
Vol.:(0123456789)1 3

Cellular and Molecular Neurobiology (2021) 41:1625–1634 
https://doi.org/10.1007/s10571-020-00930-2

ORIGINAL RESEARCH

Valproic Acid Sensitizes Glioma Cells to Luteolin Through Induction 
of Apoptosis and Autophagy via Akt Signaling

Wei Han1,3 · Fan Yu2,3 · Rong Wang1,3 · Wei Guan1   · Feng Zhi1,3

Received: 30 May 2020 / Accepted: 20 July 2020 / Published online: 27 July 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Glioma is a highly malignant type of intracranial tumor with a poor prognosis resulting from traditional chemo-resistance 
with temozolomide (TMZ). Luteolin has been detected to exert limited anti-tumor effects on gliomas, while valproic acid 
(VPA) is a common chemotherapy sensitizer in the treatment of tumors. In this study, three glioma cell lines including U251, 
LN229 and SNB19 were selected for evaluation of combined anti-tumor effects of VPA and luteolin via Cell Counting Kit-8 
(CCK-8) assay, colony formation assay, wound-healing assay, flow cytometry and western blot assay. The results disclosed 
that VPA sensitized glioma cells to luteolin by repressing cell viability, colony formation and migration. Mechanically, VPA 
boosted cellular apoptosis and cell-cycle arrest by increased level of cleaved caspase-3/caspase-3, cleaved PARP/PARP 
and Bax/Bcl-2. In addition, VPA also facilitated cellular autophagy via the decline of p62, p-Akt/Akt and the accumulation 
of LC3-II. These findings suggested that VPA enhanced the anticancer effects of luteolin by strengthening apoptosis and 
autophagy via Akt signaling, which could be adopted as a novel therapy for glioma.
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Introduction

Glioma, considered as a common and highly malignant 
type of intracranial tumor, accounts for 60% of central nerv-
ous system (CNS) tumors (Geng et al. 2019; Xiong et al. 
2019). Despite the progress in elucidating the biological 

mechanisms and improving the treatment of glioma, the 
clinical prognosis is still poor with a median survival time 
of 14.6 months (Cao et al. 2019). Luteolin is a common 
flavonoid extracted from salvia tomentosa mill and many 
other plants and vegetables (Anson et al. 2018), which has 
been more and more promising for its anti-tumor effects in 
various solid tumors including bladder cancer (Iida et al. 
2020), prostate cancer (Naiki-Ito et al. 2019), breast can-
cer (Gao et al. 2019), colorectal cancer (Yao et al. 2019), 
etc. Interestingly, luteolin was also observed to exert inhibi-
tory effects on glioma including suppressing cell viability, 
migration, invasion and angiogenesis, while inducing cell-
cycle arrest and apoptosis (You et al. 2019; El Gueder et al. 
2018; Anson et al. 2018). However, the hydrophobic and 
poor biocompatibility of luteolin leads to its low bioavail-
ability (Zheng et al. 2017), predicting the biggest obstacle 
on further clinical application. Though a study by Wu et.al 
illustrated that luteolin with nanoparticle modification sig-
nificantly enhanced its anti-glioma effect (Wu et al. 2019), 
chemosensitization with higher penetration is still our top 
priority. Therefore, it is an urgent need to apply novel drugs 
with curative effects and no side effects to sensitize glioma 
cells to luteolin treatment.
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Valproic acid (VPA), one of common histone deacety-
lases (HDACs), is a clinically anti-convulsant and mood-
stabilizing drug (Eckert et al. 2017). Resulting from its anti-
tumor or sensibilization activities in multiple tumors (Wu 
et al. 2016; Riva et al. 2018; Tseng et al. 2017), more and 
more attention has been attracted to subsequent clinical tri-
als. For instance, VPA significantly inhibited cell viability 
and invasion through upregulation of n-myc downstream 
regulated gene-1 (NDRG1) in prostate cancer (Lee and Kim 
2015). In thyroid cancer, VPA exerted anti-tumor effects by 
inducing apoptosis and autophagy by the inhibition of RET 
signaling (Xu et al. 2015). As in glioma, VPA promoted 
cellular apoptosis and inhibited glycogen synthase kinase-3β 
(GSK-3β) through ERK/Akt signaling (Zhang et al. 2016). 
However, apart from direct inhibition of VPA on human 
cancers, the capacity of VPA to sensitize chemotherapy 
drugs was more widely acknowledged. Chen et.al revealed 
that VPA enhanced cisplatin sensitivity to non-small cell 
lung cancer cells (NSCLCs) via HDAC2 mediated down-
regulation of ATP-binding cassette transporter A1 (ABCA1) 
(Chen et al. 2017). Interestingly, combination chemotherapy 
of VPA and gemcitabine regulated signal transducer and 
activator of transcription 3 (STAT3)/Bmi1 pathway to inhibit 
the migration and invasion of pancreatic cancer cells (Li 
et al. 2019). Moreover, VPA sensitized glioma cells to sul-
fasalazine in promoting cell death through imbalance of the 
intracellular oxidative response (Garcia et al. 2018). There-
fore, the combination chemotherapy of VPA and luteolin 
could be a potential novel therapy for glioma.

