Yang, S.C.; Lin, Y.C.; Chen, H.E.; Chou, K.Y.; Hwang, T.I.S. Benzyl isothiocyanate 
induces reactive oxygen species-initiated autophagy and apoptosis in human prostate cancer cells. 
Oncotarget 2017, 8, 20220–20234, doi:10.18632/oncotarget.15643. 

26. Nechushtan, A.; Smith, C.L.; Lamensdorf, I.; Yoon, S.H.; Youle, R.J. Bax and Bak coalesce into novel 
mitochondria-associated clusters during apoptosis. J. Cell Biol. 2001, 153, 1265–1276, 
doi:10.1083/jcb.153.6.1265. 

27. Hundie, G.B.; Woldemeskel, D.; Gessesse, A. Evaluation of Direct Colorimetric MTT Assay for Rapid 
Detection of Rifampicin and Isoniazid Resistance in Mycobacterium tuberculosis. PLoS ONE 2016, 11, 
e0169188, doi:10.1371/journal.pone.0169188. 

28. Chen, X.; Zhong, Z.; Xu, Z.; Chen, L.; Wang, Y. 2′,7′-Dichlorodihydrofluorescein as a fluorescent probe for 
reactive oxygen species measurement: Forty years of application and controversy. Free Radic. Res. 2010, 44, 
587–604, doi:10.3109/10715761003709802. 

29. Lee, H.R.; Farhanullah; Lee, J.; Jajoo, R.; Kong, S.Y.; Shin, J.Y.; Kim, J.O.; Lee, J.; Lee, J.; Kim, H.J. Discovery 
of a Small Molecule that Enhances Astrocytogenesis by Activation of STAT3, SMAD1/5/8, and ERK1/2 via 
Induction of Cytokines in Neural Stem Cells. ACS Chem. Neurosci. 2016, 7, 90–99, 
doi:10.1021/acschemneuro.5b00243. 

30. Pompella, A.; Visvikis, A.; Paolicchi, A.; De Tata, V.; Casini, A.F. The changing faces of glutathione, a 
cellular protagonist. Biochem. Pharmacol. 2003, 66, 1499–1503, doi:10.1016/s0006-2952(03)00504-5. 

31. Lavrentiadou, S.N.; Chan, C.; Kawcak, T.; Ravid, T.; Tsaba, A.; van der Vliet, A.; Rasooly, R.; Goldkorn, T. 
Ceramide-mediated apoptosis in lung epithelial cells is regulated by glutathione. Am. J. Respir. Cell Mol. 
Biol. 2001, 25, 676–684, doi:10.1165/ajrcmb.25.6.4321. 

32. Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 
doi:10.3390/ijms19020448. 

33. Russi, S.; Verma, H.K.; Laurino, S.; Mazzone, P.; Storto, G.; Nardelli, A.; Zoppoli, P.; Calice, G.; La Rocca, 
F.; Sgambato, A.; et al. Adapting and Surviving: Intra and Extra-Cellular Remodeling in Drug-Resistant 
Gastric Cancer Cells. Int. J. Mol. Sci. 2019, 20, doi:10.3390/ijms20153736. 

34. Shi, W.J.; Gao, J.B. Molecular mechanisms of chemoresistance in gastric cancer. World J. Gastrointest. Oncol. 
2016, 8, 673–681, doi:10.4251/wjgo.v8.i9.673. 

35. Bui, H.T.T.; Le, N.H.; Le, Q.A.; Kim, S.E.; Lee, S.; Kang, D. Synergistic apoptosis of human gastric cancer 
cells by bortezomib and TRAIL. Int. J. Med. Sci. 2019, 16, 1412–1423, doi:10.7150/ijms.34398. 

36. Choi, W.Y.; Jin, C.Y.; Han, M.H.; Kim, G.Y.; Kim, N.D.; Lee, W.H.; Kim, S.K.; Choi, Y.H. Sanguinarine 
sensitizes human gastric adenocarcinoma AGS cells to TRAIL-mediated apoptosis via down-regulation of 
AKT and activation of caspase-3. Anticancer Res. 2009, 29, 4457–4465. 

37. Hylander, B.L.; Sen, A.; Beachy, S.H.; Pitoniak, R.; Ullas, S.; Gibbs, J.F.; Qiu, J.; Prey, J.D.; Fetterly, G.J.; 
Repasky, E.A. Tumor priming by Apo2L/TRAIL reduces interstitial fluid pressure and enhances efficacy 
of liposomal gemcitabine in a patient derived xenograft tumor model. J. Control. Release 2015, 217, 160–169, 
doi:10.1016/j.jconrel.2015.08.047. 

38. Gupta, P.; Kim, B.; Kim, S.H.; Srivastava, S.K. Molecular targets of isothiocyanates in cancer: Recent 
advances. Mol. Nutr. Food Res. 2014, 58, 1685–1707, doi:10.1002/mnfr.201300684. 

