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Introduction

 The morbidity and mortality associated with lung 
cancer continues to increase, with 80% of all lung cancer 
patients suffering from non-small cell lung cancer (Chen, 
et al., 2008). Thus, an increased understanding of the 
molecular mechanisms useful for more effective and 
less harmful therapies is needed to reduce lung cancer 
mortality. Apoptosis is endogenous cell death program 
(Fisher, 1994). Tumors are characterized by uncontrolled 
proliferation and reduced apoptosis. Activation of 
apoptosis pathways is a key mechanism by which 
cytotoxic drugs kill cancer cells. Compounds which can 
induce apoptosis are considered to have potential as anti-
tumoral agents (Frankfurt and Krishan, 2003). 
 Isothiocyanates (ITCs) are a family of compounds 
with potential cancer chemopreventive activities. 
Naturally-occurring ITCs found in Brassica vegetables, 
including benzyl ITC (BITC), phenethyl ITC (PEITC) and 
sulforaphane (SFN) have demonstrated anticarcinogenic 
activities. Consumption of Brassica vegetables containing 
ITCs is associated with decreased risk of cancer (Song et 
al., 2006; Razis and Noor, 2013; Karen-Ng et al., 2013). 
Radish is a member of the Cruciferae family of vegetables. 
4-Methylsulfinyl-3-butenyl isothiocyanate (MTBITC), a 
compound from radish (Raphanus sativus L.), is a well-
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Abstract

	 4-Methylsulfinyl-3-butenyl	isothiocyanate	(MTBITC)	found	in	the	radish	(Raphanus sativus L.), is a well-
known	anticancer	agent.	In	this	study,	the	mechanisms	of	the	MTBITC	induction	of	cell	apoptosis	in	human	
A549	lung	cancer	cells	were	investigated.	Our	PI	staining	results	showed	that	MTBITC	treatment	significantly	
increased	the	apoptotic	sub-G1	fraction	in	a	dose-dependent	manner.	The	mechanism	of	apoptosis	induced	by	
MTBITC	was	investigated	by	testing	the	change	of	mitochondrial	membrane	potential	(ΔΨm),	the	expression	
of	mRNAs	of	apoptosis-related	genes	by	RT-PCR,	and	the	activities	of	caspase-3	and	-9	by	caspase	colorimetric	
assay.	MTBITC	treatment	decreased	mitochondrial	membrane	potential	by	down-regulating	the	rate	of	Bcl-2/
Bax	and	Bcl-xL/Bax,	and	activation	of	caspase-3	and	-9.	Therefore,	mitochondrial	pathway	and	Bcl-2	gene	family	
could	be	involved	in	the	mechanisms	of	A549	cell	apoptosis	induced	by	MTBITC.	 
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known anti-cancer agent active against liver and colon 
cancer cells. Our previous work has shown that MTBITC 
induced a dose-dependent decrease in viable A549 cells 
with an IC50 of 52.11±1.06 μM at 24 h (Fisher et al., 
1995). Moreover, MTBITC has shown more specificity 
and sensitivity toward tumor cells compared with normal 
cells (Hanlon et al., 2007; Papi et al., 2008). MTBITC has 
been shown to induce detoxification enzymes in the human 
hepatocyte HepG2 cell line (Hanlon et al., 2007), and 
has interesting antioxidant/radical scavenging properties 
associated with a selective cytotoxic/apoptotic activity 
toward three human colon carcinoma cell lines (LoVo, 
HCT-116, and HT-29) (Papi et al., 2008). However, the 
mechanisms of how MTBITC induces apoptosis of human 
lung cancer cells are still not defined. Herein, we describe 
the investigation into the mechanisms responsible for the 
induction of apoptosis in A549 cells by MTBITC. 