In this study, we explored that VPA efficiently sensitized 
glioma cells to luteolin in inhibiting cell viability, cellular 
colony formation and migration and inducing cell-cycle 
arrest in glioma. Moreover, the sensitization of VPA could 
be attributed to the induction of apoptosis and autophagy 
via the suppression of the Akt signaling. All the above 
results indicated that VPA sensitized glioma cells to luteo-
lin through induction of apoptosis and autophagy via Akt 
signaling, providing a novel and reliable therapy for glioma.

Materials and Methods

Cell Culture and Materials

The glioma cell lines U251, LN229 and SNB19 and human 
HEB cells were purchased from the Chinese Academy of 
Science’s Cell Bank (Shanghai, China). The cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum (FBS) and antibiotics 
including 100 U/mL penicillin and 100 mg/L streptomycin 
in a 5% CO2 incubator at 37 ℃. Luteolin was purchased 
from Aynor Medicine Technology Co. Ltd (Xi’an, China) at 

a purity of 98%. Valproic acid was purchased from Sigma-
Aldrich Co. (St Louis, MO, USA).

Cell Viability Assay

The three glioma cells in a great condition were seeded in 
a 96-well plate with 2 × 103 cells per well and incubated 
overnight at 37 °C. Luteolin was dissolved in DMSO and 
VPA was dissolved in sterile water at indicated concentra-
tions mixed with 10% FBS-DMEM. The cells were then 
treated with VPA, luteolin or luteolin + VPA at the indicated 
concentrations for 24 or 48 h. Subsequently, 10 µL CCK-8 
solution (Bimake, Shanghai, China) was added into each 
well with an incubation for 2 h at 37 ℃ on the shaker. The 
absorbance value, mostly dominated in the interval from 
0.8–1.2, was measured at 450 nm on EL × 800 (BioTek, 
Winooski, VT, USA) and the control group was considered 
100%. The experiment was repeated three times.

Cell Colony Formation Assay

The three glioma cells were cultured into a 12-well plate 
with 2 × 103 cells per well and incubated overnight at 
37 °C. The cells were then treated with VPA, luteolin or 
luteolin + VPA at the indicated concentrations for 48 h and 
incubated for consecutive two weeks. The cells were washed 
with 1 ml PBS each well for three times, fixed with 4% para-
formaldehyde for 25 min at 4 ℃ and stained by 0.1% crystal 
violet for 10 min at room temperature (25 ℃). Subsequently, 
the plate was washed twice in tap water by dipping into a 
large beaker and then photographed on a ChemiDoc Touch 
Imaging System (BioRad, CA, USA). After photograph, 
each well was treated with 1 ml 1% SDS solution to dissolve 
stains, placed on the shaker until there is no densely colored 
area at the bottom of the well. The absorbance value was 
then detected at 570 nm on EL × 800 (BioTek, Winooski, 
VT, USA). The experiment was repeated three times.

