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Abstract. Glioblastoma multiforme (GBM) and oxidative stress 
are closely linked. Oxidative stress affects many signaling 
pathways and may cause the induction of autophagy. The NF-E2-
related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 
(Keap1) signaling pathway is the main pathway responsible 
for cell defense against oxidative stress and Nrf2 is a critical 
transcription factor related with cancer multidrug resistance. 
However, the relation between Nrf2 and regulation of autophagy 
is not well understood. In this study, we used temozolomide 
(TMZ), which inhibited the viability of GBM cells mainly by 
inducing autophagic cell death and explored the role of Nrf2 
downregulation on autophagy induced by TMZ in GBM cells. 
In U251-Si-Nrf2 48 h after transfection the protein levels of 
Nrf2 were significantly downregulated, while the protein levels 
of LC3B-II increased by western blot analysis. Knockdown of 
Nrf2 also led to a significant increase of autophagic vacuoles 
and acidic vesicular organelles (AVOs), revealed by transmission 
electron microscopy (TEM) and acridine orange (AO) staining 
using flow cytometry. Collectively, these findings demon-
strate that knockdown of Nrf2 can enhance the basal level of 
autophagy in the U251 glioma cell line. Furthermore, after the 
treatment with TMZ (100 µM) for 3 days, the U251-Si-Nrf2 
transfected cells showed less viability rate by cell counting kit-8 
(CCK-8) assay and the levels of autophagy increased obviously 
through analysis of western blot and AO staining using flow 
cytometry. Taken together, our results suggest that knockdown 
of Nrf2 may enhance autophagy induced by TMZ in the U251 
glioma cell line, which should be further evaluated for novel 
anticancer activity.

Introduction

Glioblastoma multiforme (GBM) is the most common and 
fatal intracranial tumor (1). Till now, multimodality treat-
ments with surgery, radiation and chemotherapy have led to 
some improvement in prognosis for patients with GBM (2,3). 
However, the 5-year survival rate for patients with GBM remains 
less than 5% and the median survival time is approximately one 
year (4).

Multiple lines of evidence indicate that oxidative stress 
plays an important role in the occurrence and progress of 
malignant tumors (5,6). Tumor cells themselves can induce 
oxidative stress. NF-E2-related factor 2 (Nrf2) is considered 
as a critical regulator of intracellular antioxidants and phase II 
detoxification enzymes by transcriptional upregulation of many 
antioxidant response element (ARE)-containing genes (7-10). 
Nrf2/Kelch-like ECH-associated protein 1 (Keap1) signaling 
pathway is the main pathway for cell adaptation to oxidative 
stress. Furthermore, current studies agree that Nrf2 plays a dual 
role in tumor cells. Apart from its positive role in normal cells, 
Nrf2 also has its dark side. It is responsible for drug resistance 
of certain cancer cells (11).

In addition to the activation of Nrf2 response, oxidative 
stress may cause the induction of macroautophagy (referred to 
hereafter as autophagy). Autophagy is a self-cannibalization 
process consisting of the degradation and recycling of organ-
elles and portions in cytosol (12). This process plays a major 
role in maintaining cellular homeostasis and some reports 
suggest that the main role of autophagy in cancer cells is cell 
protection (13-16). However, autophagic cell death could also 
be initiated in response to sustained intracellular damage 
caused by hypoxia, chemotherapeutic agents, virus infec-
tion, or toxins, especially in gliomas (17). Recent studies 
found that GBM is resistant to chemotherapy protocols that 
induce apoptosis but seems to be less resistant to therapies 
that induce autophagy (18-20). As an effective cytotoxic drug, 
temozolomide (TMZ) induces significant autophagic cell death 
in many GBM cells, such as U251 human glioma cell line 
(18,21,22). Thus, autophagy has potential utility as a target for 
GBM therapy (23,24). Recently, several experts proposed the 
hypothesis that there may be cross-talk between Nrf2/Keap1 
and autophagy pathways (25). Thus, the aim of the current 
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study was to determine whether Nrf2 can influence autophagy 
in U251 human glioma cell line after TMZ.

