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[ABSTRACT] Glioblastoma is the deadliest neoplasm with the worst 5-year survival rate among all human cancers. Autophagy pro-
motes autophagic cell death or blocks the induction of apoptosis in eukaryotic cells. Here, we investigated whether varying levels of
autophagic flux in glioblastoma lead to different efficacies of curcumin treatment using U87MG and A172 human glioblastoma cells.
The  number  of  LC3  puncta,  the  number  of  cells  with  LC3  puncta  and  the  level  of  LC3  II,  Atg5  and  Atg7  protein  were  higher  in
U87MG cells compared with A172 cells. When the cells were incubated with curcumin for 24 or 48 h, the percentage of cell death was
higher in A172 cells compared with U87MG cells. Although the level of LC3 was lower, that of curcumin-induced LC3 was higher, in
A172 cells than in U87MG cells. The relative increases in cell death and LC3-mediated autophagy were greater under serum starva-
tion in A172 cells compared with U87MG cells. Curcumin-induced A172 cell death was reduced by serum starvation. When both types
of cells were transfected with LC3-GFP, the percentage of cell death was higher in A172 cells than that in U87MG cells. Taken togeth-
er, the data demonstrate that curcumin-mediated tumor cell death is regulated by the basal level of autophagic flux in different glio-
blastoma cells. This suggests that prior to the use of various curcumin therapeutics, the level of basal or induced autophagic flux should
be carefully examined in tumor cells for the best efficacy.
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Introduction

Glioblastoma  is  among  the  most  aggressive  and  deadly
neoplasms, with the worst 5-year overall survival rate among
all human cancers [1-3]. Glioblastoma patients will usually die
within  2  years [4-5].  It  is  therefore  necessary  to  develop  new
anticancer agents with greater therapeutic potential and lower
toxicity  profiles [6].  Glioblastomas  exhibit  overexpression  of
autophagy-associated proteins  at  varying  levels,  which  com-
plicates the efficacy of any therapeutic treatment [3].

Autophagy, the  process  of  “self-eating”,  leads  to  disas-
sembly  of  damaged  organelles  and  their  recycling  for  cell
survival [7-9]. Stressed cells generate autophagosomes that fuse
with lysosomes to form autolysosomes. Autophagosomes are
formed by hierarchical recruitment of autophagy-related pro-

teins  including Atg5,  Atg7,  LC3 and Beclin1 to  phagophore
assembly sites [10].  The autophagy machinery is  regulated by
molecular  mechanisms  from  transcriptional  activation  to
post-translational  modification [7-8, 11].  The  contents  of  the
autolysosome  are  digested  by  acid  hydrolases  and  recycled
into energy sources [8-9, 11].

Many stressful  signals  sequentially  lead  to  both  auto-
phagy and  apoptosis  within  the  same  cell.  Defective  auto-
phagy plays  a  significant  role  in  human pathologies,  includ-
ing cancer, neurodegeneration, and infectious diseases [7]. The
connections between  autophagy  and  cell  death  are  complic-
ated [3]. Generally,  autophagy inhibits  the induction of  apop-
tosis,  and  apoptosis-associated  caspase  activation  attenuates
the  autophagic  process.  However,  in  many  cases,  autophagy
or  autophagy-relevant  proteins  may support  the  induction  of
apoptosis  or  necrosis,  which  may  result  in  autophagic  cell
death  (ACD) [8]. Therefore,  the  relationship  between  auto-
phagy and  ACD  has  important  pathophysiological  con-
sequences  in  the  prevention  or  treatment  of  disease [8, 12].
However, little is known about the role of autophagic flux in
ACD in glioblastoma cells.

