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Abstract: Phenethyl isothiocyanate (PEITC), which is a strong reactive oxygen species (ROS) inducer, derived from 
cruciferous vegetables has shown broad spectrum and remarkable anti-cancer effects in a various cancers includ-
ing glioblastoma. Yet, microRNAs involving in PEITC exerting anti-cancer effects remain few reports. Accumulating 
evidence has shown that chemicals-induced ROS regulates the expression of microRNAs including miR-135a, which 
has been demonstrated to trigger mitochondria-dependent apoptosis of rat C6 glioma cells. Here, we report PEITC-
induced ROS could upregulate miR-135a playing a pivotal role in PEITC killing rat C6 glioma cells. Treatment of rat 
C6 glioma cells with PEITC lead to significantly inhibiting cell viability and inducing apparent apoptotic morphology 
of cells accompanied with activation of caspase-9 and caspase-3. Moreover, PEITC significantly suppressed the tu-
morigenicity and migration ability of Rat C6 glioma cells. In addition, PEITC induced cellular GSH depletion and ROS 
production. Importantly, PEITC was significantly upregulated miR-135a, which was however abolished by GSH (a 
ROS scavenger). Furthermore, immunobloting analysis showed that PEITC downregulated STAT6, SMAD5 and Bcl-xl, 
while upregulated Bax and cytochrome C, which were significantly prevented by either miR-135a inhibitor or GSH. 
MiR-135a inhibitor and GSH also reversed the loss of cell viability by PEITC. Our results demonstrated that ROS-
regulated miR-135a played a pivotal role in PEITC triggering rat C6 glioma cells apoptosis, suggesting a potential 
application of PEITC for the treatment glioblastoma.
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Introduction

Malignant glioma accounts for around 80% of 
primary central nervous system (CNS) tumors 
in adults [1]. In the past decades, great advanc-
es have been made in the diagnosis, surgery, 
radiation and chemotherapy, however progno-
sis of glioma is still very poor with the median 
survival time of just 12-15 months [2]. Th- 
erefore, it is necessary to develop novel and 
effective modalities for the treatment of gli- 
oma.

Many studies have shown that some bioactive 
compounds in cruciferous vegetables can ef- 
fectively eliminate malignant cancer cells. Iso- 
thiocyanates (ITCs) are enriched in cruciferous 
vegetables and have been shown to reduce the 

development of various malignancies [3]. Ph- 
enethyl isothiocyanate (PEITC) is one of the 
most extensively studied ITCs and has shown 
broad spectrum and remarkable anti-cancer 
effects [4], including inducing cancer cell apop-
tosis [5-7], reversing cancer cell chemotherapy 
drug resistance [8-10] and selectively killing 
malignant cancer cells but not the correspond-
ing normal cells [8, 11, 12]. One of the mecha-
nisms is through inducing ROS production to 
trigger activation of multiple signal transduc-
tion pathways. In glioma cells, PEITC was re- 
ported to inhibit PI3K-MAPK- HIF-1α-VEGF axis 
and induce apoptosis through the extrinsic 
(death receptor) pathway, ROS-induced ER st- 
ress, and intrinsic (mitochondria) pathway [13]. 
But the underling molecular mechanism of 
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PEITC in inhibiting the growth of glioblastoma 
cells remains elusive.

MicroRNAs (miRNAs) are small noncoding RNA 
molecules with 19 to 25 nucleotides in length, 
and play pivotal roles in the initiation and pro-
gression of many diseases including human 
cancers [14]. Accumulating studies have re- 
vealed that miRNAs such as miR-27a, miR-491 
and miR-135a, play pivotal roles in the response 
to ROS-inducing anti-tumor agents [15-19]. A 
previous study showed that miR-135a triggers 
rat C6 glioma cell apoptosis through mitochon-
dria-dependent pathway [20]. Since PEITC in- 
duces ROS in glioma cells [14], we hypothe-
sized that PEITC, through inducing ROS, may 
inhibit the growth of rat C6 glioma cells through 
miR-135a-mitochondria-dependent pathway.

In order to further investigate the molecular 
pharmacology of PEITC for the treatment of gli-
oma, in this study, we explored the anti-cancer 
effects of PEITC on rat C6 glioma cells and the 
potential mechanism.