Materials and Methods

Chemicals
 Radish (Raphanus sativus L.) seeds were obtained 
from Zhejiang Academy of agricultural sciences. All 
reagents and solvents used were of analytical and HPLC 
grade.
 3-[4, 5-Dimethylthiazol-2yl]-2, 5-diphenyl tetrazolium 
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bromide (MTT), DMSO, Goldview and Rhodamine123 
were purchased from Sigma (St. Louis, MO, USA). 2’, 
7’-Dichlorofluorescin diacetate (DCFH-DA) was from 
Molecular Probes (Eugene, OR, USA). Annexin V-FITC 
Apoptosis Detection Kits were from Oncogene (Boston, 
MA, USA), Caspase-3, and Caspase-9 colorimetric assay 
kits were from KeyGen (Nanjing KeyGen Biotech. Co. 
Ltd., Nanjing, China). 

Isolation and purification of ITCs
 MTBITC was extracted and purified from radish 
seeds according to the method described in literature 
with some modified with slight modifications (Ishii et al., 
1989; Vaughn et al., 2005; Wang N et al., 2010). Briefly, 
ethyl acetate was used to extract the hydrolysis product 
from radish seed powder (1 Kg), and the non-polar part 
was removed with hexane. The ethyl acetate fraction (38 
g)  was subjected to silica gel chromatography, eluted by 
hexane/acetone (8:2, 7:3, 5:5, 4:6, 3:7, 2:8, v/v, 15 mL/
min) to give four fraction. Fraction 2 was purified further 
by RP C-18 column chromatography to give compound 1 
(203.7 mg). (analyzed by HPLC). The isolated compound 
(the purity was 98.5%) was identified as MTBITC by 
comparison of their spectral data (1H NMR, 13C NMR, 
and MS) with reported values (Kjaer et al., 1963; Kore et 
al., 1993; Bertelli et al., 1998; Vaughn and Berhow, 2005; 
Wang N et al., 2010). 
 MTBITC was prepared in sterilized dimethyl sulfoxide 
(DMSO) and stored at 4°C.

Cell culture
 The human lung carcinoma cell line A549 (ATCC, 
Manassas, VA, United States) was cultured in RPMI-1640 
medium (pH 7.0) supplemented with 10% fetal bovine 
serum (Gibco BRL, Grand Island, USA), 100 units/mL 
penicillin, and 100 μg/mL streptomycin sulfate. Cells were 
maintained at 37°C in an atmosphere of 5% CO2.

Cell-cycle analysis
 A549 cells (1×105 cells/mL) were seeded into a six-
well plate, and then treated with MTBITC (0, 25, 50, 100 
µM) for 24 h. After the treatment, adherent and floating 
cells were collected and washed by PBS, then fixed in 
ethanol (70% in PBS) maintained at 4°C for at least 12 h. 
The cells were washed with PBS, and then were stained 
with a propidium iodide (PI) fluorescent probe solution 
containing PBS, PI (50 µg/mL), and DNase-free RNase 
A (50 µg/mL) for 30 min in the dark. DNA fluorescence 
of PI-stained cells was evaluated by flow cytometry using 
an Epics Elite machine (Beckman Coulter Company, 
Fullerton, CA, United States). Cell distribution in the 
different phases of the cell cycle was analyzed by WinMDI 
29.0 software.

Analysis of apoptosis cells
 Cells were seeded into a six-well plate at a density of 
1×105 cells/mL and were treated with MTBITC (0, 25, 50, 
100 µM) for 24 h. After incubation, adherent and floating 
cell populations were combined, rinsed with PBS, and then 
resuspended in PBS containing 10% fetal bovine serum. 
The apoptosis rate of cells was determined by an Annexin 

V-FITC Apoptosis Detection Kit according to a modified 
manufacturer’s protocol. Briefly, media binding reagent 
and Annexin V-FITC were added to the cells for 15 min 
in the dark. Cells were treated with binding buffer and 
PI, and then assayed by flow cytometry on an Epics Elite 
machine (Beckman Coulter Company) and analyzed by 
WinMDI 29.0 software.

Morphologic observations of apoptosis
Fluorescent microscopy observation
 A549 cells were treated with MTBITC (0, 25, 
50, 100 µM) for 24 h. They were fixed for 10 min in 
methanol:acetic acid (3:1) and washed with phosphate-
buffered saline (PBS). They were stained with Hoechst 
33258 stain solution (10 μg/mL) for 10 min, and washed 
with PBS. Stained cells were observed using a fluorescence 
microscope equipped with a 40× objective lens. Nuclear 
condensation and/or fragmentation were photographed.