Materials and methods

Reagents. TMZ was kindly supplied by Schering-Plough 
Co. (Kenilworth, NJ, USA) and was dissolved in dimethyl 
sulfoxide (DMSO, Sigma Chemical Co., St. Louis, MO, USA) 
in 100 mM stock solution. TMZ was used at a concentration 
of 100 µM. The final concentration of DMSO which did not 
exceed 0.1% in the culture medium did not influence cell 
viability and the expression of the proteins studied as previ-
ously described (26). Acridine orange was purchased from 
Sigma Chemical Co.

Cell culture and transient transfection. Human U251 glioma 
cells were obtained from American Tissue Culture Colection 
(ATCC) and cultured in Dulbecco's modified Eagle medium 
(DMEM, HyClone, IL, USA) with 10% fetal bovine serum 
(HyClone) at 37˚C and 5% CO2 incubator. The vector pGPH1/
GPF/Neo used for cloning Nrf2 short hairpin RNA (shRNA) 
was purchased from GenePharma (Shanghai, China). The target 
sequence was GCAGTTCAATGAAGCTCAACT. The new 
plasmid was named as Si-Nrf2. Random sequence was used 
as negative control, which was named as Si-control. Cells were 
seeded in 6-well plates at 1x106/well and allowed to attach for 
24 h before transfection. Then Si-Nrf2 and Si-control were 
transfected by Lipofectamine 2000 (Invitrogen, CA, USA) 
according to the manufacturer's protocol. Cells treated with 
Lipofectamine 2000 alone were set up as blank control, which 
was named as group Lipo. After incubation at 37˚C and 5% CO2 
for 48 h, cells were collected.

Ultrastructural analysis of autophagy by transmission elec-
tron microscopy (TEM). For the TEM analysis, transfected 
cells after 48 h were trypsinized, washed twice with PBS and 
fixed with ice-cold glutaraldehyde (2.5% in 0.1 M cacodylate 
buffer, pH 7.4) for 30 min. After washing in PBS the cells were 
postfixed in 1% osmium tetroxide (OsO4) and embedded in 
Epon; 0.1 mm thin sections were stained with uranyl acetate/
lead citrate (Fluka, St. Louis, MO, USA) and viewed in a JEOL 
JEM-1011 TEM (Tokyo, Japan).

Western blot analysis. To obtain total protein lysates, trans-
fected cells after 48 h and further treated with or without 
TMZ (100 µM) for 3 days were homogenized in RIPA buffer 
(1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 
sulfate, 1 mM ethylene diamine tetraacetic acid, 1  mM 
ethylene glycol tetraacetic acid, 1 mM Na3VO4, 20 mM NaF, 
0.5 mM DL-dithiothreitol, 1 mM phenylmethane-sulfonyl 
fluoride, and protease inhibitor cocktail in PBS, pH 7.4) and 
centrifuged at 14,000 x g for 15 min at 4˚C. Protein concen-
trations were estimated by Coomassie Plus Protein Assay 
Reagent (Pierce, IL, USA). Equal amounts of protein from 
each sample was separated by SDS-PAGE on 8-12% gels and 
transferred to polyvinylidene difluoride (PVDF) membrane 
(Millipore, Bedford, MA, USA). Following incubation with 
primary antibodies against Nrf2 (Abcam, Cambridge, UK; 
1:500), Microtubule-associated protein light chain 3B (LC3B, 
1:3000), β-actin (Santa Cruz Biotechnology, Inc., CA, USA; 

1:500), GAPDH (Santa Cruz Biotechnology, Inc.; 1:1000) and 
peroxidase-conjugated goat anti-rabbit IgG (KeyGen Biotech, 
Nanjing, China; 1:5000) as the secondary antibody, specific 
protein bands were visualized using ECL detection system 
(Amersham Biosciences, Bucks, UK) and exposed radiographic 
film (Fuji Hyperfilm, Tokyo, Japan). The developed film was 
digitized using an Epson Perfection 2480 scanner (Seiko Co., 
Nagano, Japan). The levels of Nrf2 and LC3B were quantified 
by densitometry using ImageJ program and expressed relative to 
β-actin and GAPDH signals, respectively.