Materials and methods

Chemicals and reagents

PEITC, dimethyl-sulphoxide (DMSO), and 3-(4, 
5-dimethylatiazol-2-yl)-2,5-diphenyltrazoliu bro-
mide (MTT) were purchased from Sigma-Aldrich 
(St Louis, MI, USA). Dulbecco’s Modified Eagle 
Medium (DMEM) and fetal bovine serum (FBS) 
were purchased from Gibco (New York, NY, 
USA). Hoechst 33258 Staining, Annexin V-FITC 
Apoptosis Detection Kit, Caspase-3 and 9 
Activity Assay Kit, Caspase Inhibitor Z-VAD-
FMK, 0.1% crystal violet, Total Glutathione 
Assay Kit, Reactive Oxygen Species Assay Kit 
and RIPA lysis buffer were purchased from 
Beyotime (Hainan, China). 4% polyoxymethyl- 
ene, TRIzol reagent, SuperScript III reverse tr- 
anscriptase, Platinum SYBR Green qPCR Su- 
perMix-UDG and Lipofectamine2000 were pur-
chased from Invitrogen (Grand Island, NY, USA). 
For Western blotting assays, primary and sec-
ondary antibodies were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture

The rat C6 glioma cell line was kindly provid- 
ed by Dr. Wu (Department of Pharmacology, 
Zhongshan School of Medicine, Sun Yat-sen 
University, Guangzhou, China) and cultured in 
DMEM supplemented with 10% FBS under a 

humidified 5% CO2 atmosphere at 37°C in an 
incubator.

Cytotoxicity assay and apoptosis assay

For cytotoxicity assay, rat C6 glioma cells were 
seeded on 96-well plates at the density of 
5×103 cells per well. After treated with series 
concentrations of PEITC for 12 h, 24 h and 48 
h, the cytotoxic effect of PEITC against rat C6 
glioma cells were evaluated by methyl thiazolyl 
tetrazolium (MTT) assay according to the manu-
facturer’s instruction. Apoptosis was evaluated 
by the apoptotic morphology, Hoechst 33258 
Staining, flow cytometry, and Caspases’ activi-
ty. Apoptotic morphology was observed by 
microscope (Nikon, Japan). For Hoechst 33258 
staining assay, cells with condensed and frag-
mented nuclei were considered as the apop-
totic cells and detected by fluorescent micros-
copy. For flow-cytometry analysis, cells were 
collected and stained with Annexin V-FITC 
Apoptosis Detection Kit and analyzed by a flow 
cytometer (Beckman Coulter, Brea, CA, USA). 
Caspases’ activity was determined by Cas- 
pase-3 and 9 Activity Assay Kit.

Foci-formation assay

For foci-formation assay, 400 viable cells were 
placed in 6-well plate in triplicate for 24 h, then 
treated with 0, 15, 20 and 25 μM of PEITC and 
continually maintained in complete medium for 
14 days. Foci were fixed with 4% polyoxymeth-
ylene and stained with 0.1% crystal violet. The 
stained colonies were washed by PBS for 3 
times and the foci-formation was detected by 
microscope. The stained colonies were further 
dissolved in DMSO and quantified by spectro-
photometer at 540 nm.

Migration assay

Rat C6 glioma cells were cultured in 6-well 
plate. After approaching almost 100% conflu-
ence, the cells were scratched with a 20 μl tips, 
followed by washing with PBS and treatment 
with 0, 15, 20 and 25 μM of PEITC for 24 h. The 
scratched areas were photographed with a 
microscope at 0 h and 24 h.

Cellular GSH measurement

Rat C6 glioma cells were treated with 0, 15, 20 
and 25 μM of PEITC for 24 h and with 20 μM  
of PEITC for 0, 1, 3, 5 h. Glutathione (GSH) lev-
els were determined by using Glutathione Qu- 
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antification Kit. 5, 5-Dithiobis (2-nitrobenzoic 
acid) (DTNB) and GSH reacted to generate 
2-nitro-5-thiobenzoic acid and glutathione di- 
sulfide (GSSG). Since 2-nitro-5-thiobenzoic acid 
is a yellow colored product, GSH concentration 
in the sample was determined by reading at 
412 nm absorbance with a multi-well plate 
reader (BioTek, USA).