Transmission electron microscopy (TEM)
 A549 cells were treated with 50 µM of MTBITC for 24 
h, and morphologic changes were assessed by transmission 
electron microscopy (TEM). Briefly, cells were harvested 
and fixed with 0.1 M 2.5% glutaraldehyde, and 2% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, 24 
h), followed by 0.1% osmium tetroxide fixation (pH 7.2, 
3 h at 4°C) and dehydration in an alcohol series (30%, 
50%, 70%, 80%, 90% and 100%). Ultrathin sections were 
stained with uranyl acetate and lead citrate and observed 
under a JEM-1010 TEM (JEOL, Japan). 

Detection of caspase catalytic activities
 The activities of caspase-3 and -9 were assayed 
by the caspase colorimetric assay kits. The principle 
was based on the spectrophotometric detection of the 
chromophore p-nitroanilide (pNA) which was cleaved 
from the pNA-labeled peptide substrates, Ac-DEVD-pNA 
for caspase-3, and Ac-LEHD-pNA for caspase-9 (Pereira 
and Song, 2008; Xia et al., 2013). Briefly, after being 
treated with MTBITC (0, 12.5, 25, 50 µM) for 24 h, cells 
were harvested, washed with PBS, and resuspended in 
lysis buffer. Cell lysates were clarified by centrifugation 
at 10000 rpm for 1 min and kept on ice, then the protein 
concentration was determined using the BCA assay (Liu et 
al., 2005). A total of 50 µL cell lysate with 150 µg protein 
was incubated with 5 µL caspase substrate at 37°C for 4 
h. The release of pNA was measured using a microplate 
reader (Tecan Group Ltd., Mannedorf, Switzerland) at 405 
nm (Pereira and Song, 2008; Xia et al., 2013). Experiments 
were performed in triplicate.

Measurement of mitochondrial transmembrane potential 
(ΔΨm) disruption
 Rhodamine123 is a fluorescent dye that is incorporated 
into mitochondria in a ΔΨm-dependent manner (Chen et 
al., 2007). A549 cells were cultured in a six-well plate at a 
density of 1×105 cells/mL and exposed to 50 µM MTBITC 
for 24 h. After treatment, the culture medium was replaced 
with a new medium containing 1 µM rhodamine123 for 
30 min at 37°C in the dark. For fluorescence microscope 
observations, the cells were washed twice with PBS and 
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Figure	1.	 Inhibition	of	Cell	Cycle	Progress	 in	A549	
Cells	were	Treated	with	Various	Concentrations	 of	
MTBITC	for	24	h.	Cells were fixed with ethanol and stained 
with PI, and then cell cycle distribution was analyzed by flow 
cytometry

Figure	 2.	Morphological	 Changes	 in	A549	Cells	
Treated	with	MTBITC	for	24	h	Followed	by	Hoechst	
33258	Staining:	(a) control; (b) 25 μM; (c) 50 μM; (d) 100 
μM (Magnification, 40×)

the new culture medium was added. For quantitative 
analysis, cells were trypsinized, and quantified using flow 
cytometry and analyzed by WinMDI 29.0 software. 