Acridine orange (AO) immunofluorescent staining and flow 
cytometric analysis. Quantification of autophagy by AO 
staining using flow cytometry was performed as described 
previously (5). Transfected cells after 48 h treated with or 
without TMZ (100 µM) for 3 days were stained with 1 µg/ml 
AO for 15 min at 37˚C, trypsinized, washed, and collected 
in phenol red-free growth medium. Green (510-530 nm) and 
red (650 nm) fluorescence emission from cells illuminated 
with blue (488 nm) excitation light was measured with flow 
cytometer. Depending on their acidity, autophagic lyso-
somes appeared as the orange/red fluorescent cytoplasmic 
vesicles, while nuclei were stained green. AO-stained cells 
were analyzed on a FACSCalibur flow cytometer (Becton, 
Dickinson and Company, NJ, USA) using FlowJo7.6.1 soft-
ware (Tree Star, Inc., San Carlos, CA, USA). Autophagy was 
quantified as a ratio between geomean fluorescence intensity 
of red vs. green fluorescence (FL3/FL1).

Cell viability assay by cell counting kit-8 (CCK-8) assay. Cell 
viability was assessed by CCK-8 assay (Dojindo, Kumamoto, 
Japan). Cells (1x103/well) were seeded to 96-well culture plates 
and cultivated for 24 h to adhere, then transfected according 
to the manufacturer's protocol. After 48 h, total medium was 
changed to 100 µl complete culture medium with or without 
100 µM TMZ and cells were incubated for a further 72 h. 
DMSO was used as solvent control. CCK-8 (10 µl) was added 
into every well and incubated for 2 h. Then the OD value was 
read at 450 nm using a Bio-Rad ELISA microplate reader 
(Bio-Rad Laboratories, CA, USA). The viability rate of tumor 
cells equals (the OD values of treated groups/the OD values of 
control group) x100%.

Statistical analysis. All experiments were done at least three 
times. Data were presented as mean ± SD. The statistical signifi-
cance of the differences between treatments was assessed using 
one-way ANOVA followed by Student-Neuman-Keuls test for 
multiple comparisons. The value of p<0.05 was considered 
significant. All analyses were performed by SPSS 19.0.

Results

Transient transfection effect on Nrf2 protein level. To validate 
the transient transfection effect of two plasmids mentioned 
above, we tested the protein level of three cell groups 48 h 
after transfection, respectively. Si-Nrf2 transfection reduced 
the Nrf2 protein level compared with transfection of Si-control 
(p=0.01) and group Lipo (p=0.003). Group Si-control and Lipo 
showed no difference in Nrf2 protein level (Fig. 1A and B). The 
efficiency of each transfection was verified by this method.
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Effect of Nrf2 downregulation on the basal level of autophagy 
in U251 cells. To examine the role of Nrf2 downregulation 
on the basal level of autophagy in U251 cells, autophagy-
related qualitative and quantitative detection were performed 
accordingly.

We observed autophagic structures by TEM. The result 
showed that autophagic vacuoles increased in group Si-Nrf2 
compared to group Si-control. Most of the autophagosomes 
in group Si-Nrf2 contained lamellar structures or residual 
digested components, whereas tumor cells of group Si-control 
exhibited few such features (Fig. 2A and B). Also shown were 
representative images of an autophagolysosome containing 
undegraded cellular contents (Fig. 2C) and the fusion of a late 
stage autophagic vacuoles with degraded cellular contents 
(Fig. 2D).

To quantify the incidence of the basal level of autophagy, we 
tested the expression of two LC3B forms (LC3B-I and LC3B-II) 
using western blot analysis. Si-Nrf2 transfection significantly 
raised the LC3B-II protein level compared with transfection of 
Si-control (p<0.001) and Lipo (p<0.001) (Fig. 3A and B).