Cell Wound‑Healing Assay

The three glioma cells were seeded in a 12-well plate with 
1 × 104 cells per well and incubated overnight at 37 °C. The 
cells were then treated with VPA, luteolin or luteolin + VPA 
at the indicated concentrations until they reached > 80% 
confluence. A 10 µL sterile pipette tip was used to form 
a scratching wound in the middle of each well, washed by 
PBS to remove the debris and then cultured with DMEM 
without FBS. The representative images were taken at 0 h 
and 24 h on a microscope (IX71, Olympus, Tokyo, Japan). 
The experiment was repeated three times.
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Cell Apoptosis Assay and Cell‑Cycle Assay

The three glioma cells were cultured into a 6-well plate 
with 5 × 104 cells per well and incubated overnight at 
37 °C. The cells were then treated with VPA, luteolin or 
luteolin + VPA at the indicated concentrations for 48 h. 
For cell apoptosis assay, the cells were trypsinized, washed 
by PBS twice and resuspended with 1 × Annexin V Bind-
ing Buffer (BD Biosciences, USA). The cells were stained 
with 5 µL of FITC Annexin V and 5 µL of Propidium 
Iodide Staining Solution for 30 min at room temperature 
(25 ℃) in the dark and then detected by Guava EasyCyte 
6HT-2L flow cytometer (Merck Millipore, Darmstadt, 
Germany). For cell-cycle assay, the cells were trypsi-
nized, washed by PBS once and fixed in pre-cooled 70% 
ethanol overnight. The cells were then washed by PBS 
once, stained with 0.5 mL PI/RNase Staining Buffer (BD 
Biosciences, USA) per well at room temperature (25 ℃) 
in the dark and analyzed by Guava EasyCyte 6HT-2L flow 
cytometer (Merck Millipore, Darmstadt, Germany). The 
two experiments above were both repeated three times.

Western Blot Analysis

The three glioma cells in a good condition were seeded 
in a 6-well plate with 5 × 104 cells per well and incubated 
overnight at 37 ℃. The cells were then treated with VPA, 
luteolin or luteolin + VPA at the indicated concentrations 
for 48 h. The cell were washed by PBS twice and lysed in 
RIPA lysate (Beyotime, Shanghai, China) supplemented 
with 1% protease and phosphatase inhibitor cocktail (Roche, 
Basel, Switzerland). The protein samples were the super-
natant after centrifugation at 12,000 rcf for 2 min at 4 ℃. 
The protein concentration was analyzed by a BCA Protein 
Assay (Thermo Fisher Scientific, MA, USA). The denatured 
protein samples were distributed through SDS-PAGE, trans-
ferred onto polyvinylidene difluoride flat (PVDF) micropo-
rous membranes and blocked for 1 h with 5% skimmed milk 
or Bovine Serum Albumin (BSA). The PVDF membranes 
were incubated on the shaker at 4 ℃ overnight with the 
primary antibodies diluted in 5% skimmed milk or BSA: 
β-actin (#3700), PARP (#9532), Caspase-3 (#9665), cleaved 
Caspase-3 (#9664), Bax (#2772), Bcl-2 (#2872), p-AKT 
(#4060), AKT (#4691), p62 (#39,749) and LC3 (#2775). 
The PVDF membranes were washed by 1 × PBST for 10 min 
three times, incubated with secondary antibodies for 1 h and 
washed by 1 × PBST for 10 min three times again. Then 
the PVDF membranes were detected by using an ECL plus 
kit (Thermo Fisher Scientific, MA, USA) on a ChemiDoc 
Touch Imaging System (BioRad, CA, USA) and Chemilu-
minescent signals were analyzed by Image Laboratory. The 
experiment was repeated three times.

Statistical Analysis

The results shown were all analyzed from three or more 
independent and repeated experiments. The data were ana-
lyzed by GraphPad Prism 5.0 software and expressed as the 
mean ± SD. One-way analysis of variance (ANOVA) and 
two-tailed Student’s t-test were employed to compare differ-
ent groups. Moreover, *p < 0.05 was considered statistically 
significant.