Curcumin is the most well-known dietary phytochemical,
and  it  originates  from  the  rhizome  of Curcuma  longa Linn
(Zingiberaceae) [13-14].  Curcumin  is  an  antioxidant  showing
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various chemotherapeutic  effects,  such as  analgesic,  antisep-
tic,  anti-inflammatory,  and  antimicrobial  activities [15-17].  It
also has anticancer activities, including tumor initiation, pro-
liferation, progression,  metastasis,  invasion,  and angiogenes-
is [7, 18].  Control  of  autophagy  by  curcumin  can  regulate  its
anti-tumor effects [19]. Curcumin-mediated anticancer activity
is  associated  with  inhibition  of  cell  growth  and  induction  of
apoptosis and autophagy [6, 11, 20-23]. Curcumin can induce auto-
phagy  and  apoptosis  in  human  gastric  cancer  cells [14, 23],
colon  cancer  cells [20],  brain  tumor  cells [19],  and  Sf9  insect
cells [21]. Curcumin nanoformulations and targeted forms ex-
hibit  enhanced  therapeutic  efficacy  and  passage  through  the
blood-brain  barrier,  compared  with  natural  curcumin [24].
However, the role and involvement of autophagic flux levels
have yet to be defined in curcumin-induced cell death.

Therefore,  we  investigated  whether  varying  levels  of
autophagic  flux  in  glioblastoma  affect  the  efficacy  of
curcumin treatment  using  U87MG  and  A172  human  glio-
blastoma cells. U87MG and A172 cells have been reported as
follows;  Acyl-CoA  synthetase  is  an  enzyme  that  produces
acyl-CoA  by  ligation  of  fatty  acid  and  CoA,  and  acyl-CoA
synthetase  5  is  markedly  increased  in  A172  cells  but  not  in
U87MG  cells [25].  The  level  of  interleukin-1β is  higher  in
U87MG cells than in A172 cells [26]. HER2/neu is positive in
A172 cells but not in U87MG cells [27-28]. A172 and U87MG
cells  are  both  deficient  in  the  expression  of  PTEN [29-30] and
the DNA  repair  protein  O6-methylguanine-DNA  methyl-
transferase [31].  A172  and  U87MG  cells  express  wild-type
p53 [26] and  Rb [32].  Treatment  with  TNF-alpha  and  cisplatin
induced  apoptosis  in  U87MG  cells  but  resistance  in  A172
cells [33]. Curcumin- mediated tumor cell death may be regu-
lated  by  the  autophagic  flux  level  in  different  glioblastoma
cells.

Materials and Methods

Reagents and plasmids
MTT [3(4,  5-dimethyl-thiazol-2-yl)-2,  5-diphenyl  tet-

razolium bromide], trypan blue solution, and curcumin, were
purchased from the Sigma-Aldrich (St. Louis, MO). Antibod-
ies  reactive  with α-tubulin  were  obtained  from  Sigma-Ald-
rich  (St.  Louis,  MO).  Antibodies  reactive  with  LC3-I  and  II
proteins  were  obtained from  NOVUS  Biologicals  (Littleton,
CO). 4’, 6-Diamidino-2-phenylindole (DAPI) was purchased
from  Life  Technologies  (Grand  Island,  NY).  Except  where
indicated,  all  other  materials  are  obtained  from  Sigma-Ald-
rich (St. Louis, MO).

pEGFP-C2  plasmid  was  kindly  provided  by  Prof.  Mi-
Ock  Lee,  College  of  Pharmacy,  Seoul  National  University
(Seoul,  Rep.  of  Korea).  pGFP-LC3  plasmid  was  kindly
provided  by  Prof.  Dong-Hyung  Cho,  Graduate  School  of
East-West Medical Science, Kyung Hee University (Yongin,
Rep. of Korea).
Cell culture

A172 (CRL-1620)  and  U87MG  (HTB-14)  human  glio-
blastoma cell  lines  were  obtained  from American  Type  Cell
Culture (ATCC). Cells were maintained and cultured in Dul-

becco ’s  modified  Eagle ’s  medium  supplemented  with  10%
fetal  bovine  serum  (GIBCO,  Grand  Island,  NY,  USA),
2 mmol·L–1 L-glutamine, 100 U·mL–1 penicillin and 100 U·mL–1

streptomycin. Then, cells were incubated at 37 °C in an atmo-
sphere  of  humidified  incubator  with  5% CO2 and  95%
air [34-35].
Cytotoxicity assay

