
INTERNATIONAL JOURNAL OF ONCOLOGY  48:  559-568,  2016

Abstract. The survival benefits of patients with glioblastoma 
(GBM) remain unsatisfactory due to the intrinsic or acquired 
resistance to temozolomide (TMZ). We elucidated the 
mechanisms of sulforaphane (SFN) reverse TMZ resistance 
in TMZ-inducing cell lines by inhibiting nuclear factor-κB 
(NF-κB) transcriptional activity. TMZ-resistant cell lines 
(U87-R and U373-R) were generated by stepwise (6 months) 
exposure of parental cells to TMZ. Luciferase reporter assay, 
biochemical assays and subcutaneous tumor establishment 
were used to characterize the antitumor effect of SFN. MGMT 
expression and 50% inhibiting concentration (IC50) values of 
TMZ in GBM cell lines were assessed. Next, we established 
that U87-R and U373-R cells presenting high IC50 of TMZ, acti-
vated NF-κB transcription and significantly increased MGMT 
expression compared with untreated cells. Furthermore, we 
revealed that SFN could significantly suppress proliferation of 
TMZ-resistant GBM cells. In addition, SFN effectively inhib-
ited activity of NF-κB signaling pathway and then reduced 
MGMT expression to reverse the chemo-resistance to TMZ in 
T98G, U87-R and U373-R cell lines. Sequential combination 
with TMZ synergistically inhibited survival capability and 

increased the induction of apoptosis in TMZ-resistant GBM 
cells. Finally, a nude mouse model was established with U373-R 
cell subcutaneous tumor-bearing mice, and results showed 
that SFN could remarkably suppress cell growth and enhance 
cell death in chemo-resistant xenografts in the nude mouse 
model. Collectively, the present study suggests that the clinical 
efficacy of TMZ-based chemotherapy in TMZ-resistant GBM 
may be improved by combination with SFN.

Introduction

Prognosis of glioblastoma (GBM) is still dismal despite 
multimodality treatments applied such as aggressive surgical 
resection and adjuvant chemo-radiotherapy  (1-3). A major 
advance in GBM therapy as an advantageous treatment is the 
involvement of DNA alkylating agent temozolomide (TMZ) (4). 
TMZ, an orally administered alkylating agent with relatively 
low toxicity, exerts the antitumor activity by interfering with 
DNA replication. Many randomized clinical trials evidenced 
that TMZ-based chemo-therapy significantly improved 
quality of life and prolonged survival of GBM patients (5,6). 
However, TMZ resistance of GBM is a key factor involved in 
poor responses and dismal prognosis. Previous studies have 
evidenced that the resistance to TMZ of molecular pathogenes 
in GBM is related to O6-methylguanine-DNA methyltrans-
ferase (MGMT), which can lead to the replication of DNA and 
the growth of GBM cells (7,8).

The mechanism of action of MGMT involves the removal 
of alkyl groups from damaged DNA in a one-way suicide reac-
tion by transferring them to an internal cysteine residue (9). 
The expression of MGMT varies widely in different kinds 
of tumor cells. It has been suggested that MGMT is the most 
important determinant of resistance to TMZ (10). Increasing 
data indicated prognosis of patients with high MGMT expres-
sion is much poorer than those with low expression. Moreover, 
MGMT overexpression was able to resist cell death induced 
by TMZ in both experimental and clinical settings (11,12). 
Importantly, MGMT promoter methylation is an essential 
predictor which is associated with better clinical responses to 
chemoradiation and overall survival (13,14).
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Several transcription factors have been suggested to be 
involved in the complex process of MGMT transcriptional 
regulation, including p53, NF-κB, HIF-1α, and AP-1 (15-17). 
NF-κB is a family of direct transcription factors which can 
bind to specific DNA sequences in target genes involving in 
immunoregulation, inflammation, growth, carcinogenesis 
and apoptosis (18,19). Activated NF-κB can function as an 
oncogene in a variety of tumors to promote tumor cell prolif-
eration and invasion, induce angiogenesis and metastasis, and 
prevent apoptosis (20,21). It was also suggested that inhibition 
of NF-κB activity by suppressors could strongly enhance 
the apoptotic potential of the alkylating agent. A previous 
study showed that NF-κB subunit p65 induced the increase 
of MGMT expression, whereas NF-κB inhibitor abrogates the 
augmented expression of MGMT in HEK293 cells. MGMT 
is a target gene for NF-κB and plays an important role in 
NF-κB-mediated chemo-resistance to alkylating agents (16). 
Therefore, inhibiting the NF-κB-MGMT pathway is a signifi-
cant strategy to overcome TMZ-resistance.