Isolation of total RNA and reverse transcription 
polymerase chain reaction (RT-PCR)
 Expression of the apoptosis related genes, Bcl-2, 
Bcl-xL, and Bax, were studied by reverse transcriptase-
PCR (RT-PCR). GAPDH was used as the control. Total 
RNA was isolated from untreated or treated A549 tumor 
cells with Trizol reagent (Invitrogen, USA). Reverse 
transcriptase reaction was performed from 1 µg of total 
RNA by M-MuLV reverse transcriptase (Toyobo, Japan) 
according to the manufacturer’s recommendations. 2 µL 
RT product was used for the PCR reaction. The PCR 
reaction was carried out in a total volume of 20 µL 
containing 6 µL dH2O, 10 µL Master solution (Toyobo, 
Japan), 2 µL cDNA, and 1 µL primer. PCR was carried 
out using gene specific upstream and downstream 
primers. After initial denaturation at 94°C for 4 min, 
PCR amplification was performed as follows: 35 cycles 
of denaturation at 94°C for 30 s, annealing at 56°C for 
30 s and strand extension at 72°C for 1 min. After a final 
extension at 72°C for 5 min, PCR products were resolved 
in 1% agarose gels and stained with Goldview. 
 Primer sequences were as follows: Bcl-2, 
5’-TGTGGTATGAAGCCAGACC-3’ (forward) and 
5’-CAGGATAGCAGCACAGGATT-3’ (reverse), Bcl-
xL, 5’-CAATGGACTGGTGAGCCCA-3’ (forward) 
and 5’-AGTTCAAACTCGTCGCCTG-3’ (reverse), and 
Bax, 5’-CTGGGCCCCACAACTCAG-3’ (forward) and 
5’-TTCCCGCATCCACCGCACAC-3’ (reverse) giving 
products of 154, 330, and 186 bp, respectively. Each reverse-
transcribed mRNA product was internally controlled by 

glyceraldehyde-3-phosphate dehydrogenase (GADPH) 
PCR using primers 5’-CCCACTCCTCCACCTTTGAC-3’ 
(forward) and 5’-TCTTCCTCTTGTGCTCTTGC-3’ 
(reverse), yielding a 182 bp PCR product. 

Statistical analysis
 Data are means ± standard deviations (SD) of three 
replicate determinations. Analysis was by SPSS 16.0 
(SPSS Incorporated, Chicago, IL, USA). One-way 
analysis of variance (ANOVA) and Duncan’s new 
multiple-range test were used to determine differences 
among mean values. P<0.01 was considered significant.

Results	

MTBITC increased sub-G1 populations and blocked the 
cell cycle in A549 cell
 Investigation into the effects of MTBITC on cell 
cycle distribution was initiated to gain insight into the 
mechanisms of its anti-proliferative activity. A549 cells 
were treated with MTBITC and their distribution in the 
different phases of the cell cycle was calculated. At 24 
h, cells treated with MTBITC (0, 25, 50, 100 µM) in the 
G2/M phase of the cell cycle increased from 5.8% to 23.2% 
in a dose-dependent manner (Figure 1). When treated with 
100 µM of MTBITC, the S phase cells increased to 45.7%. 
The sub-G1 peak and the accumulation of cells in the 
G2/M and S phase were accompanied by a reduction in the 
G0/G1 phase in a dose-dependent manner after treatment 
with MTBITC for 24 h.
 All these results indicated that MTBITC caused S 
phase or G2/M block. The block in cell cycle progression, 
therefore, likely contributed to MTBITC induced anti-
proliferative effects. In addition, there was a significant 
increase in the sub-G1 fraction (hypodiploid DNA 
content), possibly due to cellular apoptosis.

MTBITC induces apoptosis on morphology in A549 cells
 To further understand the anti-tumor effects of 
drug-loaded MTBITC, morphological changes of 
A549 cells treated with MTBITC were examined by 
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fluorescence microscopy and TEM. Apoptotic cells were 
clearly observed (Figure 2), as they showed nuclear 
fragmentation, marked shrinkage, karyopyknosis, 
karyorrhexis, chromatin condensation and margination, 
stain darkening, cytomembrane folds, coiling and 
membrane blebbing, and apoptotic bodies.
 The ultrastructures of A549 cells treated with MTBITC 
were shown in Figure 3. It is evident that control A549 
cells were irregular in shape with randomly distributed 
organelles, the nuclei had finely granular and uniformly 
dispersed chromatin and a very big nucleolus, the 
mitochondria were intact, free ribosomes were observed, 
and many microvilli were seen on the cell surface (Figure 
3A and 3C). When A549 cells were incubated with 50 µM 
MTBITC for 24 h, the ultrastructure of cells underwent 
significant changes compared to the control group. Treated 
cells began to show shrinkage, rounding, karyopyknosis, 
karyorrhexis, chromatin condensation, nuclear aberrations, 
apoptotic bodies, swollen mitochondria and vacuoles in 
the cytoplasm (Figure 3B and 3D). 