Cell survival was quantified by counting cells with tryp-
an  blue  assay  or  by  using  colorimetric  assay  described  for
measuring intracellular succinate dehydrogenase content with
MTT [36]. Confluent cells were cultured with various concen-
trations  of  each  reagent  for  24  h.  Cells  were  then  incubated
with 50 μg·mL–1 of MTT at 37 °C for 2 h. Formazan formed
by MTT were  dissolved  in  dimethylsulfoxide  (DMSO).  Op-
tical density (OD) was read at 540 nm.
FACS analysis

For  the  analysis  of  hypodiploid  cell  formation  and  each
population  in  cell  cycle,  cells  were  fixed  in  40% ethanol  on
ice  for  30  min  and  then  incubated  with  propidium  iodide
(50 μg·mL–1)  and RNase (25 μg·mL–1)  at  37 °C for  30 min.
Fluorescence  intensity  of  10  000  cells  was  analyzed  by
CELLQuestTM software  in  FACScaliburTM (Becton Dickin-
son, San Jose, CA).
Transfection of nucleic acids

Each plasmid DNA was transfected into cells as follows.
Briefly,  each  nucleic  acid  and  lipofectamine  2000  (Invitro-
gen, Calsbad, CA, USA) were diluted in serum-free medium
and  incubated  for  5  min,  respectively.  The  diluted  nucleic
acid and  lipofectamine  2000  reagent  were  mixed  by  invert-
ing  and  incubated  for  20  min  to  form  complexes.  In  the
meanwhile, cells  were  stabilized by the  incubation with  cul-
ture  medium  without  antibiotics  and  serum  for  at  least  2  h
prior  to  the  transfection.  Pre-formed  complexes  were  added
directly to the cells and cells were incubated for an addition-
al 6 h. Then, culture medium was replaced with antibiotic and
10% FBS-containing DMEM and incubated for 24–72 h pri-
or to each experiment.
Measurement of autophagy activation

Autophagy  was  determined  by  the  observation  of  LC3
puncta-positive  structures,  which  are  the  essential  dynamic
process  in  autophagosome formation [37-38]. Cells  were  trans-
fected with GFP-LC3 plasmid and treated with curcumin for
an  appropriate  time.  Then,  cells  were  fixed  with  4% PFA
solution freshly prepared in PBS for 10 min. Then, cells were
permeabilized with 0.1% Triton X-100 in PBS. Nucleus was
visualized by staining cells with DAPI. Then, the number of
GFP-LC3 punctas was counted within each sample and auto-
phagic cells were determined by counting the number of cells
with GFP-LC3 punctate structure under a fluorescence micro-
scope (Eclipse 80i, Nikon, Japan).
Western blot analysis