Sulforaphane (SFN), a naturally-occurring member of the 
isothiocyanate (ITC) family, is ample in normally consumed 
cruciferous vegetables  (22,23). Recently, evidence from 
numerous epidemiological investigations demonstrated that 
the higher dietary intakes of cruciferous vegetables were 
associated with reduced risk of various cancers, such as 
mammary gland tumorigenesis, colonic aberrant crypt foci, 
stomach tumors, prostate, bladder and lung cancer (24). The 
underlying mechanisms of SFN in anticancer activity have 
been reported in many respects including detoxification 
enzymes, oxidative stress induction, checkpoint activation in 
DNA damage, and inhibition of histone deacetylase (HDAC) 
direct binding to cellular proteins  (25). Previous reports 
suggested many survival signaling pathways could be blocked 
by SFN in various tumors. For example, SFN significantly 
suppressed the expression of phosphorylated c-Jun N-terminal 
kinase (p-JNK), phosphorylated extracellular signal-regulated 
kinases (p-ERK), p-Akt and β-catenin, and then interrupting 
the MAPK, PI3K/Akt and Wnt signaling pathway (26,27).

Increasing evidence shows an essential effect of SFN on 
growth inhibition and apoptosis induction in human cancer 
cells, and this research was performed to explore the sensitiza-
tion of SFN to TMZ in TMZ-resistant GBM cells.

Materials and methods

Cell culture and reagents. Human GBM cell lines (T98G, 
U87, LN229, U373 and U251) were obtained from the China 
Academia Sinica Cell Repository, Shanghai, China. Human 
cells U373 and U87 were exposed to TMZ (Temodal, 
Schering‑Plough, Whitehouse Station, NJ, USA) until stable 
TMZ-resistant subclones (U373-R and U87-R) were derived 
from the parental TMZ-sensitive cell lines. Both cells were 
exposed to stepwise increasing concentrations of TMZ 
(2-100 µM) over a period of 6 months.

Antibodies against MGMT, p65, Ki-67, caspase-3 and 
MMP2/9 were obtained from Cell Signaling Technology 
(Danvers, MA, USA). SFN (St. Louis, MO, USA) was prepared 
in DMSO at the stock solution of 100 mM and further diluted 
to appropriate concentration with cell culture medium imme-
diately before use.

Western blot analysis and reverse transcription-polymerase 
chain reaction (RT-PCR) analysis. Cell proteins were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and then transferred onto 
polyvinylidene difluoride membranes (Millipore). Protein 
binding to the MGMT, Ki-67, MMP2/9, p65 and caspase-3 
antibody (Santa Cruz Biotechnology, Inc.) was assessed by 
enhanced chemiluminescence and exposed to a chemilumi-
nescent film.

Total RNA was isolated from GBM cells by the TRIzol 
method. Reverse transcription was performed using a reverse 
transcription kit (Qiagen), and the primers were synthesized 
by GenePharma (Shanghai, China) (28).

Cell viability assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma) was used to 
determine the cell viability and the 50% growth inhibitory 
concentration (IC50) of TMZ or SFN in both parental and 
TMZ-resistant cell lines. Cells were cultured in 96-well 
plate at a density of 5x103 cells/well in medium containing 
10% fetal bovine serum (FBS) and were incubated for 72 h. 
Subsequently, TMZ was added to culture medium at final 
concentrations of 0, 500, 1000, 2000, 3000, 4000, 5000 or 
6000 µM, SFN was added at a final concentration of 0, 5, 
10, 20, 30, 40 or 50 µM. After incubation for 48 h, cells were 
detached by trypsinization and the viable cell population 
was determined using MTT. All experiments were done in 
triplicate.

Cell colony formation assay. U87-R, U373-R and T98G cells 
were seeded into 6-well plates and allowed to attach over-
night. Cells were then treated with different concentration of 
SFN (0, 10 or 25 µM) and colony formation assay was done 
as described (29). Only colonies with 50 or more cells were 
counted as surviving colonies under an inverted microscope.