Cellular ROS detection

Rat C6 glioma cells were treated with 0, 15, 20 
and 25 μM of PEITC for 24 h and with 20 μM of 
PEITC for 0, 1, 3, 5 h. The intracellular ROS was 
detected by Reactive Oxygen Species Assay  
Kit based on 2’,7’-dichlorofluoresceindiacetate 
(DCFH-DA). DCFH-DA diffuses into cells and is 
hydrolyzed into non-fluorescent 2’,7’-dichloro- 
fluorescin (DCFH). The ROS, including H2O2, 
superoxide and OH-, oxidizes non-fluorescent 
intra-cellular DCFH into highly fluorescent di- 
chlorofluorescin (DCF), whose intensity of fluo- 
rescence is directly proportional to the level of 
intracellular ROS. DCF fluorescence was detect-
ed using fluorescence microscope and photo-
graphs were taken by inverted fluorescence 
microscope (Nikon, Japan). The intensity of fl- 
uorescence was measured with a spectroflu- 
orimeter (BioTek, USA) at excitation/emission 
wavelengths of λ=488/525 nm.

Quantitative real-time PCR for miR-135a

Total RNAs were isolated by TRIzol reagent. The 
concentration of RNA was determined by mea-
suring the absorbance at 260 nm. Reverse 
transcription was performed using SuperScript 
III reverse transcriptase. Q-PCR was performed 
with Platinum SYBR Green qPCR SuperMix-UDG 
and detected with the LightCycler 480 instru-
ment (Roche, Basel, Switzerland). Comparative 
CT method (2-ΔΔCT) was adopted to evaluate the 
relative expression.

Oligonucleotide transfection

MiR-135a inhibitor and miR-135a inhibitor neg-
ative control were designed and synthesized by 
RiboBio (Guangzhou, China). Cells were grown 
to 70-90% confluence in 6-well plates before 
transfection. Cells were transfected with these 
oligonucleotides by using Lipofectamine2000 
as recommended by the manufacturer’s ins- 
tructions.

Western blot analysis

Cells were lysed in the ice-cold RIPA lysis buffer 
and the protein concentration of the lysates 
was determined by BCA method. Proteins sam-
ples were separated by electrophoresis on 
SDS-PAGE gel and electro-transferred onto a 
Hybond ECL transfer membrane (Amersham 
Pharmacia, Piscataway, NJ, USA). After blocking 
with 5% dry milk, the membrane was incubated 
with primary antibodies for STAT6, SMAD5, Bcl-
xl, Bax, Cyto-C, or β-actin followed by exposure 
to horseradish peroxidase (HRP)-conjugated 
secondary anti-mouse or rabbit antibodies. To 
visualize protein bands, chemiluminescence 
(ECL) system (BIO-RAD, USA) was used.

Statistical analyses

Statistical analyses of the data were conducted 
using GraphPad Prism 5 software. All data were 
expressed as mean ± s.d. (n=3) except special 
indication. Differences were considered to be 
statistically significant at P<0.05.

Results

PEITC reduced cell viability of rat C6 glioma 
cells

To evaluate the effects of PEITC on the prolifer-
ation of rat C6 glioma cells, cells were plated in 
96-well plate at a density of 5×103 and then 
treated with various concentrations (0, 5, 10, 
15, 20, 25, 30, 35 μM) of PEITC for 12 h, 24 h 
and 48 h. Cell viability was assessed by MTT 
assay. PEITC obviously reduced the cell viability 
of rat C6 glioma cells in a dose- and time-
dependent manner (Figure 1). The IC50 values 
of PEITC for 12 h, 24 h and 48 h were 27.61, 
24.37, 14.61 μM, respectively. In the following 
experiments, we choose the concentrations of 
15, 20 and 25 μM of PEITC.