Western blotting  was  performed  using  a  standard  pro-
tocol.  Cells  were  lysed  in  ice-cold  lysis  buffer  containing
0.5 % Nonidet P-40 (V/V) in 20 mmol·L–1 Tris-HCl (pH 8.3);
150 mmol·L–1 NaCl; protease inhibitors [2 μg·mL–1 aprotinin,
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pepstatin, and chymostatin; 1 μg·mL–1 leupeptin and pepstat-
in;  1  mmol·L–1 phenylmethyl  sulfonyl  fluoride (PMSF);  and
1 mmol·L–1 Na4VO3]. Lysates were incubated for 1 h on ice
before  centrifugation  at  13  000  r·min– 1 for  10  min  at  4  °C.
Protein concentration  in  each  supernatant  was  measured  us-
ing  a  SMART™  BCA  protein  assay  kit  (iNtRON  Biotech.
Inc.,  Seoul,  Republic  of  Korea).  Proteins  were  denatured  by
boiling  for  5  min  in  sodium  dodecyl  sulfate  (SDS)  sample
buffer. Proteins were separated by 12% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred to nitrocel-
lulose  membranes  by  electro-blotting.  Following  transfer,
equal  loading  of  protein  was  verified  by  Ponceau  staining.
The membranes were blocked with 5% skim milk in Tris-buf-
fered saline with 0.5% Tween 20 (TBST) (10 mmol·L–1 Tris-
HCl,  pH 7.6;  150  mmol·L–1 NaCl;  0.5% Tween 20)  and  in-
cubated with the indicated antibodies. Bound antibodies were
visualized  with  HRP-conjugated  secondary  antibodies  with
the  use  of  enhanced  chemiluminescence  (ECL)  (Pierce,
Rockford, IL). Primary and HRP-labelled secondary anti-IgG
antibodies were diluted 1 : 1000 and 1 : 5000, respectively in
TBST.  Immunoreactive  bands  were  detected  using  X-ray
film.
Statistical analyses

Experimental differences were tested for statistical signi-
ficance using ANOVA and Students’t-test. P values of < 0.05
or < 0.01 were considered to be significant.

Results

Basal  levels  of  autophagic  flux  differed  between  A172  and
U87MG glioblastoma cells

Malignant glioma is a poor prognosis tumor [6, 19]. Given
that  U87MG  cells  are  characterized  differently  from  A172
cells [25-32],  we  examined  autophagic  flux  levels  in  the  two
cells.  As  shown  in Fig.  1,  autophagic  flux  levels  differed
between  A172  and  U87MG  glioblastoma  cells.  The  basal
level  of  autophagic  flux was higher  in  U87MG cells  than in
A172  cells  as  determined  by  the  formation  of  LC3  puncta
after  transfection  of  the  pGFP-LC3  plasmid  (Fig.  1a).  The
number of autophagic cells  with LC3 puncta was also signi-
ficantly increased in U87MG cells compared with A172 cells
(Fig. 1b). The level of LC3 protein was ~5.5 times higher in
U87MG cells  than  in  A172 cells  (Fig.  1c,  left  and right).  In
addition, the level of Atg5 and Atg7 protein was ~2.5 and ~
1.6 times higher in U87MG cells than in A172 cells, respect-
ively  (Fig.  1c,  middle  and  right).  Our  data  suggest  that  the
basal  level  of  autophagic  flux  might  be  higher  in  U87MG
cells compared  with  A172  cells,  leading  to  different  re-
sponses to the same extracellular signals. It also suggests that
the  level  of  LC3  protein  is  more  correlated  with  the  basal
level of autophagic flux than Atg5 and Atg7.
Curcumin-induced  cell  death  was  inversely  associated  with
the basal level of autophagic flux