Cell invasion assay. Cells were treated with different concen-
trations of SFN (10, 20 or 30 µM), and after 8 h TMZ (250 µM) 
was added. After 48 h, the invasion ability of GBM cells was 
determined using Transwell plates (BD Biosciences, Bedford, 
MA, USA) according to the manufacturer's protocol.

Cell apoptosis assay. Cells cultured in 6-well plates for 24 h 
were treated with SFN (10, 20 or 30 µM) and TMZ (250 µM, 
after 8 h) and cultured for additional 48 h. For detection of 
apoptosis, the FITC Annexin V  Apoptosis Detection kit 
(BD Pharmingen, San Jose, CA, USA) was used according 
to the manufacturer's protocol, and quantification of apop-
tosis was determined through measurement of caspase-3/7 
activation using caspase-3/7 Detection in Living Cells kit 
(Biotium Inc., Hayward, CA, USA).

NF-κB transcription reporter assay. The Luciferase reporter 
(Stratagene, La Jolla, CA, USA) contains the NF-κB enhancer 
consensus sequences [(TGGGGACTTTCCGC)  x5] and 
NF-κB‑dependent firefly luciferase gene. Cells were seeded 
in 24-wells plate, and then transiently transfected with 
pNF-κB-luc plasmids using Lipofectamine 2000 after 24 h. 
Luciferase activity was measured with the Dual-Luciferase 
assay system kit (Promega Corp.).
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Establishment of subcutaneous tumors in a nude mouse model. 
All animal experiment procedures were carried out according 
to the regulations and internal biosafety and bioethics guide-
lines of Tianjin Hospital and Tianjin Huanhu Hospital Medical 
Ethics Committee. Nude mouse models were established with 
U373-R GBM cells inoculated subcutaneously into the right 
flanks of 4-6-week-old female mice. Twenty-four mice were 
randomized in 4 groups (control, TMZ, SFN alone and the 
combination of TMZ and SFN) when tumors reached a mass 
of ~200 mm3 in size. TMZ was given at 50 mg/kg/day for 
5 days/week for 4 cycles. SFN was injected subcutaneously 
at 50 mg/kg/day for 28 consecutive days. Mice were observed 
daily and euthanized after 5 days of treatment. At the end, all 
the mice were sacrificed and tumors were collected for further 
experiments.

Terminal deoxynucleotidyltransferase-mediated dUTP nick 
end labelling (TUNEL) assay. The apoptosis in the tumor 
specimens of mouse models from the in vivo study was exam-
ined by TUNEL (Roche, Indianapolis, IN, USA) according to 
the manufacturer's protocol.

Statistical analysis. All of the statistical analyses were evalu-
ated by commercially available software SPSS version 13.0. 
Differences between the groups were analyzed by using 
Student's t-test and statistical significance was determined as 
P<0.05 or P<0.01.

Results

Expression of MGMT in different GBM cells. To explore the 
different conditions of MGMT in various types of GBM cells, 
we firstly detected expression of MGMT mRNA and protein 
in U251, T98G, U87, LN229 and U373 cells. Τhe expression 
of MGMT mRNA was high in T98G cells, and very low or 
hardly detected in other GBM cells (Fig. 1A). Furthermore, 
the detection of MGMT protein was consistent with mRNA 
status and much higher in T98G cells (Fig. 1B). As reported, 

MGMT overexpression was able to resist cell death induced 
by TMZ. Cellular sensitivity to TMZ in five cell lines was also 
evaluated after 48 h of treatment. IC50 values varied between 
the different cell lines, and the IC50 of T98G was much high 
than other cell lines (Table Ι). Based on the above data, T98G 
cell line was considered as resistant to TMZ and chosen to 
carry out the following experiments.