PEITC induced mitochondria-dependent apop-
tosis of rat C6 glioma cells

We next asked whether PEITC reduced cell via-
bility of rat C6 glioma cells by inducing apopto-
sis. Firstly, cells were treated with various con-
centrations of PEITC (0, 15, 20, 25 μM) for 24 h 
and cell morphology was assessed. The results 
showed that PEITC dose-dependently induced 
apoptotic morphological changes of rat C6 glio-
ma cells as demonstrated by smaller, round 
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and blunt cells compared to untreated control 
induced (Figure 2A). Secondly, Hoechst 33258 
staining showed there was increased number 
of cells stained blue in cells treated with PEITC 
compared control (Figure 2B). Moreover, An- 
nexin V/PI flow-cytometry assay showed PEITC 
triggered rat C6 glioma cell apoptosis in a dose-
dependent manner (Figure 2C). Caspases are 
in charge of apoptotic signaling and caspase-9 
and caspase-3 are directly activated in mito-
chondrial pathway [20]. Caspase activity assay 
demonstrated that both caspase-9 (Figure 2D) 
and caspase-3 (Figure 2E) were significantly 
activated by PEITC in a dose-dependent man-
ner in rat C6 glioma cells treated with different 
concentrations of PEITC for 24 h. Finally, we 
treated rat C6 glioma cells with 15, 20, 25 μM 
of PEITC or 25 μM PEITC in combination with 10 
μM caspases inhibitor Z-VAD-FMK for 24 h and 
performed cell viability by MTT assay. We found 
that Z-VAD-FMK significantly prevented the loss 
of cell viability by 25 μM PEITC (Figure 2F). 
These data implied that PEITC was capable of 
triggering mitochondria-dependent apoptosis 
pathway in rat C6 glioma cells.

PEITC suppressed tumorigenicity and migra-
tion ability of rat C6 glioma cells

To explore whether PEITC suppresses tumorige-
nicity and migration of rat C6 glioma cells in 
vitro, we treated rat C6 glioma cells with 15, 20, 
or 25 μM of PEITC and performed colony forma-
tion and migration assays. The results showed 

PEITC treated groups displayed significantly 
fewer and smaller foci of rat C6 glioma cells in 
a dose-dependent manner as compared with 
control (Figure 3A). Figure 3B showed that 
PEITC significantly and dose-dependently sup-
pressed the migration ability of rat C6 glioma 
cells. These results indicate a significant anti-
cancer effect of PEITC in rat C6 glioma cells in 
vitro.

PEITC depleted cellular GSH and promoted cel-
lular ROS of Rat C6 glioma cells

Previous studies have shown that GSH deple-
tion and ROS production are key early events 
for PEITC in activating mitochondria-dependent 
apoptosis pathway [7, 21]. We thus measured 
the cellular GSH and ROS in rat C6 glioma cells 
after treatment with PEITC. Cellular GSH in rat 
C6 glioma cells were dramatically depleted in a 
dose- and time-dependent manner after expo-
sure to PEITC (Figure 4A and 4B). Conversely, 
fluorescent microscopy analysis showed that 
PEITC increased positive DCFH-DA staining of 
rat C6 glioma cells and the rate of stained cells 
was increased with the increase of the concen-
tration of PEITC (Figure 4C and 4D). Moreover, 
the rate of stained cells was increased with the 
elongation of the treatment time of 20 μM 
PEITC (Figure 4E and 4F), indication of induc-
tion of ROS by PEITC. These results suggest 
that GSH and ROS play an important role in 
PEITC triggered-apoptosis in rat C6 glioma 
cells.

ROS-induced miR-135a upregulation played 
a pivotal role in PEITC mediated rat C6 glioma 
cells apoptosis

It has been reported that miR-135a promotes 
the death of rat C6 glioma cells through activat-
ing mitochondria-dependent apoptosis path-
way [20] and could be upregulated by chemi-
cals-induced ROS [18]. The induction of ROS by 
PEITC suggests that PEITC may trigger rat C6 
glioma cell apoptosis through ROS-upregulated 
miR-135a, which in turn activates mitochondria 
dependent pathway. To this hypothesis, we 
treated rat C6 glioma cells with different con-
centrations (0, 15, 20, 25 μM) of PEITC for 24 h 
and determined the expression levels of miR-
135 by RT-PCR. The results showed that miR-
135a levels were obviously upregulated by 
PEITC in rat C6 glioma cells in a dose-depen-
dent manner (Figure 5A). To test whether the 
upregulation of miR-135a is due to the induc-
tion of ROS, we treated rat C6 glioma cells with 
20 μM PEITC alone or in combination with 7.5 