In addition, we quantified the presence of acidic vesicular 
organelles (AVOs) by flow cytometry with AO staining (4). 
Group Si-Nrf2 had more AVOs (p=0.017) (Fig.  4A-D) in 
comparison with group Si-control. Collectively, the findings 
demonstrated that group Si-Nrf2 had a higher level of basal 
autophagy than control groups.

Effect of Nrf2 downregulation on autophagy induced by 
TMZ in U251 cells. After treatment with TMZ (100 µM) for 3 
days, transfected U251 cells were treated similar to the above 
methods. Western blot results showed that group Si-Nrf2 treated 

with TMZ raised the protein level of LC3B-II compared with 
other groups (p<0.001). In group Lipo, cells treated with TMZ 
had more LC3B-II expressions than with DMSO treatment 
(p=0.007) (Fig. 5A and B). Likewise, there were more AVOs 

Figure 1. Protein level of Nrf2 analyzed by western blotting 48 h after trans
fection. (A) Representative autoradiogram of Nrf2 expression in each group. 
Nrf2 was detected at 68 kDa and the loading control β-actin at 42 kDa. (B) 
Quantification of Nrf2 protein levels. The graph shows significant down
regulation of Nrf2 expression levels in group Si-Nrf2 than group Lipo 
(p=0.003) and Si-control (p=0.01). Also, group Si-control and Lipo shows no 
statistical difference. Data represent mean ± SD values of three experiments 
in each group. Asterisks denotes p-value compared with two control groups 
(***p<0.001).

Figure 2. Representative electron micrographs showing the ultrastructure of 
U251 glioma cells transfected after 48 h. (A) Group Si-Nrf2. A white or black 
arrow indicates autophagosome or secondary lysosome, respectively. N indi-
cates nucleus. (B) Group Si-control. N indicates nucleus. (C) A white arrow 
indicates autophagosome including lamellar structure. (D) Autophagosome 
including residual digested material (white arrow). Bar (A and B), 1 µm; (C), 
0.5 µm; (D), 0.2 µm.

Figure 3. LC3B protein analysis by Western blotting was performed 48 h 
after transfection. (A) Representative autoradiogram of LC3B expression in 
each group. LC3B-I and LC3B-II were detected at 16 and 14 kDa, respec-
tively. The molecular weight of internal control GAPDH was 36 kDa. (B) 
Quantification of LC3B protein levels. The graph shows significant upregula-
tion of LC3B-II expression levels in group Si-Nrf2 than other control groups 
(p<0.001). Data represent mean ± SD values of three experiments in each 
group. Asterisks denotes p-value between two groups. ***p<0.001, group 
Si-Nrf2 vs. group Si-control and Lipo.
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in group Si-Nrf2 than other groups (p<0.05) detected by flow 
cytometry (Fig. 6A-E).

Effect of Nrf2 downregulation on cell viability in U251 cells 
after TMZ. To characterize the effect of Nrf2 downregulation 
on viability of glioma cells after TMZ, we performed CCK-8 
assay. Group Lipo treated with TMZ had much less cells than 
the one treated with DMSO (p<0.001). After TMZ, cells in 
group Si-Nrf2 showed a decrease compared to those in group 
Si-control (p=0.015) and Lipo (p=0.007) in cell viability. Group 
Si-control and Lipo showed no significant difference (Fig. 7).

Discussion

In this study, the results showed that knockdown of Nrf2 
significantly enhanced the basal level of autophagy in U251 
cells characterized by increased autophagic structures by 
TEM, elevated expression of LC3B-II at protein level and 
increased AVOs by flow cytometry. In addition, higher level of 
autophagy and lower level of cell viability were found in group 
Si-Nrf2 than in the other groups after TMZ. To our knowledge, 
the findings showed for the first time the Nrf2 downregulation 
enhanced autophagy induced by TMZ in U251 cells.