MTBITC induced apoptosis in A549 cells by activation 
of caspases-3 and -9 
 The sub-G1 fraction appeared in the cell-cycle 
analysis, and the cells showed conventional morphological 
apoptotic signs when treated with MTBITC. In order 
to further confirm that MTBITC could induce cellular 
apoptosis, annexin V/PI double staining was done. 
Flow cytometry analysis of annexin V staining and 
PI accumulation was performed to differentiate early 

apoptotic cells (annexin V+ and PI-) from late apoptotic/
necrotic cells (annexin V+ and PI+). A total of 27.4% 
of A549 cells were apoptotic when treated with 25 μM 
MTBITC for 24 h (19.68% were in early apoptosis plus 
7.76% in late apoptosis/necrosis), 69.94% were apoptotic 
when treated with 50 μM (41.17% in early apoptosis plus 
28.77% in late apoptosis/necrosis), and 88.11% were 
apoptotic when treated with 100 μM (42.77% in early 
apoptosis plus 45.34% in late apoptosis/necrosis). These 
results were significantly different to the control group 
(Figure 4A). Thus the results from the annexin V/PI double 
staining assay indicated that MTBITC could induce A549 
cellular apoptosis.
 It is well known that cellular apoptosis is generally 
associated with caspase activation. It has been established 
that caspases are the central executioners of the apoptotic 
pathway (Hengartner, 2000; Köhler et al., 2002; Sharifia 
et al., 2009). To evaluate whether the induced apoptotic 
effects of MTBITC were associated with caspase enzyme 
activation, we examined the activities of caspase-9 and 
caspase-3. MTBITC induced activation of caspase-3 
and -9 in a dose-dependent manner, and a significant 
activation effect could be detected after incubation 
with 12.5 µM for 24 h. The activities of caspase-3 and 
caspase-9 were significantly increased in treated cells 
compared to controls (Figure 4B). These results indicated 

Figure	3.	Apoptotic	Features	of	A549	cell	by	TEM.	(A 
and C) Untreated cells. (B and D) Cells were treated with 50 
µM of MTBITC for 24 h, condensed chromatin, vacuoles, and 
swollen mitochondria were observed in cells. Magnification: (A) 
2000×, (B) 5000×, (C and D) (Magnification, 25000×)

Figure	 4.	 The	 Correlation	 of	MTBITC-induced	
Apoptosis	and	Caspase	Activation.	(A) MTBITC induced 
apoptosis on A549 cells. Cells were incubated with MTBITC (0, 
25, 50, and 100 µM) for 24 h. (B) MTBITC-induced caspase-3 
and -9 activations in A549 cells. Cells were incubated with 
MTBITC (0, 12.5, 25, and 50 µM) for 24 h. Significant difference 
from control value was indicated by *(p < 0.01)
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that MTBITC induced apoptosis was related to caspase 
activation. Caspase-9 plays a role as a major initiator of 
mitochondrial pathways, in turn, activating caspase-3 
(Sharifia et al., 2009). Caspase 3 has been identified as a 
key mediator of apoptosis of mammalian cells (Kothakota 
et al., 1997). Thus, these results suggest that MTBITC 
induces mitochondrial changes in A549 cells.

