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Conclusions Our results suggest that luteolin induces 
apoptosis through activating ER stress and mitochondrial 
dysfunction in glioblastoma cell lines and in  vivo, which 
provides the anti-cancer candidate to treat glioblstoma.
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Introduction

Glioblastoma multiforme (GBM) is the most common and 
lethal malignant primary brain tumor. Even patients take 
the most aggressive treatment, they are challenged with 
poor feedback to surgery, vulnerable relapse and short sur-
vival time, due to the high degree of proliferation, inva-
sion and resistance to chemotherapy and radiotherapy. 
The median survival time is only 3  months without any 
treatment, and 1–2 years with treatment since the time of 
diagnosis [1]. Therefore, new therapeutic strategies should 
be developed to inhibit the recurrence of cancer and to 
improve the prognosis of GBM patients.

Researches indicate that cancer cells have obviously 
higher levels of reactive oxygen species (ROS) under oxi-
dative stress because of an imbalanced redox status com-
pared with normal cells [2]. Up-regulated ROS levels 
can render cancer cells more sensitivity to agents, which 
increase ROS and oxidative stress [3, 4]. As we all know, 
apoptosis is one of major mechanisms for erasure of many 
cancer cells through different pathways, including endo-
plasmic reticulum (ER), mitochondrial pathway, or a death 
receptor-medicated apoptotic pathway [5]. Apoptosis is 
thought to be the principal mechanism of anti-cancer drugs 
killing cancer cells. Researches indicate that abnormalities 
in ER function can cause ER stress, resulting in unfolded 
protein response (UPR), which activated by three key 
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signaling proteins: PKR-like endoplasmic reticulum kinase 
(PERK), inositol-requiring enzyme 1 (IRE1), and activat-
ing transcription factor 6 (ATF6) [6]. Although UPR sign-
aling initially promotes cells survival during cellular stress, 
sustained and unabated ER stress will contribute to cas-
pase-mediated apoptosis [7].

Flavonoids have a wide spectrum of pharmacological 
properties, including antioxidant and cancer preventive 
effect [8]. Among many types of flavonoids, luteolin (3′, 4′, 
5, 7-tetrahydroxyflavone) is a common dietary form exist-
ing in many vegetables and fruits such as parsley, broccoli 
and celery [9, 10]. Researches imply that luteolin has anti-
cancer effects including pro-apoptosis and cell cycle arrest, 
inhibition of metastasis and angiogenesis in vitro and vivo 
[11–13]. What’s more, it has been reported that luteolin 
could induce apoptosis through activating ER stress in neu-
roblastoma [7].

In this study, we investigated the molecular mechanisms 
of anti-cancer effects of luteolin in human glioblastoma 
cells in vitro and vivo. In the process, we discovered that 
luteolin could induce ER stress- and mitochondrial dys-
function mediated apoptosis.

Materials and methods

Cell culture procedures

Human glioblastoma U87MG and U251MG cell lines 
were obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA) and grown in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, USA), con-
taining 10% fetal bovine serum (FBS; Gibco, USA), 100 
units/ml penicillin and 100 μg/ml streptomycin (HyClone, 
USA) at 37 °C and 5%  CO2 incubator. Primary mouse cer-
ebral vascular endothelial cells were prepared as described 
previously [14] and cultured in DMEM/F12 (Gibco, USA) 
containing 20% FBS (Gibco, USA) and 100 units/ml peni-
cillin and 100 μg/ml streptomycin (HyClone, USA), were 
incubated at 37 °C in a humidified atmosphere of 95% air 
and 5%  CO2.

Reagents and antibodies

Luteolin was purchased from Sigma (St. Louis, MO, USA). 
Anti-caspase-3, anti-Cleaved-caspase-3, anti-Bax, anti-
Bcl-2, anti-eIF2α, anti-phosphorylated-eIF2α, anti-ATF4, 
anti-β-actin, goat anti-rabbit and anti-mouse IgG (H&L) 
horseradish peroxidase (HRP) secondary antibodies were 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). Antibodies including anti-CHOP, anti-phosphoryl-
ated-PERK, anti-PERK, anti-caspase-12 were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell viability assay

Cell viability was assessed by Cell Counting Kit-8 (CCK-
8) assay (Dojindo, Kumamoto, Japan). Briefly, the single 
cerebral vascular endothelial cells (CVE), U87MG and 
U251MG cells were seeded into 96-well plates at 5 × 103 
cells per well and allowed to grow overnight to adhere. 
Luteolin was dissolved in DMSO and diluted with DMEM 
medium to final concentrations of 5, 10, 20, 40 and 80 μM. 
48 h later, 10 μl CCK-8 reagent was added to per well fol-
lowed by incubation for 3  h at 37 °C. The absorbance 
(value) at 450  nm wave length (OD450) was measured 
using Bio-Rad ELISA microplate reader (Bio-Rad Labora-
tories, CA, USA). The proliferation rate of cells = (1 − the 
OD450 values of treated groups/the OD450 values of con-
trol group) × 100%.