Given that glioblastoma has a poor survival rate [6, 19], and
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Fig. 1    Autophagy flux level is different in glioblastoma cells. (A–C) A172 and U87MG glioblastoma cells were transfected with
pGFP-LC3 plasmids. LC3 puncta in each cell was observed with 1000× magnification under fluorescence microscope. Arrows in-
dicate  LC3  puncta  (A).  Number  of  cells  with  LC3 puncta  was  counted  manually  (B).  Cell  lysates  were  prepared  and  proteins
were analyzed by western blotting. Desity of each band was analyzed by ImageJ 1.34 and results were normalized to tubulin (C).
Data  were  the  representative  from  four  experiments.  Data  in  bar  graph  represent  mean  ±  SED  (n =  4). #P <  0.05, ##P <  0.01
vs A172 cells (B and C, right)
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that  curcumin  may  induce  autophagy  and  apoptosis  in  brain
tumor  cells [19],  we  evaluated  changes  in  curcumin-induced
cell death in U87MG and A172 human glioblastoma cells. As
we conducted preliminary  experiments  with  various  concen-
tration of curcumin, 10 μmol·L–1 curcumin showed the signi-
ficant changes in autophagy flux and glioblastome cell death
(data not shown). Then, MTT assay was performed to assess
cell  viability  in  the  glioblastoma  cells,  and  showed  that
U87MG cells (Fig. 2a, left) were more resistant to curcumin-
mediated  cell  death  compared  with  A172  cells  (Fig.  2a,
right). The cell death rate induced by curcumin treatment was
also  measured  by  DAPI  staining,  which  affirmed  the  results
of  the MTT assay (Fig.  2b),  showing that  the cell  death rate
after  48  h  of  curcumin  treatment  was  significantly  higher  in
A172 cells than in U87MG cells. Data were confirmed by the
measurement of hypodiploid cell formation, which led to ap-
optotic dead cells with the low fluorescence intensity of prop-
idium  iodide  (Fig.  2c,  left).  Hypodiploid  cell  formation
was  ~7.5  times  and  ~2.5  times  higher  in  curcumin-treated
A172  and  U87MG  cells,  respectively  compared  to  those  in
each  control  cells  (Fig.  2c,  right).  Data  demonstrate  that
curcumin-  induced  cell  death  could  be  higher  in  A172  cells
than that in U87MG cells.

To re-affirm  the  different  effect  of  curcumin  in  glio-
blastoma cells,  we examined the changes in each population

of cell cycle (Fig. 3a, left).  Curcumin-treated cell population
was decreased in G0/G1 phase but that was increased in G2/M
phase (Fig. 3a, right). Cell population in G0/G1 phase was de-
creased  by  curcumin  treatment  to  ~38% and  ~46% in  A172
and U87MG cells, respectively compared to ~59 and 64% in
each  control  cells.  Cell  population  in  G2/M phase  was  in-
creased  by  curcumin  treatment to  ~40% and  ~25% in  A172
and U87MG cells,  respectively compared to ~20% and 19%
in each control cells. Next, the LC3 protein level was evalu-
ated by western blot.  As shown in Fig.  3b,  the level  of  LC3
protein was higher in U87MG cells (left)  than in A172 cells
(middle). Whereas U87MG cells showed slight accumulation
of  LC3  protein  by  curcumin  treatment,  A172  cells  showed
significant  accumulation  up  to  ~2.7  and  ~2.8  times  at  24  or
36 h (right). This suggests that the basal level of autophagic flux
may influence the response to curcumin in glioblastoma cells.
Autophagy  under  serum  starvation  reduced  the  cell  death
rate induced by curcumin