Results

VPA Sensitized Glioma Cells to Luteolin 
in Suppressing Cell Viability

To evaluate the anti-tumor effect of the combination of 
VPA and luteolin on glioma, the classical glioma cell lines, 
including U251, LN229 and SNB19, were selected for cyto-
toxicity tests. The chemical structures of VPA and luteo-
lin are shown in Fig. 1a. The three glioma cells were then 
treated with VPA or luteolin at the indicated concentrations 
for 24 or 48 h and the cell viability was detected by Cell 
Counting Kit-8 (CCK-8) assay. As shown in Fig. 1b, VPA 
inhibited cell viability in three glioma cells dose- and time-
dependently from 2 to 8 mM. Therefore, the VPA concen-
tration of 1 mM and the dosing time of 48 h were chosen 
for subsequent experiments. Similarly in Fig. 1c, luteolin 
suppressed cell viability in a dose- and time-dependent man-
ner in the three glioma cells. The half maximal inhibitory 
concentration (IC50) of luteolin on U251, LN229 and SNB19 
at 24 h were 52.11 µM, 46.88 µM and 57.05 µM, while the 
IC50 were 26.36 µM, 21.48 µM and 23.48 µM at 48 h. Thus, 
the luteolin concentration of 20 µM and the dosing time of 
48 h were selected. Additionally, the cell viability of HEB 
cells were detected by CCK-8 assay under treatment with 
VPA-1 mM, Luteolin-20 µM or both for 48 h. As shown 
in Fig. 1d, the treatment of VPA, luteolin or both at the 
selected concentrations exerted no inhibitory effects on HEB 
cells, indicating that the concentration and dosing time could 
be utilized for cytotoxicity investigations. Moreover, under 
the treatment with VPA-1 mM and luteolin-20 µM for 48 h, 
the cell viability of the three glioma cells was increasingly 
inhibited (Fig. 1e). In conclusion, VPA sensitized glioma 
cells to luteolin in suppressing cell viability.

VPA Sensitized Glioma Cells to Luteolin via Colony 
Formation and Migration

Cell colony formation assay and cell wound-healing assay 
were performed to investigate the effect of the sensitiza-
tion of VPA for luteolin in glioma cells. As shown in 
Fig. 2a, compared to negative group, luteolin affected the 
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ability of cell colony formation slightly in the three glioma 
cells, while VPA had no effects on cell colony formation 
individually. Surprisingly, the combination of VPA and 
luteolin obtained an exceedingly inhibitory influence on 
the cellular colony formation. The statistical analysis of 
cell colony formation assay in the three glioma cells is 
shown in Fig. 2b. Afterwards, the sensibilization effect of 
VPA was investigated by cell wound-healing assay. Simi-
larly, though luteolin hindered the speed of wound closure 
gently and VPA had no respective influence, the combina-
tion revealed an enhanced effect in delaying the migration 
of the three glioma cells (Fig. 2c). The statistical analysis 
of cell wound healing in the three glioma cells is shown in 
Fig. 2d. Above all, VPA sensitized glioma cells to luteolin 
in repressing cellular colony formation and migration.

VPA Sensitized Glioma Cells to Luteolin by Induction 
of Apoptosis and Cell‑Cycle Arrest

To explore the effect of the combination of VPA and luteolin 
on apoptosis and cell-cycle in glioma cells, cell apoptosis 
assay and cell-cycle assay were applied by flow cytometry. 
For glioma cell apoptosis, luteolin induced apoptosis slightly 
in the three glioma cells, while VPA had no obvious effects 
on cellular apoptosis individually. Astonishingly, the com-
bination of VPA and luteolin induced a higher cellular apop-
tosis compared to VPA or luteolin, respectively. In U251 
cells, the apoptosis rates induced by VPA or luteolin were 
9.79% and 11.39%, while the apoptosis rate induced by the 
combination of VPA and luteolin was 18.01%. In LN229 
cells, the apoptosis rates induced by VPA or luteolin were 

Fig. 1   VPA sensitized glioma cells to luteolin in suppressing cell 
viability. a The molecular structural formula of VPA and Luteolin. b 
The glioma cell lines U251, LN229 and SNB19 cell viability were 
detected by CCK-8 assay under treatment with the indicated concen-
trations ranging from 0 to 8 mM of VPA for 24 or 48 h. c The glioma 
cell lines U251, LN229 and SNB19 cell viability were detected by 
CCK-8 assay under treatment with the indicated concentrations rang-
ing from 0 to 60 µM of luteolin for 24 or 48 h. d The cell viability 