Western blot analysis

U87MG and U251MG cells were plated at a density of 
4 × 105 (U87MG) and 3 × 105 (U251MG) cells in six-well 
plates or 35-mm dishes, respectively, and were allowed 
to grow overnight in DMEM containing 10% FBS. The 
cells were treated with different concentrations of luteolin. 
Then cells were harvested and lysed with solubilization 
buffer [50  mmol/l Tris–HCl (pH 7.6), 20  mmol/l  MgCl2, 
200 mmol/l NaCl, 0.5% NP40, 1 mmol/l DTT, and protease 
inhibitors] and centrifuged at 12,000g for 15 min at 4 °C. 
Protein concentrations were estimated by Coomassie Plus 
Protein Assay Reagent (Pierce, Rockford, IL). An equal 
amount of protein (20–100  μg) was subjected to 8–15% 
sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS–PAGE) and transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore, USA). With blocking with 
5% nonfat dried milk for 1 h at room temperature (RT), the 
immunoreactive membranes were incubated overnight with 
the appropriate primary antibody as indicated overnight at 
4 °C. After incubation with the appropriate secondary anti-
bodies for 2 h at RT, the membranes were visualized with 
Chemiluminescent HRP Substrate (Millipore, USA). Rela-
tive changes in protein expression were estimated from the 
mean pixel density using Image J software, normalized to 
β-actin and presented as relative density units.

Immunofluorescence

U87MG and U251MG were seeded on glass coverslips 
in DMEM containing 10% FBS placed in six-well plates 
at a density of 1 × 105 per well for 24 h. The medium was 
then replaced by DMEM containing 10% FBS, and 40 μM 
luteolin was added. After further incubation for 12 or 24 h, 
the cells were fixed with 4% paraformaldehyde for 30 min 
at RT, permeabilized with 0.3% Triton X-100 for 10  min 
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Fig. 1  Luteolin induced apoptosis in human glioblastoma cancer 
cells. a U251MG, U87MG cells and normal mouse vascular endothe-
lial cells (VECs) were treated with luteolin at the indicated concen-
trations for 48  h, and cell viability was analyzed by CCK-8 assay. 
U251MG (b, c) and U87MG (d, e) cells were treated with luteolin 
at the indicated concentrations (0, 5, 10, 20, 40, 80  µM) for 48  h, 
and were evaluated by flow cytometry after staining with Annexin 
V-FITC and PI. All values represented the means ± SEM of three 

independent experiments. f, g Induction of apoptosis in human glio-
blastoma cells was tested by TUNEL staining after treatment with 
luteolin (40 μM) for 48 h. Green fluorescence mean positive results. 
h Luteolin increased the expression of cleaved caspase-3 in glioblas-
toma cells. The U251MG and U87MG cells were treated with luteo-
lin for 48 h. The protein expression levels of cleaved caspase-3 was 
analyzed using western blot. β-Actin was used as an internal control. 
*,#p < 0.05, **,##p < 0.01 vs. control cells
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and blocked with goat serum (Boster, Wuhan, China) for 
30 min at RT. Then cells were incubated with cytochrome 
C antibody overnight at 4 °C. Following washes with phos-
phate-buffered saline (PBS), the coverslips were incubated 
with a red-labeled secondary antibody (Wuhan Guge Bio-
technology Co., Ltd, Wuhan, China) for 2 h at RT. Nuclei 
were counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI). Slides were washed, then mounted, imaged under 
ZEISS fluorescence microscope.

Analysis of apoptosis

To detect and quantify apoptosis cells, TUNEL stain-
ing and subsequent flow cytometric were performed. As 
we all know, nuclei with fragmented DNA is characteris-
tic of apoptosis. We performed a TUNEL assay using the 
ApopTag Plus Fluorescein In  Situ Apoptosis Detection 
Kit (Promega, WI, USA) according to the manufactur-
er’s instructions. After treatment, cells were trypsinized, 
washed with PBS and suspended with 500  μl of binding 
buffer containing 5 μl of Annexin V-FITC (AV) and 5 μl of 
propidium iodide (PI) (BD Biosciences, CA, USA). Cells 
were subjected to flow cytometry assay with incubated for 
15 min in the dark. Flow cytometry was performed using a 
FACSCanto 6-color flow cytometer (BD Biosciences, CA, 
USA).