MTBITC induced apoptosis via the mitochondrial pathway 
in A549 cells 
 To further investigate MTBITC induced apoptosis 
by a mitochondrial pathway in A549 cells, the effect of 
MTBITC on mitochondrial membrane potential (ΔΨm) 
was evaluated by rhodamine123 fluorescent staining. As 
expected, fluorescent microscopic observation revealed 
that a low amount of rhodamine123 was retained on A549 
cells treated with 50 µM MTBITC for 24 h (Figure 5A). 
Moreover, quantitative measurement by flow cytometry 

showed that the fluorescent intensity in A549 cells was 
significantly decreased by MTBITC treatment (Figure 
5B), suggesting that ΔΨm decreased. 
 During apoptosis, several pro-apoptotic and anti-
apoptotic genes are involved in regulating the control 
of mitochondria (Li et al., 2008; Xi et al., 2012). Bcl-2, 
Bcl-xL, and Bax were detected by RT-PCR. As shown 
in Figure 5C and 5D, MTBITC treatment of A549 cells 
resulted in down-regulation of the expression of Bcl-2 
and Bcl-xL, and up-regulation of the expression of Bax 
in a time-dependent manner. MTBITC did not affect the 
level of GAPDH when it was employed as a loading 
and internal control. These results suggest that MTBITC 
induces apoptosis in A549 cells via alteration of the Bax/
Bcl-2 and Bax/Bcl-xL ratio.

Discussion

Epidemiological studies have shown that increasing 
dietary consumption of cruciferous vegetables may 
reduce cancer risk in humans (Li et al., 2008). The anti-
carcinogenic effect of cruciferous vegetables is attributed 
to the presence of organic ITCs (Razis and Noor, 2013). 
Dietary ITCs found in cruciferous vegetables has been 
reported to reduce cancer risk by inducing phase II 
conjugating enzymes. (Karen-Ng et al., 2013; Zhu et 
al., 2013; Razis and Noor, 2013) MTBITC is a major 
phytochemical constituent of radish as well as other 
cruciferous vegetables with known chemopreventive 
properties. MTBITC has been shown to modulate the 
activity of phase II detoxification enzymes (Hanlon et 
al., 2007), suppress proliferation, and induce apoptosis in 
cancer cells (Papi et al., 2008), via pathways that have been 
suggested to be involved in anticarcinogenic processes. 
However, few studies have been carried out to ascertain 
the effects of MTBITC treatment in lung adenocarcinoma. 

In our previous work, MTBITC displayed a strong 
antiproliferative activity toward A549 cells (Fisher et al., 
1995). In the work reported herein, MTBITC induced 
both a dose- and time-dependent inhibitory effect on 
the proliferation of A549 cells. The IC50 value was 
52.11 ± 1.06 μM at 24 h, 34.53 ± 0.37 μM at 48 h, and 
15.43 ± 0.82 μM at 72 h. The IC50 values decreased 
with increasing incubation time (Wang et al., 2010). 
These studies suggested that MTBITC is a potent growth 
suppressing agent in A549 cells. Similar observations of 
different cytotoxic activities on various cancer cells have 
been made for sulforaphane, phenylethyl isothiocyanate 
(PEITC), and benzyl isothiocyanate (BITC) (Chiao et 
al., 2002; Conaway et al 2002; Hecht, 2000; Troncoso 
et al., 2005; Devi et al., 2012; Zhu et al., 2013). Normal 
lymphocytes can undergo cell death induced by drugs as 
a side-effect of chemotherapy aimed at malignant cells. 
Alessio Papi reported that Sulforaphane (SFN) caused a 
complete growth inhibition at 50 μM, whereas MTBITC 
showed only 15 (±5)% inhibition. It showed MTBITC 
with limited toxicity to normal human T-lymphocytes 
(Papi et al., 2008). 

Using PI staining and flow cytometry analysis, our 
results indicated that MTBITC inhibited A549 cell 
proliferation by inducing S phase or G2/M growth arrest 