39. Nakamura, Y.; Kawakami, M.; Yoshihiro, A.; Miyoshi, N.; Ohigashi, H.; Kawai, K.; Osawa, T.; Uchida, K. 
Involvement of the mitochondrial death pathway in chemopreventive benzyl isothiocyanate-induced 
apoptosis. J. Biol. Chem. 2002, 277, 8492–8499, doi:10.1074/jbc.M109760200. 

40. Atlante, A.; Calissano, P.; Bobba, A.; Azzariti, A.; Marra, E.; Passarella, S. Cytochrome c is released from 
mitochondria in a reactive oxygen species (ROS)-dependent fashion and can operate as a ROS scavenger 



Biomolecules 2019, 9, 839 16 of 17 

and as a respiratory substrate in cerebellar neurons undergoing excitotoxic death. J. Biol. Chem. 2000, 275, 
37159–37166, doi:10.1074/jbc.M002361200. 

41. Choi, Y.H. ROS-mediated activation of AMPK plays a critical role in sulforaphane-induced apoptosis and 
mitotic arrest in AGS human gastric cancer cells. Gen. Physiol. Biophys. 2018, 37, 129–140, 
doi:10.4149/gpb_2017026. 

42. Huang, J.; Zhou, C.; He, J.; Hu, Z.; Guan, W.C.; Liu, S.H. Protective effect of reduced glutathione C60 
derivative against hydrogen peroxide-induced apoptosis in HEK 293T cells. J. Huazhong Univ. Sci. Technol. 
Med. Sci. 2016, 36, 356–363, doi:10.1007/s11596-016-1591-x. 

43. Zunino, F.; Pratesi, G.; Micheloni, A.; Cavalletti, E.; Sala, F.; Tofanetti, O. Protective effect of reduced 
glutathione against cisplatin-induced renal and systemic toxicity and its influence on the therapeutic 
activity of the antitumor drug. Chem. Biol. Interact. 1989, 70, 89–101. 

44. Lee, C.S.; Kim, Y.J.; Jang, E.R.; Kim, W.; Myung, S.C. Fluoxetine induces apoptosis in ovarian carcinoma 
cell line OVCAR-3 through reactive oxygen species-dependent activation of nuclear factor-kappaB. Basic 
Clin. Pharmacol. Toxicol. 2010, 106, 446–453, doi:10.1111/j.1742-7843.2009.00509.x. 

45. Tang, L.; Zhang, Y. Mitochondria are the primary target in isothiocyanate-induced apoptosis in human 
bladder cancer cells. Mol. Cancer Ther. 2005, 4, 1250–1259, doi:10.1158/1535-7163.MCT-05-0041. 

46. Checinska, A.; Hoogeland, B.S.; Rodriguez, J.A.; Giaccone, G.; Kruyt, F.A. Role of XIAP in inhibiting 
cisplatin-induced caspase activation in non-small cell lung cancer cells: A small molecule Smac mimic 
sensitizes for chemotherapy-induced apoptosis by enhancing caspase-3 activation. Exp. Cell Res. 2007, 313, 
1215–1224, doi:10.1016/j.yexcr.2006.12.011. 

47. Saraei, R.; Soleimani, M.; Movassaghpour Akbari, A.A.; Farshdousti Hagh, M.; Hassanzadeh, A.; Solali, S. 
The role of XIAP in resistance to TNF-related apoptosis-inducing ligand (TRAIL) in Leukemia. Biomed. 
Pharm. 2018, 107, 1010–1019, doi:10.1016/j.biopha.2018.08.065. 

48. Schulze-Osthoff, K.; Ferrari, D.; Los, M.; Wesselborg, S.; Peter, M.E. Apoptosis signaling by death 
receptors. Eur. J. Biochem. 1998, 254, 439–459, doi:10.1046/j.1432-1327.1998.2540439.x. 

49. Golstein, P. Cell death: TRAIL and its receptors. Curr. Biol. 1997, 7, R750–R753, 
doi:10.1016/s0960-9822(06)90000-1. 

50. Okinaga, T.; Kasai, H.; Tsujisawa, T.; Nishihara, T. Role of caspases in cleavage of lamin A/C and PARP 
during apoptosis in macrophages infected with a periodontopathic bacterium. J. Med. Microbiol. 2007, 56, 
1399–1404, doi:10.1099/jmm.0.47193-0. 

51. Saralamma, V.V.; Nagappan, A.; Hong, G.E.; Lee, H.J.; Yumnam, S.; Raha, S.; Heo, J.D.; Lee, S.J.; Lee, W.S.; 
Kim, E.H.; et al. Poncirin Induces Apoptosis in AGS Human Gastric Cancer Cells through Extrinsic 
Apoptotic Pathway by up-Regulation of Fas Ligand. Int. J. Mol. Sci. 2015, 16, 22676–22691, 
doi:10.3390/ijms160922676. 