To confirm the effect of autophagic flux on curcumin-in-
duced  cell  death  in  glioblastoma  cells,  cells  were  serum
starved. As shown in Fig. 4, the cell death rate was increased
by  serum  starvation  as  determined  by  trypan  blue  exclusion
assay  (Fig.  4a).  However,  little  difference  in  cell  death
between  both  cells  was  observed  by  serum  starvation.  The
level  of  LC3  protein  was  higher  in  U87MG  cells  than  in
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Fig. 2     Cell  death  rate  by  curcumin  treatment  was  different  in  glioblastoma  cells.  (A)  U87MG  (left)  and  A172  (right)  glio-
blastoma cells were treated with 5, 10 and 20 μmol·L–1 curcumin for 24 or 48 h. Then, cell viability was determined by the meas-
urement  of  absorbance  with  MTT  assay.  (B)  Cells  were  treated  with  10  μmol·L– 1 curcumin  for  24  or  48  h.  Then,  cells  were
stained with DAPI and nuclear changes were observed with 400× magnification under fluorescence microscope. Number of dead
cells was counted manually. Data were the representative from four experiments (A and B). (C) U87MG and A172 glioblastoma
cells were treated with 10 μmol·L–1 curcumin for 36 h. Then, cells were fixed with 40% cold ethyl alcohol and stained with prop-
idium iodide. Then, cells were analyzed with flow cytometry. Dot plots for Sub-G0/G1 apoptotic population were representative
from four experiments. Data in bar graph represent mean ± SED (n = 4). ##P < 0.01 vs  A172 cells; *P < 0.05; **P < 0.01 vs the con-
trol group of each cell (A, B and C)
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A172 cells (Fig. 4b). When U87MG and A172 cells were ser-
um starved for  up to 6 h,  the LC3 protein level  was slightly
increased in U87MG cells (Fig. 4b, left and right), but signi-
ficantly  increased  in  A172  cells  up to  ~7  times  (Fig.  4b,
middle  and  right).  This  result  is  consistent  with  the  higher
number of autophagic cells with LC3 puncta in U87MG con-
trol cells than in A172 control cells (Fig. 4c). The percentage
of autophagic cells  was enhanced by curcumin treatment for
6 h  under  serum  starvation.  The  relative  increase  in  auto-
phagic cells by curcumin treatment was higher in A172 cells
than  in  U87MG  cells  (Fig.  4c).  When  were  incubated  with
curcumin  in  the  presence  of  10% FBS, cell  death  was  en-
hanced  significantly.  However,  the  relative  increase  in  cell
death  by curcumin treatment  was  lower  in  A172 cells  under
serum  starvation  than  in  the  presence  of  10% FBS,  as
determined by  trypan  blue  exclusion  assay  and  DAPI  stain-
ing  (Fig.  4d). These  data  suggest  that  curcumin-induced  tu-
mor  cell  death  might  be  decreased  by  serum  starvation-in-
duced enhancement of autophagic flux levels.
Curcumin-induced cell  death was decreased by formation of
more LC3 puncta following LC3 overexpression

To  confirm  the  effect  of  LC3  punctum  formation  on
curcumin-induced  cell  death,  A172  and  U87MG  cells  were

transfected  with  the  pEGFP-C2  or  pGFP-LC3  plasmid.  No
LC3  punctum  formation  was  observed  in  pEGFP-C2-trans-
fected A172 or U87MG cells (Fig. 5a left). By contrast, LC3
punctum  formation  was  higher  in  U87MG  cells  than  in
A172  cells  (Fig.  5a right).  LC3-GFP  proteins  in  both  A172
and  U87MG  cells  were  detected  by  western  blot  (Fig.  5b).
Cell  death  was  higher  in  A172  cells  than  in  U87MG  cells
transfected with the pEGFP-C2 or pGFP-LC3 plasmids after
treatment with 10 μmol·L–1 curcumin for 24 h. Curcumin-in-
duced  cell  death  was  increased  in  both  A172  and  U87MG
cells transfected with the pGFP-LC3 plasmid compared with
the  respective  cells  transfected  with  the  pEGFP-C2  plasmid
(Fig.  5c). These  data  suggest  that  curcumin-induced  glio-
blastoma  cell  death  is  decreased  by  increased  LC3  punctum
formation.