Establishment of TMZ-resistant U373 and U87 GBM cells by 
chronic exposure to TMZ. We then successfully established 
TMZ-resistant GBM cell models to search the methods of 
TMZ sensitization. Two TMZ-resistant human glioma cell 
sublines, U373-R and U87-R, were generated by a stepwise 
exposure to increasing TMZ concentrations for 6 months. The 
two established variants showed effective resistance to further 
TMZ treatment. Τhe IC50 of U373-R and U87-R showed more 
than 5-fold increase when compared with their parental cell 
lines (2529.3 vs. 483.5 µM and 3657.2 vs. 702.4 µM) (Fig. 2A). 
Previous it was reported that most DNA-damaging chemo-
therapeutic agents including TMZ could activate the 
transcription of NF-κB (30). We then detected the activity of 
NF-κB in TMZ-inducing cells by transiently transfecting with 
pNF-κB-luc reporter plasmids. When compared with control 
counterparts, NF-κB transcription was significant activated in 
U373-R and U87-R cells (Fig. 2B). At the end of this section, 
we investigated whether the increase in TMZ resistance 
in GBM cells was associated with high MGMT expression. 
PCR and western blot analyses revealed that MGMT content 
increased significantly at both mRNA and protein levels in 
the TMZ-resistant cells (Fig. 2C and D). Taken together, these 
results suggested a link between the onset of TMZ resistance 
and activity of NF-κB signaling pathway.

SFN inhibits proliferation of TMZ-resistant GBM cells. 
SFN has been indicated for the prevention and suppres-
sion of tumorigenesis in various solid tumors. Our 
previous study demonstrated that SFN could effectively 
enhance TMZ-induced apoptosis by inhibiting miR-21 
via Wnt/β‑catenin signaling in GBM cells  (31). Herein, 
we aimed to examine the inhibition of growth of SFN in 
TMZ-resistant GBM cells. The role of SFN in TMZ-resistant 
cell proliferation was investigated by conducting MTT and 
colony formation assays. We treated U373-R, U87-R and 
T98G cells with 5-50 µM for 48 h and assessed the number 
of viable cells. The MTT assay showed that SFN had 
a growth inhibitory effect on all the tumor cell lines in a 

Figure 1. MGMT expression in GBM cell lines. MGMT (A) mRNA and 
(B) protein are positively expressed in T98G cells while negatively or weakly 
expressed in the other cells.

Table I. Doses required inducing 50% inhibition of cell 
growth (IC50) in GBM cell lines treated with TMZ.

	 IC50

Cell line	 TMZ (µM)

U251	 851.3
T98G	 3457.8
U87	 702.4
LN229	 954.2
U373	 483.5
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dose‑dependent manner (Fig. 3A). Next, colony formation 
assay suggested that cells treated with SFN (10 and 25 µM) 
for 48 h formed significantly less colonies than control cells 
(P<0.01) (Fig. 3B), suggesting an inhibitory effect of SFN on 
anchorage-dependent growth of TMZ-resistant cells.

SFN downregulates the expression of MGMT through inhib-
iting NF-κB in TMZ-resistant GBM cells. To choose the correct 
dose for the following in vitro combination experiments, the 
IC50 value of SFN was investigated in these three cell lines. 
The IC50 of SFN for U373-R, U87-R and T98G was 41.7, 44.8 
and 41.5 µM, respectively (Fig. 4). Based on the above results, 
concentrations lower than the respective IC50 value of SFN 
was identified for further study in TMZ-resistant cells. To 

determine whether SFN as a chemosensitizer in TMZ-resistant 
GBM was mediated by decreasing the expression of MGMT 
through inhibiting NF-κB, we examined the effects of SFN 
on NF-κB transcription activity. The U373-R, U87-R and 
T98G cells were transfected with the NF-κB reporter plas-
mids. A range of concentrations of SFN was added to the 
transfected cells, as observed in Fig 5A, the transcriptional 
activity of NF-κB was significantly attenuated by SFN in a 
concentration-dependent manner. A previous study provided 
evidence that MGMT is a target gene for NF-κB (16). We then 
analyzed the expression of MGMT following SFN treatment in 
TMZ-resistant GBM cells. The PCR and western blot analyses 
revealed that SFN resulted in decreased expression of MGMT 
in a dose-dependent manner (Fig. 5B).