Figure 1. PEITC reduced cell viability of rat C6 glioma 
cells. Cells were treated with the indicated concen-
trations of PEITC for 12 h, 24 h and 48 h. Cell viability 
was determined by MTT assay. *P<0.05, **P<0.01.
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Figure 2. PEITC induced mitochondria-dependent apoptosis in rat C6 glioma cells. Cells were treated with different concentrations (15, 20, 25 μM) of PEITC for 24 
h. A. Cells morphological changes were examined under phase contrast microscope at 20×. B. Cells were stained with Hoechst 33258 and detected by fluorescent 
photomicrographs at 20×. C. Cells were labeled with Annexin V/PI and detected by flow cytometry. Right lower and upper quadrant showed apoptotic cells. D, E. The 
activity of caspase-9 and caspase-3 were measured. F. Cells were treated with 15, 20, 25 μM of PEITC or 25 μM PEITC in combination with 10 μM caspases inhibitor 
Z-VAD-FMK for 24 h. Cell viability was assessed by MTT assay. Mean ± SD, n=3, *P<0.05, **P<0.01, ***P<0.001 VS control.
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mM GSH, a scavenger of ROS, for 24 h and 
determined the expression levels of miR-135 
by RT-PCR. We found GSH dramatically abol-
ished the induction of miR-135a by PEITC 
(Figure 5B). To support that miR-135a upregu-
lation contributes to PEITC induced apoptosis 
in rat C6 glioma cells, we treated rat C6 glioma 
cells with 20 μM PEITC alone or in combination 
with either 7.5 mM GSH or 50 nM inhibitor for 
24 h and determined the activity of caspase 9 
and 3. MiR-135a inhibitor partially but signifi-
cantly prevented, while GSH completely reve- 
rsed the induction of the activity of caspase 9 
and 3 by PEITC (Figure 5C and 5D). STAT6 and 
SMAD5 are two targets of miR-135a and play 
critical roles in miR-135a-mitochondria depen-
dent apoptosis pathway through regulating Bcl-
xl and Bax [20]. To further support our observa-

tion, we treated rat C6 glioma cells with 20 μM 
PEITC alone or in combination with either 7.5 
mM GSH or pre-transfection with 50 nM miR-
135a inhibitor and then with 20 μM PEITC for 
24 h and determined the protein levels of 
STAT6, SMAD5, Bcl-xl, Bax and Cytochrome C 
by immunoblotting. The results showed that 
PEITC downregulated STAT6, SMAD5 and Bcl-xl, 
which were partly and completely reversed by 
miR-135a inhibitor and GSH, respectively. In 
contrast, PEITC upregulated Bax and Cytoch- 
rome C, which were significantly abolished by 
either miR-135a inhibitor or GSH (Figure 5E). 
Moreover, miR-135a inhibitor and GSH also 
partly and completely reversed the loss of cell 
viability by PEITC, respectively (Figure 5F). Ta- 
ken together, these results indicated that ROS-
miR-135a-mitochodria pathway plays a pivotal 

Figure 3. PEITC suppressed tumorigenicity and migration ability of rat C6 glioma cells in vitro. Cells were treated with 
different concentrations (15, 20, 25 μM) of PEITC. A. Colony formation was determined as described in materials 
and methods. B. The scratched area was determined as described in material and methods. Mean ± SD, n=3, 
**P<0.01, ***P<0.001 VS control.
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Figure 4. PEITC induced cellular GSH depletion and ROS production of rat C6 glioma cells. Cells were treated with 
the indicated concentrations of PEITC for different time periods. A, B. Cellular GSH changes were measured by 
GSH Quantification Kit. C, D. Cellular ROS production was detected using fluorescent microscopy after staining with 
DCFH-DA probe. E, F. Cellular ROS production was measured by spectrofluorimeter after staining with DCFH-DA 
probe.
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Figure 5. ROS-miR-135a-mitochondria dependent pathways played a pivotal role in PEITC-induced rat C6 glioma 
cell apoptosis. (A) Cells were treated with different concentrations (0, 15, 20, 25 μM) of PEITC for 24 h. The relative 
quantities levels of miR-135a were detected by RT-PCR. (B) Rat C6 glioma cells were treated with 20 μM PEITC 
alone or in combination with 7.5 mM GSH, a scavenger of ROS, for 24 h. The relative quantities of miR-135 were 
determined by RT-PCR. C-F. Rat C6 glioma cells were treated with 20 μM PEITC alone or in combination with either 
7.5 mM GSH or pre-transfection with 50 nM miR-135a inhibitor then with 20 μM PEITC for 24 h, followed by the 
detection of the activity of caspase 9 (C) and caspase 3 (D). The protein levels of STAT6, SMAD5, Bcl-xl, Bax and 
Cytochrome C were determined by immunoblotting with β-actin as loading control (E). Cell viability was assessed 
by MTT assay (F), Mean ± SD, n=3, fold change >2 regarded as significant difference and *P<0.05, **P<0.01, 
***P<0.001 VS control.
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role in PEITC triggered rat C6 glioma cells 
apoptosis.