Discussion

Glioblastoma shows poor outcomes, such as the worst 5-
year  survival  rate  of  all  human  cancers,  despite  multimodal
treatments including  surgery,  chemotherapy,  and  radiother-
apy [1-3, 6, 24].  Glioblastoma  overexpresses  autophagy-related
proteins  at  varying  levels [3].  Generally,  autophagy  inhibits
apoptosis induction,  and  apoptosis  induction  inhibits  auto-
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Fig.  3     Cell  death  by  curcumin treatment  was  compared in  glioblastoma cells.  (A)  U87MG and A172 glioblastoma cells  were
treated with 10 μmol·L–1 curcumin for 36 h. Then, cells were fixed with 40% cold ethyl alcohol and stained with propidium iod-
ide. Then, cells were analyzed with flow cytometry. Histograms for cell cycle were representative from four experiments. (B) Cell
lysates were prepared from curcumin-treated U87MG (left) and A172 (right) cells. LC3 proteins were detected by western blot-
ting. Data were the representative from four experiments. Desity of each band was analyzed by ImageJ 1.34 and results were nor-
malized to tubulin. Data in bar graph represent mean ± SED (n = 4). #P < 0.05 vs A172 cells; *P < 0.05; **P < 0.01 vs the control
group of each cell (A and B)
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Fig. 4    Cell death rate by curcumin was associated with an increase of autophagy flux level under serum starvation. (A–C) A172
and U87MG glioblastoma cells were incubated in the absence (A, B) or presence (C) of curcumin under serum starvation. Dead
cells were estimated by staining them with trypan blue (A). Cell lysates were prepared and LC3 proteins were detected by west-
ern blotting. Desity of each band was analyzed by ImageJ 1.34 and results were normalized to tubulin (B). Cells were transfected
with pGFP-LC3 plasmids and treated with 10 μmol·L–1 curcumin for 6 h under serum starvation. LC3 puncta in each cell was
observed with 1000× magnification under fluorescence microscope. Number of cells with LC3 puncta was counted manually (C).
(D) A172 cells were incubated with curcumin in the presence of 10 or 0% FBS. Cell death was measured by trypan blue exclusion
assay  (blue  bar)  or  DAPI  staining  method  (light  blue  bar).  Data  were  the  representative  from  four  experiments.  Data  in  bar
graph represent mean ± SED (n = 4) (A, B right, C, D). ##P < 0.01 vs A172 cells; *P < 0.05, **P < 0.01 vs the control group of each
cell with 10% FBS (A); &P < 0.05, &&P < 0.01 vs the curcumin-untreated group of each cells (C) or each condition (D)
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Fig. 5    LC3 overexpression enhanced curcumin-induced cell death. (A–C) A172 and U87MG glioblastoma cells were transfected
with pEGFP-C2 or pGFP-LC3 plasmids. LC3 puncta in each cell was observed with 1000× magnification under fluorescence mi-
croscope. Arrows indicate LC3 puncta (A). Cell lysates were prepared and LC3-GFP proteins were detected by western blotting
(B). Each cell was treated with 10 μmol·L–1 curcumin for 24 h. Then, cell viability was determined by the measurement of absorb-
ance with MTT assay. Data were the representative from four experiments. Data in bar graph represent mean ± SED (n = 4). #P <
0.05, ##P < 0.01 vs A172 cells. *P < 0.05, **P < 0.01 vs the curcumin-untreated group of each transfected cell; $$P < 0.01 vs the pEG-
FP-C2 plasmid-transfected group (C)
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phagy. The connections between autophagy and cell death are
complicated [3] and have  important  pathophysiological  con-
sequences in the prevention and treatment of disease [8, 12].  It
is  therefore  necessary  to  develop  new therapies  with  greater
therapeutic effects and lower toxicity profiles [6]. Curcumin is
the most  well-known  nutraceutical  compound  to  be  evalu-
ated  for  the  treatment  of  human  glioblastoma [6].  However,
the  role  of  autophagic  flux  levels  in  curcumin-induced  cell
death  has  yet  to  be  defined.  Here,  we  investigated  whether
varying levels of autophagic flux in glioblastoma lead to dif-
ferent  efficacies  of  curcumin  treatment  using  U87MG  and
A172 human glioblastoma cells. The level of LC3, Atg5 and
Atg7 protein was higher in U87MG cells than in A172 cells.
Among 3 proteins, the level of LC3 protein is the most differ-
ent between A172 and U87MG cells. The basal level of auto-
phagic flux might also be higher in U87MG cells than that in
A172 cells,  which  is  correlated  with  LC3 protein  more  than
Atg5  and  Atg7.  Then,  we  further  studied  the  effect  of
curcumin in different glioblastoma cells based on the changes
of  LC3  protein  level.  Our  data  suggest  that  the  effect  of
curcumin may depend on the autophagic flux level in differ-
ent glioblastoma cells.