Figure 2. Development of TMZ-resistant GBM cells. (A) IC50 values of U373-R (parental U373) and U87-R (parental U87) cells determined by drug sensitivity 
assay. (B) NF-κB transcription activity was significant activated in U373-R and U87-R cells. (C) MGMT mRNA increased in TMZ-resistant cells. (D) MGMT 
protein increased in TMZ-resistant cells.
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SFN reverses TMZ-resistant GBM cells to TMZ-induced 
cytotoxicity in vitro. In order to examine whether SFN can 
enhance the cytotoxity of TMZ, a series of experiments 
were conducted, and the dose of 250 µM TMZ was selected, 
which has been evidenced as no growth inhibitory effects on 
TMZ-resistant cells. Initially, nonlinear regression of a sigmoid 
dose response model and combination index (CI) approaches 
were performed to test drug interaction between SFN and 
TMZ. The results revealed antagonistic effects (CI>1) when 
cells were simultaneously treated with TMZ and each concen-
tration of SFN for T98G, U87-R and U373-R. Nevertheless, 
the response to concomitant treatment was drastically reversed 
when the administration order was changed. Synergistic 

effects (CI<1) were observed when different concentrations of 
SFN were used as pretreatment in TMZ-resistant cells for 8 h 
before exposure to TMZ. Sequential exposure also resulted in 
high- dose reduction index (DRI) values suggesting that TMZ 
doses could be signicantly reduced to achieve comparable 
cytotoxicity (Table II). The three cell lines were then treated 
in schedule dependency with the previous (8 h) exposure to 
SFN. To identify the synergistic effects of SFN and TMZ 
on the invasive ability, Transwell Matrigel invasion assay 
was used in T98G, U87-R and U373-R cell lines. The results 
suggested that TMZ alone could not inhibit cell invasion, 
but cells pretreated with different concentrations of SFN 
combined with TMZ significantly reduced GBM cell invasive 
capacity (Fig. 6A). We further investigated the effect of SFN 
on TMZ-inducing apoptosis, TMZ alone did not demonstrate 
apoptosis induction in the cell lines compared with control, 
however, the sequential therapy of the SFN and TMZ caused 
a significant increase of apoptotic death even at lower doses 
of SFN, suggesting that a synergistic induction of apoptosis 
developed in the cells co-treated with SFN and TMZ (Fig. 6B). 
Moreover, caspase-3/7 activity was also considerably elevated 
after synergism with SFN in TMZ-resistant cells (Fig. 6C). 
Collectively, these observations provide strong evidence for 
the role of pretreatment of SFN in reversing TMZ-resistant 
GBM cells to TMZ.

SFN enhances TMZ chemosensitivity in vivo. To facilitate 
the in  vitro experiments, stable chemo-resistant cell line 
U373-R was used to establish subcutaneous tumors. We subse-
quently investigated the synergistic effects of a combination 

Figure 3. SFN inhibits proliferation of TMZ-resistant GBM cells. (A) SFN remarkably inhibited the cell viability of U373-R, U87-R and T98G cells in a 
concentration-dependent manner. (B) Less colonies were observed in SFN-treated group (both 10 and 25 µM) than control cells (P<0.01).

Figure 4. IC50 value of SFN was investigated in TMZ-resistant cell lines.
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Figure 5. SFN inhibits MGMT expression by NF-κB pathway in TMZ-resistant cell lines. (A) The luciferase reporter assay revealed that SFN significantly 
repressed NF-κB transcriptional activity. (B) Real-time PCR and western blot analysis were performed to evaluate the level of MGMT.

Figure 6. SFN reverses TMZ-resistant cells to TMZ-induced cytotoxicity. (A) Cells pretreated with different concentrations of SFN combined with TMZ 
significantly reduced the invasive capacity. (B) SFN enhances TMZ-induced apoptosis determined by FACS analysis. (C) Caspase-3/7 activity was elevated 
after synergism treatment in TMZ-resistant cells.
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of SFN and TMZ in glioma xenograft nude mouse models. 
In xenograft growth assay, TMZ alone did not effectively 
suppress growth of the U373-R tumor (P>0.05). However, 
SFN alone suppressed tumor growth more significantly 
than control groups from day 28 (P<0.01), and the combina-
tion of SFN and TMZ decreased tumor growth to a more 
significant extent, moreover, the differences in tumor mass 
of the combined groups were still marked compared with 
control and TMZ alone group at the termination of the study 

(P<0.01) (Fig. 7A). Therefore, the SFN plus TMZ treatment 
inhibited tumor growth significantly in the TMZ-resistant 
glioma xenografts compared with the TMZ alone. To extend 
these observations, western blot analysis and TUNEL analysis 
were used to examine solid tumors after 40-day observation. 
As demonstrated in Fig. 7B, the expression of NF-κB p65 
and MGMT protein were significant decreased in combined 
groups. The protein levels of Ki-67, MMP2/9 and caspase-3 
related with the cell proliferation, invasion, and apoptosis in 

Table II. Median dose effect analysis to characterize the interactions between SFN and TMZ.