Measurement of reactive oxygen species generation

Cellular reactive oxygen species (ROS) contents were 
measured by flow cytometry as described previously [15]. 
In short, 4 × 105 cells per well were plated on six-well 
plates. After overnight cells being attached to the plates, 
U251MG and U87MG cells were then exposed to luteolin 
for 6 h or pretreated with 5 mM NAC for 2 h. Then cells 
were stained with 10  μM DCFH-DA (Beyotime Biotech, 
China) at 37 °C for 30  min. U251MG and U87MG cells 
were collected and fluorescence was analyzed by FACS-
Calibur flow cytometer (BD Biosciences, USA).

Measurement of mitochondrial membrane potential

We used JC-1 (Beyotime Biotech, China) as specific probe 
to test the effects of luteolin on cell mitochondrial mem-
brane potential (△ψm). U87MG cells were treated with 
40 μM luteolin for 12 h or pretreated with 5 mM NAC for 
2 h. Then cells were stained with JC-1 at 37 °C cell incuba-
tor for 30 min. Images taken from monomer and aggregate 
were merged and viewed under ZEISS fluorescence micro-
scope (40× amplification, Japan).

Tumor xenograft study

All procedures in animals were approved by the Animal 
Care and Use Committee of Nanjing University and con-
formed to Guide for the Care and Use of Laboratory Ani-
mals from National Institutes of Health. U87MG cells 
(5.0 × 106) were suspended in 100 μl PBS and then injected 
subcutaneously into right side of the anterior flank of the 
male BALB/c athymic nude mice (Charles River Breed-
ing Laboratories, Wilmington, MA) (n = 5 for each group) 
at 4–6  weeks of age. Tumor growth was measured every 
2  days using Vernier calipers and tumor volumes were 
determined by external measurements and calculated using 
the formula V = π/6 × larger diameter × (smaller diameter)2, 
as described by Lopez-lazaro [16]. The mean and standard 
error were then calculated for each experimental group for 
each time point. When the tumors reaching 70–100  mm3 
in volume, intraperitoneal injections of DMSO or luteo-
lin (10  mg/kg) were administered thrice per week for 
35 days (15 times in total). Body weight was used to moni-
tor the health of animals. At the end of the experiments, 
the animals were sacrificed and tumors were dissected and 
weighted.

Statistical analysis

Statistical analysis was performed using the SPSS19.0 soft-
ware package. Comparisons between two groups were per-
formed using the Student’s t test and ANOVA analysis was 
used between multiple groups. The results were expressed 
as the mean ± SEM. p value less than 0.05 was considered 
statistically significant.

Results

Luteolin induced apoptosis in human glioblastoma 
cancer cells

To study the effect of luteolin on the viability of human 
glioblastoma cancer cells, U251MG, U87MG cells and nor-
mal mouse vascular endothelial cells (VECs) were treated 

Fig. 2  ROS generation was the regulator of luteolin-induced apopto-
sis. Intracellular ROS generation induced by luteolin was measured 
in U251MG (a) or U87MG (b) cells by staining with DCFH-DA 
(10 µM) for 30 min. Fluorescence images were acquired by fluores-
cence microscopy. Intracellular ROS levels were measured by flow 
cytometry. c U251MG; d U87MG. e, f Flow cytometry results from 
c and d were calculated and represented as the percent of control. g, 
h Cell apoptosis was measured by flow cytometry by staining with 
Annexin V-FITC and PI. a–h NAC partly blocked ROS generation 
induced by luteolin. Cells were pretreated with or without 5  mM 
NAC for 2 h before exposure to luteolin for 6 h. Data presented were 
representative of three independent experiments. All values repre-
sented the means ± SEM. *p < 0.05, **p < 0.01

◂
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with different concentrations of luteolin (0, 5, 10, 20, 40, 
80 μM) in vitro for 48 h and cells viability was tested by the 
CCK-8 assay. The results were showed in Fig. 1a. Luteolin 
decreased the cell viability in U251MG and U87MG dose-
dependently. Importantly, luteolin did not obviously affect 
the cell viability of normal mouse vascular endothelial cells 
(VECs) at the dose up-to 40 μM.