Figure	5.	MTBITC	Induced	A549	Cells	Apoptosis	by	
Mitochondrial Pathway. (A) Cells were treated with 50 
μM MTBITC for 24 h, and then stained with Rhodamine123, 
observed by Fluorescent Microscopy (Magnification, 40×). 
(B) Rhodamine123 stained A549 cells was obtained by Flow 
Cytometry. Grey line: non-treatment control, black line: 50 μM 
MTBITC treated cells for 24 h. (C) mRNA expression of Bcl-2, 
Bcl-xL, and Bax in A549 cells following exposure with 50 μM 
MTBITC for 0 h, 12 h, 24 h, 48 h. (D) Effect of MTBITC on 
mRNA level by RT-PCR assay. Data are shown by means ± SD 
(n = 3). *P < 0.01 vs. control
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(Figure 1). The appearance of the sub-G1 fraction and 
conventional morphological signs of apoptosis provided 
support for the idea that MTBITC induced apoptosis in 
A549 cells (Figure 1, Figure 2 and Figure 3). MTBITC-
induced apoptosis was further confirmed by annexin V/
PI double staining. The percentage of apoptotic cells 
increased in a dose-dependent manner (Figure 4A). These 
results indicated that the decrease in A549 cell viability 
by MTBITC was due to the modulation of the cell cycle 
and induction of apoptosis.

It is well established that apoptosis can occur by 
either the death-receptor pathway or the mitochondrial 
pathway. Both pathways are executed by caspases that 
are activated specifically in apoptotic cells (Ashkenazi 
and Dixit, 1998; Green and Reed, 1998; Okada and 
Mak, 2004; Philchenkov, 2004; Sharifia et al., 2009; 
Hsu et al., 2010    Milojkovic et al., 2013). J Renuka 
Devi reported that SFN down-regulated the expression 
of bcl-2 (antiapoptotic), while up-regulating p53 and 
Bax (proapoptotic) proteins, as well as caspase-3 (Devi 
et al., 2012). In this study, MTBITC treatment resulted 
in caspase-3 and -9 activation in A549 cells (Figure 4B), 
and in addition, observations indicated that the structure 
of the mitochondria was changed (Figure 3C and 3D), 
suggesting that a mitochondria-mediated mechanism plays 
an important role in apoptosis induction.

The pathway of apoptosis involves the participation 
of mitochondria, regulated by the antiapoptotic members 
of Bcl-2, and Bcl-xL, and proapoptotic members of Bax 
(Korsmeyer, 1999; Rahmani et al., 2013). Bcl-2 and Bcl-
xL are found on the outer membranes of mitochondria 
and function in maintaining their integrity (Dewson 
and Kluck, 2010). Bax is found in a soluble form in the 
cytosol under normal conditions. In the presence of an 
apoptotic stimulus, Bax translocates from the cytosol 
to the mitochondria, which leads to the formation of 
membrane pores at the mitochondrial membranes, and 
thus, induces a decrease in the membrane potential (ΔΨm) 
of the mitochondria (Kluck et al., 1997; Narita, et al., 1998; 
Eskes, et al., 1998; Antonsson et al., 2001; Basanez, et al., 
2002). Bax promotes apoptosis by negatively regulating 
the antiapoptotic members of Bcl-2 and Bcl-xL and 
forming Bax/Bcl-2 or Bax/Bcl-xL heterodimers. The Bax/
Bcl-2 or Bax/Bcl-xL ratio is a measure of the cell death 
switch, which determines whether a cell will live or die 
upon being exposed to an apoptotic stimulus (Sambaziotis 
et al., 2003; Dias and Bailly, 2005). 

In the present study, a lower membrane potential was 
measured in cells from the treatment groups (Figure 5A, 
5B) The expression of Bcl-2 and Bcl-xL were decreased, 
and the expression of Bax was increased (Figure 5C, 
5D). Therefore, we concluded that MTBITC decreases 
the mitochondrial ΔΨm by increasing the ratio of Bax/
Bcl-2 and Bax/Bcl-xL. The Bcl-2 family plays a key role 
in MTBITC induced apoptosis in A549 cells. These results 
indicate that MTBITC-induced apoptosis is associated 
with activation of caspases via the mitochondrial pathways 
in A549 cells. 

In conclusions, MTBITC can inhibit the growth and 
induce the apoptosis of A549 cells. The mechanism is 
mediated by the activation of the mitochondrial death 

pathway, which requires the caspase cascade (via 
caspase-9 activating caspase-3), up-regulation of the 
ratio of Bax/Bcl-2 and Bax/Bcl-xL, and decreased the 
mitochondrial trans-membrane potential (ΔΨm). 
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