	 Concomitant TMZ (250 µm)	 Sequential TMZ (250 µm)
	 --------------------------------------------------------------------------------------------------------	 -------------------------------------------------------------------------
SFN (µm)	 AF	 AF	 CI	 DRI	 AF	 CI	 DRI

U373-R
    5	 0.02	 0.01	 28.12	 0.29	 0.27	 0.93	 2.63
  10	 0.07	 0.05	 15.73	 0.37	 0.41	 0.78	 4.67
  20	 0.13	 0.09	 6.54	 0.64	 0.79	 0.54	 7.85
  30	 0.25	 0.14	 2.45	 0.98	 0.85	 0.15	 26.79
U87-R
    5	 0.01	 0.01	 12.57	 0.57	 0.29	 0.98	 3.45
  10	 0.02	 0.02	 8.65	 0.98	 0.37	 0.73	 4.13
  20	 0.03	 0.02	 6.42	 1.21	 0.45	 0.65	 6.27
  30	 0.05	 0.04	 3.96	 1.45	 0.67	 0.27	 17.89
T98G
    5	 0.01	 0.02	 57.52	 0.09	 0.32	 0.87	 1.75
  10	 0.02	 0.02	 21.68	 0.17	 0.46	 0.63	 3.27
  20	 0.10	 0.13	 11.21	 0.46	 0.67	 0.45	 5.69
  30	 0.35	 0.41	 7.49	 0.83	 0.82	 0.20	 18.53

Figure 7. In vivo tumor mouse model of TMZ-resistant GBM cells shows SFN enhances TMZ chemosensitivity. (A) Inhibition of the growth of U373-R 
xenografts treated with SFN and TMZ. (B) Expression of NF-κB p65, MGMT, Ki-67, MMP2/9 and caspase-3 in xenografts, as demonstrated by western blot 
analysis. (C) TUNEL assay was performed to quantify xenograft apoptosis.
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combined group were prominently changed which is similar 
to results obtained from the in vitro study. The TUNEL assay 
analysis verified the synergistic pro-apoptotic effects of the 
combination of SFN and TMZ in vivo (Fig. 7C). In conclusion, 
these data demonstrated that SFN could effectively inhibit 
TMZ-mediated cell growth and enhance TMZ-mediated cell 
death in chemo-resistant xenograft nude mouse models.

Discussion

The inherent chemo- and radio-resistance of GBM are the 
essential contributing factors that lead to an aggressive clinical 
course and poor patient outcome. TMZ is widely recognized 
as the first-line agent in patients with GBM, but the rapid 
emergence of resistance to majority of GBM is still an urgent 
issue to tackle (32,33). Many studies have been devoted to 
sensitize TMZ to improve overall survival of GBM patients. 
Bevacizumab in combination with TMZ could effectively 
inhibit tumor cell proliferation, reduce tumor associated 
inflammation, and induce cancer cell death (34). P4HB inhi-
bition was identified as an effective method in combination 
with TMZ for the treatment of TMZ-resistant GBM (35). 
Valparaiso acid can regulate the effectiveness of TMZ-radio-
chemotherapy and prolong overall survival in patients with 
newly diagnosed GBM (36).