52. Dong, Y.; Cao, A.; Shi, J.; Yin, P.; Wang, L.; Ji, G.; Xie, J.; Wu, D. Tangeretin, a citrus polymethoxyflavonoid, 
induces apoptosis of human gastric cancer AGS cells through extrinsic and intrinsic signaling pathways. 
Oncol. Rep. 2014, 31, 1788–1794, doi:10.3892/or.2014.3034. 

53. Lee, H.S.; Kim, E.J.; Kim, S.H. Chestnut extract induces apoptosis in AGS human gastric cancer cells. Nutr. 
Res. Pract. 2011, 5, 185–191, doi:10.4162/nrp.2011.5.3.185. 

54. Lim, S.C.; Jeon, H.J.; Kee, K.H.; Lee, M.J.; Hong, R.; Han, S.I. Andrographolide induces apoptotic and 
non-apoptotic death and enhances tumor necrosis factor-related apoptosis-inducing ligand-mediated 
apoptosis in gastric cancer cells. Oncol. Lett. 2017, 13, 3837–3844, doi:10.3892/ol.2017.5923. 

55. Lee, D.H.; Kim, D.W.; Lee, H.C.; Lee, J.H.; Lee, T.H. Phenethyl isothiocyanate sensitizes glioma cells to 
TRAIL-induced apoptosis. Biochem. Biophys. Res. Commun. 2014, 446, 815–821, 
doi:10.1016/j.bbrc.2014.01.112. 

56. Wang, D.; Upadhyaya, B.; Liu, Y.; Knudsen, D.; Dey, M. Phenethyl isothiocyanate upregulates death 
receptors 4 and 5 and inhibits proliferation in human cancer stem-like cells. BMC Cancer 2014, 14, 591, 
doi:10.1186/1471-2407-14-591. 

57. Akazawa, Y.; Mott, J.L.; Bronk, S.F.; Werneburg, N.W.; Kahraman, A.; Guicciardi, M.E.; Meng, X.W.; 
Kohno, S.; Shah, V.H.; Kaufmann, S.H.; et al. Death receptor 5 internalization is required for lysosomal 
permeabilization by TRAIL in malignant liver cell lines. Gastroenterology 2009, 136, 2365–2376; 
e2361–e2367, doi:10.1053/j.gastro.2009.02.071. 



Biomolecules 2019, 9, 839 17 of 17 

58. Langsenlehner, T.; Langsenlehner, U.; Renner, W.; Kapp, K.S.; Krippl, P.; Hofmann, G.; Clar, H.; Pummer, 
K.; Mayer, R. The Glu228Ala polymorphism in the ligand binding domain of death receptor 4 is associated 
with increased risk for prostate cancer metastases. Prostate 2008, 68, 264–268, doi:10.1002/pros.20682. 

59. Fimognari, C.; Turrini, E.; Ferruzzi, L.; Lenzi, M.; Hrelia, P. Natural isothiocyanates: Genotoxic potential 
versus chemoprevention. Mutat. Res. 2012, 750, 107–131, doi:10.1016/j.mrrev.2011.12.001. 

60. Yeh, Y.T.; Hsu, Y.N.; Huang, S.Y.; Lin, J.S.; Chen, Z.F.; Chow, N.H.; Su, S.H.; Shyu, H.W.; Lin, C.C.; Huang, 
W.T.; et al. Benzyl isothiocyanate promotes apoptosis of oral cancer cells via an acute redox 
stress-mediated DNA damage response. Food Chem. Toxicol. 2016, 97, 336–345, doi:10.1016/j.fct.2016.09.028. 

61. Sehrawat, A.; Croix, C.S.; Baty, C.J.; Watkins, S.; Tailor, D.; Singh, R.P.; Singh, S.V. Inhibition of 
mitochondrial fusion is an early and critical event in breast cancer cell apoptosis by dietary 
chemopreventative benzyl isothiocyanate. Mitochondrion 2016, 30, 67–77, doi:10.1016/j.mito.2016.06.006. 

62. Xiao, D.; Vogel, V.; Singh, S.V. Benzyl isothiocyanate-induced apoptosis in human breast cancer cells is 
initiated by reactive oxygen species and regulated by Bax and Bak. Mol. Cancer Ther. 2006, 5, 2931–2945, 
doi:10.1158/1535-7163.mct-06-0396. 

63. Batra, S.; Sahu, R.P.; Kandala, P.K.; Srivastava, S.K. Benzyl isothiocyanate-mediated inhibition of histone 
deacetylase leads to NF-kappaB turnoff in human pancreatic carcinoma cells. Mol. Cancer Ther. 2010, 9, 
1596–1608, doi:10.1158/1535-7163.MCT-09-1146. 

 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 
 