of HEB cells were detected by CCK-8 assay under treatment with 
VPA-1 mM, Luteolin-20 µM or both for 48 h. e The glioma cell lines 
U251, LN229 and SNB19 cell viability were detected by CCK-8 
assay under treatment with VPA-1 mM, Luteolin-20 µM or both for 
48 h. The results shown are representatives of three different experi-
ments. **p < 0.01, ***p < 0.001, CCK-8 Cell Counting Kit-8, VPA 
valproic acid
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8.65% and 11.18%, while the apoptosis rate induced by the 
combination of VPA and luteolin was 23.26%. In SNB19 
cells, the apoptosis rates induced by VPA or luteolin were 
9.33% and 11.71%, while the apoptosis rate induced by the 
combination of VPA and luteolin was 17.67% (Fig. 3a). The 
statistical analysis of cellular apoptosis induced by VPA, 
luteolin or both is shown in Fig. 3b. For glioma cell-cycle 
arrest, representative images in Fig. 3c illustrated that VPA 
potentiated an apparent G0/G1 phase reduction and S and 
G2/M phase accumulation, while luteolin induced a moder-
ate G0/G1 phase reduction and G2/M phase accumulation 
in the three glioma cells. Surprisingly, the combination of 
VPA and luteolin promoted a greater G0/G1 phase reduction 
and S and G2/M phase accumulation in the three glioma 
cells. The statistical analysis of cell-cycle arrest induced by 
luteolin, VPA or both is shown in Fig. 3d.

To investigate the underlying mechanism of the com-
bination of VPA and luteolin inducing more glioma cells 
apoptosis and cell-cycle arrest, western blot analysis was 
carried out. As shown in Fig. 4a, luteolin promoted a higher 
expression of cleaved PARP/PARP, cleaved Caspase-3/
Caspase-3 and Bax/Bcl-2, while VPA had no effects on 

apoptosis-related proteins, which was consistent with the 
apoptotic results. Significantly, the combination of VPA 
and luteolin induced more increasingly expression of pro-
teins mentioned above than VPA or luteolin individually. 
The statistical analysis of cleaved PARP/PARP, Bax/Bcl-2 
and cleaved Caspase-3/Caspase-3 is shown in Fig. 4b–d. 
Therefore, all the above results suggested that VPA sensi-
tized glioma cells to luteolin in promoting cell apoptosis and 
cell-cycle arrest.

VPA Sensitized Glioma Cells to Luteolin Through 
Autophagy via Akt Signaling

To explore the effect of the combination of VPA and luteo-
lin on autophagy in glioma cells, western blot analysis was 
carried out to detect the expression level of key autophagy 
proteins p62 and LC3-II. As shown in Fig. 5a, VPA or 
luteolin promoted the decrease of p62 and the increase of 
LC3-II, respectively, which revealed that VPA or luteolin 
both had an enhanced influence on cellular autophagy. More 
importantly, the combination of VPA and luteolin induced a 
lower expression of p62 and a higher expression of LC3-II 

Fig. 2   VPA sensitized glioma cells to luteolin via colony formation 
and migration. a Representative images of the cell colony formation 
of the three glioma cell lines U251, LN229 and SNB19 under treat-
ment with VPA-1 mM, Luteolin-20 µM or both for 48 h. b Statistical 
analysis of colony formation results in the three glioma cell lines. c 
Representative images of the wound healing of the three glioma cell 

lines U251, LN229 and SNB19 after treatment with VPA-1  mM, 
Luteolin-20  µM or both for 48  h. d Statistical analysis of wound-
healing results in the three glioma cell lines. The results shown are 
representatives of three different experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, ns no significant, VPA valproic acid
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compared to VPA or luteolin individually. The statistical 
analysis of p62 and LC3-II is shown in Fig. 5b, c. For further 
investigation of the potential mechanism of cell autophagy 
activation, the key protein p-Akt and Akt in Akt signaling 
pathway was detected by western blot analysis. In Fig. 5a, 
though the expression of Akt had no obvious fluctuate, VPA 
or luteolin potentiated the downregulation of p-Akt to vary-
ing degrees. Significantly, compared to VPA or luteolin, 
respectively, the combination of VPA and luteolin down-
regulated the expression of p-Akt/Akt apparently, which 
illustrated the activation of Akt signaling pathway, thus pro-
moting cell autophagy (Fig. 5d). Therefore, VPA sensitized 
glioma cells to luteolin by promoting cell autophagy via Akt 
signaling pathway.