Discussion

In the present study, we found that PEITC 
induced apoptosis while suppressed colony for-
mation and migration ability of rat C6 glioma 
cells. Mechanistically, our findings demonstrat-
ed that PEITC exerted its anti-tumor functions 
through ROS-miR-135a-mitochondria depen-
dent apoptosis pathways. These results sug-
gest that PEITC is an effective agent for the 
treatment of glioma.

Various studies have demonstrated that PEITC 
has broad-spectrum antitumor effects mainly 
through inducing ROS production to activate 
mitochondria-dependent apoptosis pathways 
in cancer cells [21]. It was proposed that PEITC 
enters into cells through the passive diffusion 
and binds GSH (an important anti-ROS element 
in cells) leading to GSH depletion with the help 
of transporters such as MRP1, MRP2 and BCRP 
and accordingly ROS production [4]. The accu-

was reported involved in Arsenic trioxide 
(As2O3) in attenuating the invasion potential of 
human liver cancer cells through the demethyl-
ation-activated effect and targeting MMP2 
[19]. Herein, we found PEITC-induced miR-135a 
upregulation played a key role in PEITC-tri- 
ggered rat C6 glioma cell apoptosis. Wu et al. 
previously found that miR-135a stimulates rat 
C6 glioma cell apoptosis through targeting 
STAT6 and SMAD5 [20]. We revealed that miR-
135a was involved in PEITC-induced rat C6 gli-
oma cell apoptosis. Most importantly, our study 
revealed that the PEITC-induced ROS may be a 
key factor in the upregulation of miR-135a by 
PEITC. Many studies have shown that chemi- 
cal-induced ROS increase the expression of 
microRNAs in malignant cancer cells. For exam-
ple, TRAIL in combination with Tanshinone I 
induces ROS, accompanied with upregulation 
of miR-135a-3p in prostate cancer [18]; As2O3 
which is a strong ROS inducer could restore 
miR-491 in human liver cancer cells [19, 24]. 
As for the mechanisms of ROS in reactivating 
microRNAs in cancer cells, it was reported that 

Figure 6. The sche-
matic mechanism for 
PEITC in the induction 
of rat C6 glioma cell 
apoptosis.

mulation of ROS may result in 
mitochondria damage thereby 
activation of caspases-depen-
dent apoptosis pathway. Herein, 
we found PEITC induced GSH 
depletion and ROS production, 
accompanied with apoptosis in 
Rat C6 glioma cells.

In recent years, various studi- 
es have revealed that miRNAs 
play critical roles for anti-can-
cer agents in eliminating canc- 
er cells. For example, miR-124 
and miR-506 were reported to 
augment responses to chemo-
therapy through regulating the 
double-strand DNA damage re- 
pair genes such as RAD51 and 
PARP1 in breast cancer, osteo-
sarcoma and ovarian cancer 
cells [22, 23]. MiR-27a was re- 
ported to play pivotal roles in 
ROS-inducing agents such as 
Curcumin and Celastrol in trig-
gering cancer cell apoptosis th- 
rough targeting ZBTB10, there-
by down-regulating Sp1, Sp3 
and Sp4 in colon and bladder 
cancer cells [15, 16]. MiR-491 
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ROS could regulate DNA methyltransferases 
(DNMTs) to restore hyper-methylation silenced 
tumor suppressors [25]. MiR-135a functions as 
tumor suppressor in malignant glioma cells and 
is negatively correlated with the glioma grading 
[20]. It is thus possible that miR-135a may be 
silenced by hyper-methylation and PEITC-in- 
duced ROS upregulation of miR-135a in rat C6 
glioma cells may depend on demethylation 
effect. Further studies are needed to test this 
hypothesis in the future.

In conclusion, our studies demonstrated that 
PEITC has potent anti-cancer effect through the 
inhibition of cell viability, induction of cell apop-
tosis and suppression of tumorigenicity and 
migration in rat C6 glioma cells and the possi-
ble signaling pathways are summarized (Figure 
6). PEITC eliminating rat C6 glioma cells could 
be at least in part through depleting GSH and 
accordingly ROS production leading to restor- 
ing miR-135a expression, which could target 
STAT6 and SMAD5 leading to Bcl-xl downregula-
tion and Bax and Cytochrome C upregulation 
and activating caspase-9 and caspase-3 de- 
pendent apoptosis pathway. Taken together, 
our findings reveal ROS-miR-135a-mitcohondria 
dependent apoptosis pathways play a pivotal 
role in PEITC performing the anti-cancer effects 
on rat C6 glioma cells, providing a potential 
treatment way for glioblastoma.