Both  autophagy  and  apoptosis  can  occur  under  stress
conditions such as serum starvation and anticancer drug treat-
ment [3, 11, 23]. Autophagy and apoptosis are each dominant ac-

cording to  the  time  and  strength  of  the  stimulation.  Auto-
phagy  inhibits  cell  death  early  during  the  response  to  stress
conditions. As the stress continues,  autophagy cannot recov-
er all  of the damage to organelles,  and cell  death is signific-
antly  increased [8, 39].  Therefore,  anti-tumor  drugs  become
more effective by regulating autophagy early after  stress ex-
posure [19].

As  curcumin  may  induce  autophagy  and  apoptosis  in
various  human  tumors [14, 19-20, 23],  our  data  suggest  that  the
anti-tumor  effect  of  curcumin  is  associated  with  autophagy
induced  by  stress  conditions  or  curcumin  in  glioblastoma
cells  (Table  1 and Fig.  6).  The  autophagic  flux  level  was
 
Table  1     Relationship  between  autophagy  flux  level  and
curcumin-induced cell death

Cellular condition

Autophagy flux
level (AFL)

Curcumin-induced
cell death*

A172 U87MG A172 U87MG

Control cells < >

Serum-starved cells > ≈
Curcumin-treated

cells
> >

*When A172 and U87MG glioblastoma cells were incubated with a
different condition, curcumin-induced cell death was discriminated
by a relative autophagy flux level between both cell types.
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Fig. 6    Scheme for curcumin-induced cell death via the changes in autophagy flux level. Curcumin-mediated death in A172 and
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lar stimulants such as serum starvation or curcumin itself. Fine lined arrows indicate the changes in AFL and cell death by the
application of those various conditions; thick lined arrow indicates the changes in curcumin-mediated AFL and cell death from
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higher  in  U87MG  cells  than  in  A172  cells  incubated  with
10% FBS.  This  is  consistent  with  data  showing  that  LC3
punctum formation was higher in U87MG cells than in A172
cells incubated with 10% FBS and transfected with LC3-GFP
plasmid  DNA.  Under  these  two  conditions,  curcumin-medi-
ated cell death was lower in U87MG cells than in A172 cells.
When both cells types were serum starved, the absolute auto-
phagic  flux  level  was  higher  in  U87MG  cells  than  in  A172
cells.  However,  both the relative increase and the curcumin-
induced increase  in  the  autophagic  flux level  were  higher  in
A172 cells than in U87MG cells. These data suggest that the
curcumin-induced  autophagic  flux  level  might  be  attributed
more to cell death induced by curcumin than by the pre-exist-
ing autophagic flux level or autophagic flux level pre-condi-
tioned by serum starvation or LC3 transfection.

The effect of curcumin is potentiated by G2/M cell cycle
arrest,  apoptosis  activation,  autophagy  induction,  signaling
disturbance,  and  inhibition  of  invasion  and  metastasis [6].
Whereas  curcumin  upregulates  P53  and  P21  proteins,  it
downregulates phosphatidylinositol  3-kinase  (PI3K),  phos-
phorylated  Akt,  and  phosphorylated  mammalian  target  of
rapamycin  (mTOR) [14].  Therefore,  the  signaling  pathway  in
curcumin-induced cell death may be controlled by PI3K, Akt,
and  mTOR [3].  Anticancer  drug-mediated  tumor  cell  death
might also be regulated by signaling molecules such as JNK,
Erk,  c-myc,  and  NF-kB [40-44].  It  is  therefore  necessary  to
define  the  signaling  molecules  involved  in  the  connection
between autophagy and apoptosis induced by curcumin treat-
ment.

Taken together, our findings demonstrate that curcumin’s
antitumor  efficacy  on  different  glioblastoma  cells  is  highly
correlated  with  the  balance  between  its  autophagy  induction
and the pre-existing autophagic flux level. This suggests that
autophagy induction may be necessary for optimizing the an-
titumor activity of curcumin.
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