Discussion

The prognosis of patients with gliomas are still far from 
satisfactory resulting from the undesirable results of the 
standard chemotherapy for glioma (Xu et al. 2018; Yi et al. 
2016). Therefore, it is a clinically urgent demand for novel 
drugs with high efficiency to be applied into the treatment 
of gliomas. Luteolin (39, 49, 5, 7‑tetrahydroxyflavone), a 
flavonoid found in a number of medicinal plants, acted as 
an anticancer agent against various tumors (Imran et al. 

2019; Huang et al. 2019) such as breast cancer (Ahmed 
et al. 2019), non-small cell lung cancer (Yu et al. 2019) and 
pancreatic cancer (Li et al. 2018). However, the anti-tumor 
effects of luteolin on gliomas are still ambiguous. In this 
study, we confirmed that luteolin exerted inhibitory effects 
on gliomas by the inhibition of cell viability, cellular colony 
formation and migration, and the induction of apoptosis and 
cell-cycle arrest.

Due to its role of dysregulating DNA repair proteins and 
antagonizing metastasis-associated processes, VPA has been 
proposed to be involved in the treatment of multiple can-
cers (Kiweler et al. 2020). In gastric cancer, VPA inhibited 
cell proliferation via the induction of autophagy targeting 
HDAC1/2 and HDAC1/PTEN/Akt signaling (Sun et  al. 
2020). In pancreatic cancer, VPA exhibited anti-tumor activ-
ity selectively against EGFR/ErbB2/ErbB3 via induction of 
ErbB family members-targeting miRNAs (Lin et al. 2019). 
As in glioma, VPA inhibited proliferation and reduced inva-
siveness through Wnt/β-Catenin signaling activation (Riva 
et al. 2018). In this study, we validated the inhibitory effects 
of VPA on gliomas that VPA inhibited cell viability in a 
dose- and time-dependent manner. While VPA might func-
tion as a chemosensitizer to enhance the anti-tumor effects 
of basic chemotherapy agents. In MCF-7 breast cancer, 
VPA and AZD2461 decreased cell viability in a concentra-
tion- and time-dependent manner (Sargazi et al. 2019). In 

Fig. 3   VPA sensitized glioma cells to luteolin by induction of apopto-
sis and cell-cycle arrest. a The cell apoptosis of the glioma cell lines 
U251, LN229 and SNB19 was evaluated by flow cytometry under 
treatment with VPA-1 mM, Luteolin-20 µM or both for 48 h. b Sta-
tistical analysis of cell apoptosis results in the three glioma cell lines. 
c The cell-cycle stage of the three glioma cell lines U251, LN229 

and SNB19 was evaluated by flow cytometry under treatment with 
VPA-1 mM, Luteolin-20 µM or both for 48 h. d Statistical analysis of 
cell-cycle results in the three glioma cell lines. The results shown are 
representatives of three different experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, ns no significant, VPA valproic acid
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pancreatic cancer, combination chemotherapy of VPA and 
gemcitabine regulated STAT3/Bmi1 pathway to differen-
tially influence the motility (Li et al. 2019). Surprisingly, 
VPA sensitized temozolomide (TMZ) to glioma cells by 
downregulating the expression of MGMT (Ryu et al. 2012). 
In this study, we demonstrated for the first time that VPA 
sensitized glioma cells to luteolin in suppressing cell viabil-
ity, cellular colony formation and migration, and inducing 

apoptosis, cell-cycle arrest and autophagy. Notably, the VPA 
concentration of 1 mM adopted in this experiment had little 
cytotoxic effect when used alone.

Apoptosis and autophagy play seminal roles in main-
taining organ homeostasis with different biochemical and 
morphological appearances (Emdad et al. 2019). Apop-
tosis is a form of programmed cell death that eliminates 
unwanted or potentially harmful cells (Valentin et  al. 

Fig. 4   VPA sensitized glioma cells to luteolin by elevating expression 
of apoptosis-related proteins. a The protein levels of PARP, cleaved 
PARP, Caspase-3, cleaved Caspase-3, Bax and Bcl-2 in the three 
glioma cell lines U251, LN229 and SNB19 treated with VPA-1 mM, 
Luteolin-20  µM or both for 48  h were evaluated by western blot 
analysis. b Statistical analysis of cleaved PARP/PARP in the three 
glioma cell lines U251, LN229 and SNB19 from western blot results. 
c Statistical analysis of Bax/Bcl-2 in the three glioma cell lines U251, 