We evaluated the protein level of Nrf2 after transfection 
because it reflected the transient transfection efficiency and 
correlated with the effectiveness of follow-up results. It has 
been revealed that oxidative stress can be induced by tumor 
cells. Nrf2 is mutational and overexpressed in many tumor 

tissues and cell lines (27,28). Nrf2 transcription complex 
specifically recognizes ARE, which is located in the promoter 
region of all Nrf2-targeted genes and subsequently initiates 
the expression of a group of genes. These Nrf2-targeted gene 
products exert protection for cells from oxidative damage (5). 
As previously reported, Nrf2 was highly expressed in U251 
cells and the transfection efficiency was most predominant 
at 48 h after transfection (5,29). Hence, we chose the U251 
cells and accessed the transient transfection 48 h after trans
fection. Consistent with previous results, Si-Nrf2 transfection 
significantly reduced the Nrf2 protein level compared with 
transfection of Si-control.

The basal level of autophagy in GBM cells is higher than 
that in normal cells. Oxidative stress may be the fundamental 
cause. The basal level of autophagy is vital for the biological 
activity of tumors. In order to evaluate whether Nrf2 can 
regulate basal autophagy, TEM, quantification of LC3B-II 
protein levels and AVOs were performed. The use of TEM 
is a valid and important morphological method for various 
autophagic structures (30,31). In this study, a larger number 
of autophagosomes and autophagolysosomes that correlated 
with the induction of autophagy were found in group Si-Nrf2 
than group Si-control. It is known that LC3B-II is closely 
associated with the membrane of autophagosomes and AVOs 
are characteristic of autophagy (32-34). Elevated expression 
of LC3B-II and number of AVOs reflected that knockdown 
of Nrf2 caused an increased basal level of autophagy. This 
indicated that Nrf2 was responsible for regulating basal levels 

Figure 4. Quantification of AVOs detected by flow cytometry with AO staining in U251 glioma cells transfected after 48 h. (A-C) Representative image for 
group Lipo, Si-control, Si-Nrf2, respectively. (D) The geomean red:green fluorescence ratio was determined as described in Materials and methods. Group 
Si-Nrf2 had more AVOs than group Si-control (p=0.017). Data represent mean ± SD values of three experiments in each group. Asterisks denotes p-value 
compared with Si-control group (*p<0.05).
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of autophagy in U251 cells. Our finding was in concordance 
with previous reports in other tumors (35). Nevertheless, from 
our point of view, further investigation still needs to be done 
because Nrf2-responsive genes that stimulate autophagy are 
not well known.

Earlier studies indicated that TMZ may exert its cytotoxicity 
mainly by apoptosis pathway, while recent studies investi-
gating the cytotoxic effects of TMZ in malignant gliomas 
had focused more on autophagy (32). Glioma studies in vitro 
also showed that autophagy, not apoptosis, was induced by 
TMZ (19). Autophagy induced by TMZ is important for GBM 
chemotherapy. Therefore, the present study paid attention to the 
effect of Nrf2 downregulation on autophagy induced by TMZ. 
Substantial evidence showed that Nrf2 and apoptosis pathway 
may cross-talk mediated by the Keap1-binding proteins such as 
phosphoglycerate mutase 5 (PGAM5), prothymosin α (ProTα), 
fetal Alz-50 clone 1 (FAC1), and p62 (SQSTM1) (25). Hence, in 
order to exclude the role of Nrf2 on apoptosis induced by TMZ, 
we chose a certain dose and time of TMZ based on previous 
studies. At this clinically achievable dose (100 µM), TMZ 
induced autophagy, not apoptosis in U251 cells (19,21,36). 
With TMZ, we observed a significant decrease in cell viability 
and increase in the level of LC3B-II compared to DMSO. 
Nevertheless, the difference detected by flow cytometry lacked 
statistical significance. This may be attributed to the error of 
operation and poor state of the cells caused by toxicity of TMZ. 
We speculate that lower cell viability may be connected with 
higher level of autophagy induced by TMZ, which may be 
caused by autophagic cell death induced by sustained TMZ 
treatment. Our data suggested that Nrf2 limited the extent of 
autophagy induced by TMZ, which was in agreement with the 

role on basal autophagy, also, Nrf2 protected tumor cells from 
the death induced by TMZ.