Acknowledgements

This work was supported by grants from Key 
program, National Natural Science Foundation 
of China (No. 813734 & No.81570533).

Disclosure of conflict of interest

None.

Address correspondence to: Drs. Li Qing and 
Honghao Zhou, Department of Clinical Pharmacology, 
Xiangya Hospital, Central South University, Chang- 
sha 410008, P. R. China. Tel: +86-731-480-45380; 
Fax: +86-731-480-45380; E-mail: qli1026@163.
com (LQ); hhzhou2003@163.com (HHZ)

References

[1] Schwartzbaum JA, Fisher JL, Aldape KD, 
Wrensch M. Epidemiology and molecular pa-
thology of glioma. Nat Clin Pract Neurol 2006; 
2: 494-503; quiz 1 p following 516.

[2] Yin D, Ogawa S, Kawamata N, Leiter A, Ham M, 
Li D, Doan NB, Said JW, Black KL, Phillip Koef-

fler H. Mir-34a functions as a tumor suppres-
sor modulating egfr in glioblastoma multi-
forme. Oncogene 2013; 32: 1155-1163.

[3] Moon YJ, Brazeau DA, Morris ME. Dietary 
phenethyl isothiocyanate alters gene expres-
sion in human breast cancer cells. Evid Based 
Complement Alternat Med 2011; 2011.

[4] Gupta P, Wright SE, Kim SH, Srivastava SK. 
Phenethyl isothiocyanate: A comprehensive re-
view of anti-cancer mechanisms. Biochim Bio-
phys Acta 2014; 1846: 405-424.

[5] Satyan KS, Swamy N, Dizon DS, Singh R, Gra-
nai CO, Brard L. Phenethyl isothiocyanate 
(peitc) inhibits growth of ovarian cancer cells 
by inducing apoptosis: Role of caspase and 
mapk activation. Gynecol Oncol 2006; 103: 
261-270.

[6] Xue C, Pasolli HA, Piscopo I, Gros DJ, Liu C, 
Chen Y, Chiao JW. Mitochondrial structure al-
teration in human prostate cancer cells upon 
initial interaction with a chemopreventive 
agent phenethyl isothiocyanate. Cancer Cell 
Int 2014; 14: 30.

[7] Wu X, Zhu Y, Yan H, Liu B, Li Y, Zhou Q, Xu K. 
Isothiocyanates induce oxidative stress and 
suppress the metastasis potential of human 
non-small cell lung cancer cells. BMC Cancer 
2010; 10: 269.

[8] Trachootham D, Zhang H, Zhang W, Feng L, Du 
M, Zhou Y, Chen Z, Pelicano H, Plunkett W, Wi-
erda WG, Keating MJ, Huang P. Effective elimi-
nation of fludarabine-resistant CLL cells by 
peitc through a redox-mediated mechanism. 
Blood 2008; 112: 1912-1922.

[9] Tang T, Song X, Liu YF, Wang WY. Peitc reverse 
multi-drug resistance of human gastric cancer 
sgc7901/ddp cell line. Cell Biol Int 2014; 38: 
502-510.

[10] Wu WJ, Zhang Y, Zeng ZL, Li XB, Hu KS, Luo HY, 
Yang J, Huang P, Xu RH. Beta-phenylethyl iso-
thiocyanate reverses platinum resistance by  
a gsh-dependent mechanism in cancer cells 
with epithelial-mesenchymal transition pheno-
type. Biochem Pharmacol 2013; 85: 486-496.

[11] Trachootham D, Zhou Y, Zhang H, Demizu Y, 
Chen Z, Pelicano H, Chiao PJ, Achanta G, Ar-
linghaus RB, Liu J, Huang P. Selective killing of 
oncogenically transformed cells through a ros-
mediated mechanism by beta-phenylethyl iso-
thiocyanate. Cancer Cell 2006; 10: 241-252.