LN229 and SNB19 from western blot results. d Statistical analysis 
of cleaved Caspase-3/Caspase-3 in the three glioma cell lines U251, 
LN229 and SNB19 from western blot results. All the relative protein 
levels were determined by signal quantification and normalized to 
β-actin. The results shown are representatives of three different exper-
iments. *p < 0.05, **p < 0.01, ***p < 0.001, ns: no significant, VPA: 
Valproic acid
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2018), which includes two different types of intrinsic 
and extrinsic pathways and perturbations in endoplasmic 
reticulum (ER) function (Shirjang et al. 2019). The major 
actors during the intrinsic apoptosis pathway are the B-cell 
lymphoma 2 (Bcl-2) protein families including cysteine 
aspartic acid-specific proteases (caspases), Bcl-2, BCL2-
Associated X (Bax) and inhibitor of apoptosis proteins 
(IAPs) (Curti et al. 2017). In addition, poly ADP-ribose 
polymerase (PARP) usually acts as a biomarker in the 
drug-induced apoptosis (Shao et al. 2019). In this study, 
we found that luteolin could upregulate the protein level 
of cleaved caspase-3, cleaved PARP and Bax accompanied 
by the downregulation of Bcl-2, while there is no fluctuate 
on the expression of Caspase-3 and PARP. Notably, VPA 
could enhance the sensitization of glioma to luteolin on 
Caspase-3, PARP, Bax and Bcl-2, indicating the potential 
of VPA and luteolin to induce more apoptosis in glioma. 
Autophagy is a self-protecting cellular catabolic pathway, 
through which some long-lived or misfolded proteins and 
damaged organelles are degraded into metabolic elements 
and recycled for the maintenance of cellular homeostasis 
(Wang et al. 2018). Autophagosomes, which are special-
ized double-membrane vesicles in autophagic process, 
deliver cytoplasmic portions into lytic compartments to 
remove unwanted material or provide energy and bio-
synthetic building blocks (Ustun et al. 2017). As metrics 
of autophagy by detecting autophagosomes, a selective 

recognition receptor p62 and a specific linker LC3-II are 
usually considered the molecular markers (Song et al. 
2012). Moreover, signaling pathways including PI3K/
Akt/mTOR and AMPK/TSC/mTOR are usually involved 
in cellular autophagy (Qin et  al. 2010). In this study, 
the combination treatment of VPA and luteolin remark-
ably decreased the expression level of p62 and increased 
the expression level of LC3-II, suggesting the enhanced 
autophagic response. Furthermore, the VPA treatment led 
to the obvious downregulation of p-Akt/Akt, suggesting 
the inhibition of the Akt signaling pathway.

Nevertheless, there are still several limitations with 
our study. Firstly, more practical detection methods for 
autophagosomes including transmission electron micro-
scope, fluorescent labeling and MDC staining should be 
carried out for verification of autophagy induction. Sec-
ondly, other key regulators in the PI3K/Akt/mTOR signaling 
pathway, including PI3K, mTOR, PTEN and PDK, should 
be evaluated by various biological methods. Thirdly, our 
results illustrated the induction of apoptosis and autophagy 
by luteolin and VPA. While the actual protein networks to 
control regulation and execution of apoptosis and autophagy 
are highly interconnected (Booth et al. 2019), which needs 
our further investigation.

In conclusion, our study has demonstrated that VPA sen-
sitized glioma cells to luteolin through induction of apopto-
sis and autophagy via Akt signaling pathway. A combination 

Fig. 5   VPA sensitized glioma cells to luteolin through autophagy 
via Akt signaling. a The protein levels of p-Akt, Akt, p62, LC3 and 
β-actin in the three glioma cell lines U251, LN229 and SNB19 were 
evaluated by western blot analysis. b Statistical analysis of p62 in 
the three glioma cell lines U251, LN229 and SNB19 from western 
blot results. c Statistical analysis of LC3-II in the three glioma cell 

lines U251, LN229 and SNB19 from western blot results. d Statisti-
cal analysis of p-Akt/Akt in the three glioma cell lines U251, LN229 
and SNB19 from western blot results. All the relative protein levels 
were determined by signal quantification and normalized to β-actin. 
The results shown are representatives of three different experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001, VPA valproic acid
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therapy of VPA and luteolin may provide a promising thera-
peutic strategy for glioma in the future.
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