GBM is considered as a heterogeneous group of tumors 
with differing cellular lineages, genetic alteration, biological 
behavior and response to chemotherapeutics. TMZ resistance 
in GBM also involves different cellular pathways resulting 
in large number of gene changes (37,38). Although some of 
the potential mechanisms have not been revealed, persistent 
NF-κB activity can be a result of tumor amplification, invasion 
and chemo-resistance by targeting transcription of various 
genes involved in immunoregulation, inflammation, growth, 
carcinogenesis and apoptosis (39). It is known that NF-κB is 
a significant factor involved in MGMT transcription indepen-
dent of MGMT methylation status and aberrantly activates as 
part of the DNA damage response. It was previously shown 
that high NF-κB promotes GBM tumor growth and is associ-
ated with resistance to alkylating agent-based chemotherapy 
through the transcriptional activation of genes (16). Several 
therapeutic inhibitors which can block NF-κB activation are in 
development. Dehydroxymethylepoxyquinomicin (DHMEQ) 
has been reported to be an effective NF-κB inhibitor with 
antiproliferative properties in GBM (40). Triptolide was able 
to inhibit NF-κB signaling in glioma initiating cells, and then 
synergistically enhances TMZ-induced apoptosis (41). Smac 
mimetic is reported to sensitize glioblastoma cells to TMZ- 
induced apoptosis, and NF-κB signaling pathway is identified 
as a critical mediator  (42). Accordingly, inhibiting NF-κB 
activity can increase sensitivity of GBM cells to alkylating 
chemotherapeutic treatment and may assist in overcoming 
treatment-induced chemo-resistance.

Despite these gains, the development of effective therapies 
to improve the efficacy of TMZ is currently under investigation 
to achieve durable clinical responses. A new strategy for GBM 
chemotherapy which is aimed to increase antitumor responses 
is the combination of natural compound with TMZ  (43). 
Therefore, the present study was performed to detect the role 
of SFN in sensitizing chemotherapeutic agents of TMZ in 

TMZ-resistant glioma cells. We examined different malignant 
glioma cell lines and exhibited differential expression of the 
MGMT gene. Moreover, IC50 values varied between the different 
cell lines, and the IC50 of T98G was much high than other cell 
lines. We then successfully established TMZ-resistant glioma 
cell models to confirm the sensitization of SFN to TMZ.

An extensive amount of studies have shown that chemo-
prevention property of cruciferous vegetables can directly 
or indirectly affect survival signaling pathways in cancer 
cells (44). SFN inhibits TPA-induced NF-κB activation and 
COX-2 expression by blocking two distinct signaling pathways 
mediated by ERK1/2-IKKa and NAK-IKKb in MCF-10A 
cells (45). The incidence of metastatic nodules in the lung with 
SFN treatment is decreased in transgenic adenocarcinoma of 
the mouse prostate (TRAMP)  (46). SFN can downregulate 
the expression of β-catenin through activation of caspase-3 in 
human cervical carcinoma HeLa and hepatocarcinoma HepG2 
cells. The combination of SFN and chloroquine significantly 
reduce the incidence as well as size of lymph node metastasis 
by inhibiting EMT and suppressing proangiogenic cytokine 
VEGF in prostate cancer compared with control group (22). 
SFN counteracts aggressiveness of pancreatic cancer driven 
by dysregulated Cx43-mediated gap junctional intercellular 
communication (47).

Here, we provide evidence that SFN could exert antitumor 
effect on TMZ-resistant cells, and finally reverse chemo-resis-
tance to TMZ by downregulating MGMT expression through 
NF-κB signaling. Initially, we investigated proliferation of 
the SFN inhibition of TMZ-resistant GBM cells. Next, we 
revealed function of SFN sensitizing TMZ by blocking NF-κB 
signaling in resistant GBM cells, and then, we focused on the 
synergistic effects of SFN and TMZ in inhibiting prolifera-
tion, invasion and inducing apoptosis in vitro and in vivo. In 
this section, we demonstrated that the key point of synergism 
is administration of SFN before cells exposure to TMZ. Only 
sequential schedule of drug administration was efficient in 
TMZ-resistance cell lines. Pre-existing levels of MGMT 
protein may be in part a result of response to TMZ which is 
an important observation in the following in vivo preclinical 
models or clinical trials.

The novelty of the present study resides in the demonstra-
tion that SFN confers increased sensitivity toward TMZ in 
an NF-κB-dependent manner in TMZ-resistant cells. Our 
data suggest that long-term exposure to TMZ may result in 
the development of TMZ resistance and promote malignant 
phenotypes in human malignant glioma cells. SFN as a potent 
antitumor agent may reverse TMZ resistance in GBM treat-
ment and successfully translate the experimental knowledge 
into robust clinical trials, what could be clinically advanta-
geous for GBM patients with intrinsic or acquired drug 
resistance. This study provides evidence that SFN may be of 
great clinical value for sensitizing NF-κB-MGMT-activity 
cells to TMZ resistance.
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