To determine whether the inhibition of cell viabil-
ity was due to apoptosis, we further examined the apop-
totic effect of luteolin on human glioblastoma cells using 
Annexin V/propidium iodide (PI) staining assay. As shown 
in Fig.  1b–e, the U251MG and U87MG cells lines had 
shown a concentration-dependent apoptosis after 48 h treat-
ment with luteolin. When luteolin was up to a concentra-
tion of 40 μM, the flow cytometry assays showed an appar-
ent increase in apoptosis of both of U251MG and U87MG. 
In addition, TUNEL staining results also indicated that 
luteolin could induce apoptosis of U251MG and U87MG 
glioblastoma cancer cells (Fig.  1f, g). Then we deter-
mined the levels of apoptosis-related proteins in U251MG 
and U87MG cells after exposure to luteolin. The Fig.  1h 
showed that treatment with luteolin for 48 h increased the 
level of cleaved-caspase-3. We thought that lueolin could 
induce apoptosis of glioblastoma cancer cell lines. Hence, 
we should research the possible reasons.

ROS generation was the regulator of luteolin‑induced 
apoptosis

It was believed that luteolin could induce apoptosis result-
ing from ROS-mediated late endoplasmic reticulum stress 
and mitochondrial dysfunction in Neuro-2a mouse neruo-
blastoma cells [7]. Therefore, we tested the role of ROS in 
luteolin-induced apoptosis in human glioblastoma cancer 
cells. As shown in Fig. 2a–f, treatment with 40 μM luteo-
lin in U251MG and U87MG cancer cells for 6 h could sig-
nificantly increase DCF-reactive ROS level. What’s more, 
pretreatment with the antioxidant 5  mM NAC (N-acetyl 
cysteine) for 2  h would partly inhibited luteolin up-regu-
lated ROS level. In addition, the results showed that NAC 
pretreatment for 2  h could also abolish 40  μM luteolin 
induced-apoptosis (Fig. 2g, h).

Luteolin‑induced ROS increases ER stress 
and mitochondrial dysfunction, which contributes 
to luteolin lethality in glioblastoma cells

Researches showed that increased ROS level in the 
intracellular redox status would increase the levels of 
unfolded proteins in the ER and resulted in ER stress 
response [15, 17, 18]. ER stress could phosphorylate 
protein kinase R-like ER kinase (PERK), then PERK 
medicated the phosphorylation of eukaryotic initiation 

factor-2α(p-eIF2α), which would block cap-dependent 
protein translation but allow preferential translation of 
ATF4. Then, ATF4 could induce the prodeath transcrip-
tional regulator CHOP [6, 19]. So, we examined the pro-
tein expressions level of ER stress-related proteins, such 
as p-PERK, p-eIF2α, ATF4, CHOP and caspase-12 in 
U251MG and U87MG cancer cells after the treatment 
of luteolin. The time-course results indicated that 40 μM 
luteolin could significantly activate ER stress. The pro-
tein levels of p-PERK, p-eIF2α and ATF4 reached the 
peak after 6  h of treatment, while CHOP, cleaved-cas-
pase-12 and cleaved-caspase-3 did at 24 h after treatment 
in U251MG glioblastoma cells (Fig.  3a). Dose results 
indicated that different concentrations of luteolin also 
increased the expression of p-PERK, p-eIF2α, ATF4 and 
CHOP in U251MG and U87MG cancer cells (Fig.  3b, 
c). In addition, we found that pretreatment of NAC could 
block the up-regulated expression of p-eIF2α, ATF4 and 
CHOP in U251MG glioblastoma cells (Fig.  3d). These 
results showed that luteolin-induced ROS accumula-
tion could result in induction of ER stress, with the up-
regulated level of p-PERK, p-eIF2α, ATF4, CHOP and 
cleaved-caspase-12 in glioblastoma cancer cells.