[12] Denis I, Cellerin L, Gregoire M, Blanquart C. 
Cisplatin in combination with phenethyl iso-
thiocyanate (peitc), a potential new therapeu-
tic strategy for malignant pleural mesothelio-
ma. Oncotarget 2014; 5: 11641-11652.

[13] Chou YC, Chang MY, Wang MJ, Harnod T, Hung 
CH, Lee HT, Shen CC, Chung JG. Peitc induces 
apoptosis of human brain glioblastoma gb- 
m8401 cells through the extrinsic- and intrin-



Phenethyl isothiocyanate and miR-135a, rat C6 glioma cells

683 Int J Clin Exp Pathol 2016;9(2):673-683

sic -signaling pathways. Neurochem Int 2015; 
81: 32-40.

[14] Saumet A, Mathelier A, Lecellier CH. The po-
tential of micrornas in personalized medicine 
against cancers. Biomed Res Int 2014; 2014: 
642916.

[15] Gandhy SU, Kim K, Larsen L, Rosengren RJ, 
Safe S. Curcumin and synthetic analogs in-
duce reactive oxygen species and decreases 
specificity protein (sp) transcription factors by 
targeting micrornas. BMC Cancer 2012; 12: 
564.

[16] Chadalapaka G, Jutooru I, Safe S. Celastrol de-
creases specificity proteins (sp) and fibroblast 
growth factor receptor-3 (fgfr3) in bladder can-
cer cells. Carcinogenesis 2012; 33: 886-894.

[17] Jutooru I, Guthrie AS, Chadalapaka G, Pathi S, 
Kim K, Burghardt R, Jin UH, Safe S. Mecha-
nism of action of phenethylisothiocyanate and 
other reactive oxygen species-inducing anti-
cancer agents. Mol Cell Biol 2014; 34: 2382-
2395.

[18] Shin EA, Sohn EJ, Won G, Choi JU, Jeong M, 
Kim B, Kim MJ, Kim SH. Upregulation of mi-
crorna135a-3p and death receptor 5 plays a 
critical role in tanshinone I sensitized prostate 
cancer cells to trail induced apoptosis. Onco-
target 2014; 5: 5624-5636.

[19] Wang X, Jiang F, Mu J, Ye X, Si L, Ning S, Li Z, Li 
Y. Arsenic trioxide attenuates the invasion po-
tential of human liver cancer cells through the 
demethylation-activated microrna-491. Toxicol 
Lett 2014; 227: 75-83.

[20] Wu S, Lin Y, Xu D, Chen J, Shu M, Zhou Y, Zhu 
W, Su X, Qiu P, Yan G. Mir-135a functions as a 
selective killer of malignant glioma. Oncogene 
2012; 31: 3866-3874.

[21] Tusskorn O, Prawan A, Senggunprai L, Kukong-
viriyapan U, Kukongviriyapan V. Phenethyl iso-
thiocyanate induces apoptosis of cholangio-
carcinoma cells through interruption of glu- 
tathione and mitochondrial pathway. Naunyn 
Schmiedebergs Arch Pharmacol 2013; 386: 
1009-1016.

[22] Chen SM, Chou WC, Hu LY, Hsiung CN, Chu 
HW, Huang YL, Hsu HM, Yu JC, Shen CY. The 
effect of microrna-124 overexpression on anti-
tumor drug sensitivity. PLoS One 2015; 10: 
e0128472.

[23] Liu G, Yang D, Rupaimoole R, Pecot CV, Sun Y, 
Mangala LS, Li X, Ji P, Cogdell D, Hu L, Wang Y, 
Rodriguez-Aguayo C, Lopez-Berestein G, Shmu-
levich I, De Cecco L, Chen K, Mezzanzanica D, 
Xue F, Sood AK, Zhang W. Augmentation of re-
sponse to chemotherapy by microrna-506 
through regulation of rad51 in serous ovarian 
cancers. J Natl Cancer Inst 2015; 107.

[24] Jiang F, Wang X, Liu Q, Shen J, Li Z, Li Y, Zhang 
J. Inhibition of TGF-β/SMAD3/NF-κB signaling 
by microrna-491 is involved in arsenic trioxide-
induced anti-angiogenesis in hepatocellular 
carcinoma cells. Toxicol Lett 2014; 231: 55-
61.

[25] Afanas’ev I. Mechanisms of superoxide signal-
ing in epigenetic processes: Relation to aging 
and cancer. Aging Dis 2015; 6: 216-227.