The findings above illustrate the regulation of Nrf2 on 
autophagy induced by TMZ and its protective actions in 
tumor cells. Consistent with our results in U251 cells, the drug 
resistance of Nrf2 has also been demonstrated in a variety 
of experimental models (37). Transfection of Nrf2 siRNA 
of cisplatin-resistant human ovarian cancer SK-OV cells 
showed exacerbated cytotoxicity to cisplatin. Similar result 
was discovered in other cancer types and chemotherapeutic 
agents (10). In this study, knockdown of Nrf2 enhanced 
both the level of basal autophagy and autophagy induced by 
TMZ. Nevertheless, how Nrf2 regulates autophagy remains 

Figure 5. The levels of LC3B-I and LC3B-II expression in transfected cells 
after 48 h and further treated with or without TMZ (100 µM) for 3 days. (A) 
Representative western blots. (B) Quantification of LC3B protein levels. The 
LC3B-II level of group Si-Nrf2 was significantly more than other control 
groups (p<0.001). Group Lipo+TMZ had more LC3B-II expressions than 
group Lipo+DMSO (p=0.007). Results shown are the means ± SD of three 
independent experiments. Asterisks denotes p-value between two groups. 
***p<0.001, group Si-Nrf2+TMZ vs. other control groups, **p<0.01, group 
Lipo+TMZ vs. group Lipo+DMSO.

Figure 6. Quantification of AVOs detected by flow cytometry with AO staining 
in transfected cells after 48 h and treated anther 3 days after TMZ (100 µM). 
(A) Cells in group Lipo treated with DMSO for 72 h. (B) Cells in group Lipo 
treated with TMZ (100 µM) for 3 days. (C) Cells in group Si-control treated 
with TMZ (100 µM) for 3 days. (D) Cells in group Si-Nrf2 treated with TMZ 
(100 µM) for 3 days. (E) The geomean red:green fluorescence ratio showed 
group Si-Nrf2+TMZ had more AVOs than group Si-control+TMZ (p=0.013), 
group Lipo+TMZ (p=0.029) and group Lipo+DMSO (p=0.001). Group 
Lipo+TMZ and group Lipo+DMSO had no significant difference. Data repre-
sent mean ± SD values of three experiments in each group. Asterisks denotes 
p-value compared with Si-control group (*p<0.05) and group Lipo+DMSO 
(**p<0.01).
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unknown. Others have also reported that Nrf2 negatively regu-
lated autophagy induced by anticancer redox agent MitoQ and 
the Nrf2-regulated enzyme NQO1 was partly responsible for 
adjusting the level of autophagy (35). 

Recent experimental evidence showed that p62, a multido-
main adapter protein, has a critical role in an oxidative stress 
response pathway by its direct interaction with the ubiquitin 
ligase adaptor Keap1, which resulted in constitutive activation of 
Nrf2 (38,39). Another study presented evidence that p62 was an 
Nrf2 target gene, which created a positive feedback loop in the 
Nrf2-mediated transcriptional response (40). During autophagy, 
p62 acted not only as an adaptor protein in selective autophagy 
of ubiquitinated proteins, but also a substrate for degradation 
(41). Based on the above, we speculate that molecular founda-
tion for possible cross-talk between Nrf2 and autophagy may be 
p62 or other Nrf2-targeted gene products, such as NQO1. This 
question and whether the protective function of Nrf2 in GBM 
cells after TMZ corresponds with autophagy regulated by Nrf2 
are the issues of importance we would like to address in our 
future work.

In conclusion, we demonstrated for the first time that 
knockdown of Nrf2 enhanced autophagy induced by TMZ 
in U251 cells. We speculate that the combination of TMZ 
and the knockdown of Nrf2 may point to a novel therapeutic 
opportunity for GBM to enhance the antitumor effects of 
TMZ, which requires further studies.
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