We also know that mitochondria plays a central role 
in regulation of cell apoptosis [20]. Excessive genera-
tion and accumulation of ROS results the cell oxidatively 
stressed and impairs membrane proteins, which result in 
mitochondrial dysfunction. Researches indicate that loss 
of mitochondrial membrane potential (△ψm) is disastrous 
for cells and results in the release of cytochrome C to the 
cytosol [21], which leads to apoptosis. So, we examined 
the mitochondrial membrane potential after treatment of 
40 μM luteolin for 12 h using JC-1 as a molecular probe 
by fluorescence microscope analysis. The integrity of 
mitochondrial membranes potential decreased in U87MG 
cells after treatment of 40  μM luteolin as we observed 
the elevation of green fluorescence from the red to green 
(Fig.  4a). On top of that, the release of cytochrome C 
to cytoplasm was elevated in U251MG cells by immu-
nofluorescence (Fig.  4b). The imbalance between anti-
apoptotic and pro-apoptotic Bcl-2 family proteins would 
lead to the decrease of mitochondrial membrane potential 
and cause apoptosis. So we tested the protein expression 
of Bcl-2 and Bax. As shown in Fig.  4c, treatment with 
luteolin for 24 h significantly decreased the expression of 
anti-apoptotic protein Bcl-2 and increased the expression 
of pro-apoptotic protein Bax in U251MG and U87MG 
glioblastoms cells. Additionally, pretreatment with 5 mM 
NAC for 2 h could decrease the up-regulated expression 
of Bax and increase the expression of inhibited-Bcl-2 
(Fig.  4d). These results indicated that luteolin treatment 
induced ROS-dependent mitochondrial apoptosis in glio-
blastoma cancer cells.
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Fig. 3  Luteolin-induced ROS increases ER stress in human gliobla-
toma cancer cells. a Cells were exposed to 40 μM luteolin for indi-
cated times. b, c U251MG and U87MG cancer cells were treated with 
different concentration of luteolin for 24  h. d NAC partly reversed 
the activation of ER stress induced by 40 μM luteolin. U251MG cells 

were pretreated with or without 5 mM NAC for 2 h before exposure 
to luteolin for 6  h. a–d The expressions of phosphorylated-PERK, 
PERK, phosphorylated-eIF2α, eIF2α, ATF4, CHOP, cleaved-cas-
pase-12 and cleaved-caspase-3 were detected by western blot. Data 
presented were representative of three independent experiments
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Luteolin inhibited tumor growth in a xenograft mouse 
model

To evaluate the anti-glioblastoma effect of luteolin in vivo, 
immune-deficient nude mice bearing U87MG tumor xeno-
grafts were employed. When tumors reaching 70–100 mm3, 
0.1% DMSO or luteolin (10  mg/kg) was administered by 
intraperitoneal injection thrice per week for 35  days (15 
times in total). As showed in Fig. 5a, b treatment with lute-
olin inhibited U87MG tumor xenografts growth. Moreover, 

luteolin did not affect body weight, alanine aminotrans-
ferase (ALT) or aspartate transaminase (AST) obviously 
(Fig. 5c, d). The in vivo mechanistic studies revealed that 
luteolin treatment inhibited tumor xenografts by induc-
tion of ER stress-associated proteins, ATF4, CHOP and 
cleaved-caspase-12 and caspase-3 activation (Fig.  5e). In 
addition, the TUNEL staining of tumor xenografts tissue 
also showed that luteolin resulted in apoptosis (Fig.  5f). 
These data suggested that ER stress and apoptosis were 
involved in luteolin-induced suppression of tumor growth.

Fig. 4  Luteolin activated mitochondrial apoptotic pathway. a 
U251MG cells were treated with luteolin, obviously decreasing the 
mitochondrial membrane potential (△ψm). U87MG cells after treat-
ment with luteolin (40 μM) for 12 h were stained with JC-1 and ana-
lyzed by fluorescence microscope. b U251MG cells after treatment 
of luteolin (40  μM) for 12  h were stained with anti-cytochrome C 

and DAPI for detecting the expression of cytochrome C. c, d West-
ern blot analysis effects of luteolin on expression of Bcl-2 and Bax 
in U251MG (c, d) and U87MG (c) cancer cells. All images shown 
here were representative of three independent experiments with simi-
lar results
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Fig. 5  Luteolin inhibited tumor growth in a xenograft mouse model. 
Luteolin treatment inhibited tumor volume (a, b) of U87MG human 
glioblastoma cancer xenografts in nude mice, but did not affect body 
weight (c) and alanine aminotransferase (ALT) or aspartate transami-
nase (AST) (d) of mice. e Western blot analysis on the expression of 

ATF4, CHOP, cleaved-caspase-12, Bax and cleaved-caspase-3 from 
respective tumor tissue lysates. β-Actin was used as protein loading 
control. f TUNEL staining from respective tumor tissue. All values 
represented the means ± SEM. *p < 0.05, **p < 0.01
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Discussion

Glioblastoma multiforme are the most common and lethal 
intracranial tumors, which exhibit a relentless malignant 
progression characterized by widespread invasion through-
out the brain, resistance to traditional and newer targeted 
therapeutic approaches, and certain death. Temozolomide 
is the most commonly employed in clinic either alone or 
in combination with radiotherapy. However, some GBM 
patients develop resistance and relapse after a few months 
of treatment. Therefore, there is an urgent need for addi-
tional preventive and therapeutic drugs against GBM.

Das et  al. showed that treatment of glioblastoma cells 
(T98G and U87MG) with flavonoids, such as apigenin, epi-
gallocatechin, epigallocatechin-3-gallate and genistein trig-
gered ROS production that in turn induced apoptosis with 
phosphorylation of p38 MAPK and activation of the redox-
sensitive JNK1 pathway [22]. In this study, we found for 
the first time that luteolin could induce glioblastoma cancer 
cells apoptosis in vitro and in vivo through ER stress and 
mitochondrial dysfunction. It has been shown that luteo-
lin is capable of inhibiting cell proliferation and inducing 
apoptosis in many types of cancer cells, for instance pros-
tate cancer, breast cancer, lung cancer and hepatoma cells 
[10, 23]. Literature has reported that luteolin exert chemo-
sensitizing effects on apoptosis in cancer cells [24]. How-
ever, the effect of luteolin on glioblastoma cancer cells and 
its action mechanisms for the anti-cancer effect have not 
been well elucidated.

Researches indicate that ROS plays an important role in 
the process of cancer genesis and metastasis. Cancer cells 
always have higher levels of ROS and higher antioxidant 
activities in an uncontrolled status compared with normal 
cells [25], which result in the lack of ability to cope with 
additional oxidative stress and vulnerability to ROS [26]. 
Therefore, targeting ROS is an important therapeutic strat-
egy for cancer drugs such as cisplatin, paclitaxel [27, 28]. 
Exploring the mechanisms of ROS-based treatment is 
required for further improving the efficacy and specificity 
of cancer drugs.

In response to oxidative stress medicated by ROS, cells 
adapted to accumulation of unfolded and misfolded pro-
teins by ER stress. ER stress protects cell by shutting-down 
the general protein synthesis and increasing the expression 
of molecular chaperones such as ER resident hsp70 hom-
ologue and glucose-regulated protein 78 (GRP78) [19]. 
When ER stress is prolonged, the pro-death ER stress path-
ways mediated by CHOP (CAAT/enhancer binding protein 
homologous protein) and caspase-12 activated [29]. ER 
stress-induced apoptosis is a key pathologic event of anti-
tumor effects in many cancers [30, 31]. Researches have 
reported activated caspase-12 localized in the ER exerting 
the pro-apoptotic effect of ER stress [32–34]. Our results 

showed that p-PERK, p-eIF2α and ATF4 were up-regulated 
in a time-dependent manner after treatment of luteolin, 
indicating that ER stress was activated at 3–6  h. What’s 
more, the ER stress associated apoptotic pathway protein 
CHOP and cleaved-caspase 12 increased at 6–24  h after 
luteolin treatment in U251MG cells. In addition, p-PERK, 
p-eIF2α, ATF4 and CHOP was also up-regulated in a dose-
dependent manner. Furthermore, we found that NAC could 
block the luteolin-induced activation of ER stress pro-
teins, such as p-eIF2α, ATF4 and CHOP, which revealed 
that accumulated ROS level was the upstream regulator of 
luteolin-induced ER stress in glioblastoma cells. We sug-
gest that generation of reactive oxygen species is an early 
event, which initiates ER stress-induced apoptotic pro-
cess and late mitochondrial dysfunction in luteolin-treated 
glioblastoma cancer cell lines. Imperfectly we did not fur-
ther explore the role of ER stress in luteolin-induced cell 
apoptosis in GBM cells. What’s more, in our study, both 
ER stress and mitochondrial were implicated in luteolin-
induced cell apoptosis, however, it was not well understood 
the cross-talking between ER stress and mitochondrial dys-
function in luteolin-induced apoptosis pathways.

In conclusion, we studied the anti-proliferative and pro-
apoptotive effects and mechanisms of luteolin in glioblas-
toma cancer cell lines. We found that treatment of luteolin 
resulted in severe ROS accumulation, which activated the 
ER stress and mitochondrial apoptotic pathways. We also 
demonstrated the effect of luteolin on suppression of tumor 
growth in vivo by a xenograft tumor model.
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