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Involvement of ROS in Curcumin-induced Autophagic Cell Death
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Many anticancer agents as well as ionizing radiation have been shown to induee autophagy which
is originally described as a protein recycling process and recently reported to play a crucial role in
various disorders. In HCT116 human colon cancer cells, we found that curcumin, a polyphenolic
phytochemical extracted from the plant Curcuma longa, markedly induced the conversion of
microtubule-associated protein 1 light chain 3 (LC3)-I to LC3-II and degradation of sequestome-1
(SQSTM1) which is a marker of autophagosome degradation. Moreover, we found that curcumin caused
GFP-LC3 formation puncta, a marker of autophagosome, and decrease of GFP-LC3 and SQSTM1
protein level in GFP-LC3 expressing HCT116 cells. It was further confirmed that treatment of cells
with hydrogen peroxide induced increase of LC3 conversion and decrease of GFP-LC3 and SQSTM1
levels, but these changes by curcumin were almost completely blocked in the presence of antioxidant,
N-acetylcystein (NAC), indicating that curcumin leads to reactive oxygen species (ROS) production,
which results in autophagosome development and autolysosomal degradation. In parallel with NAC,
SQSTM1 degradation was also diminished by bafilomycin A, a potent inhibitor of autophagosome-
lysosome fusion, and cell viability assay was further confirmed that cucurmin-induced cell death was
partially blocked by bafilomycin A as well as NAC. We also observed that NAC abolished curcumin-
induced activation of extracelluar signal-regulated kinases (ERK) 1/2 and p38 mitogen-activated protein
kinases (MAPK), but not Jun N-terminal kinase (JNK). However, the activation of ERK1/2 and p38
MAPK seemed to have no effect on the curcumin-induced autophagy, since both the conversion of LC3
protein and SQSTM1 degradation by curcumin was not changed in the presence of NAC. Taken
together, our data suggest that curcumin induced ROS production, which resulted in autophagic
activation and concomitant cell death in HCT116 human colon cancer cell. However, ROS-dependent

activation of ERK1/2 and p38 MAPK, but not JNK, might not be involved in the curcumin-induced
autophagy.
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INTRODUCTION

Autophagy is one of the nonapoptotic cell death mecha-
nisms and characterized by engulfment of eytoplasm and
organells into double-membrane bound structures, auto-
phagosomes, and delivery to and subsequent degradation
in lysosomes [1-3]. It has been reported that autophagy
plays a crucial role in many diseases such as cancer, in-
fectious diseases, and neurodegenerative disorders [4-7].
Accumulating evidence indicates that various anticancer
agents as well as ionizing radiation activate autophagy and
autophagic cell death. For example, treatment of tamoxifen
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and arsenic trioxide induced autophagic cell death of MCF-
7 breast cancer cells and malignant glioma cells, respec-
tively [8,9]. Similarly, antitumor activity of 15-deoxy-4 %'
prostaglandin Jy which is the final metabolite of prosta-
glandin J was shown to cause autophagic cell death of
breast, colon, and prostate cancer cells [10,11]. Tonizing ra-
diation was also demonstrated to increase autophagic activ-
ity in glioma cells [12].

Microtubule-associated protein 1 light chain 3 (MAP1
1.C3), a mammalian homology of yeast Atg8, is a protein
originally copurified with microtubule-associated proteins,
MAP1A and MAP1B [13] and exists in two forms, a cyto-
solic form (18 kDa, LC3-I) and membrane-bound form (16
kDa, LC3-I1) which is resulted from proteolysis and lipid

ABBREVIATIONS: DCF-DA, dichlorofluorescein diacetate; ERE,
extracelluar signal-regulated kinases; JNK, Jun N-terminal kinase;
GFP, green fluorescence protein; LC3, microtubule-associated pro-
tein 1 light chain 3; MAPK, mitogen-activated protein kinase; NAC,
N-acetyleystein; ROS, reactive oxygen species; SQSTM1, seques-
tome-1.
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modification of LC3-I [14,15). Since LC3-I is processed into
LC3-II which in turn is incorporated into autophagosomal
membranes during autophagy, the accumulation of LC3-II
is considered as one of the makers of autophagy induction
[16].

In addition to LC3, sequestome-1 (SQSTM1, p62) is an-
other autophagy specific substrate, since it has been re-
ported to directly bind to LC3, incorporate into autophago-
some, and finally degrade by autophagy [17]. For example,
in autophagy-deficient cells, autophagy-inducing stimulus
such as starvation failed to reduce SQSTM1 expression
[18]. Therefore, SQSTM1 expression level is inversely corre-
lated with autophagic activity.

Curcumin, diferuloylmethane, is an active ingredient of
tumeric isolated from Curcuma longa. Recent studies have
reported that curcumin has antioxidant, antiinflammatory
and anticancer potentials with low toxicity [19-22].
Curcumin has been reported to rapidly induce ROS which
causes caspase 3-dependent and -independent apoptosis
[23] through the release of cytochrome C and apoptosis in-
ducing factor from the mitochondria [3,24]. In this study,
we examined the curcumin-induced autophagy and under-
lying mechanism in HCT116 human colon cancer cells.

METHODS
Reagents and antibodies

HCT116 cells were obtained from the American Type
Culture Collection. Bailomycin A, curcumin, dichlorofluo-
rescein diacetate (DCF-DA), and N-acetyleystein (NAC)
were from Sigma (St. Louis, MO). MAP kinase inhibitors,
U0126, SB203580, and SP600125, were from Calbiochem
(Gibbstown, NJ). GFP-LC3 expressing plasmid, pEX-
GFP-LC3, was obtained from Addgene (Cambride, MA).
Primers for LLC3 and GAPDH were synthesized from domes-
tic company, Bioneer Inc (Daejoun). TRI reagent was from
Solgent (Daejoun). AmpliTaq DNA polymerase was pur-
chased from Roche Inc (Indianapolis, IN). Antibodies
against LC3, phospho-ERK1/2, phospho-p38 MAPK, and
phosphor-JNK were from Cell Signaling Technologies Inc.
(Beverly, MA) and anti-GADPH, anti-GFP, anti-SQSTM1,
and anti-rabbit Ig G antibodies were obtained from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA).

Cell culture

Cells were grown in RPMI 1640 (Gibco BRL, Gaithers-
burg, MD) containing 10% FBS, 2 mM L-glutamine, 10
U/ml penicillin, and 10 g/ml streptomycin at 37°C in 5%
CO; in a water-saturated atmosphere.

RT-PCR

Cells (0.5x10% were seeded in 60 mm culture dish and
then stimulated with the indicated concentrations of curcu-
min for 20 h in the presence or absence of 10 mM NAC.
Total RNA was extracted using TRI reagent and subjected
to the cDNA synthesis and the following PCR. The specific
primers were as follows: LC3, sence 5-AGCAGCATCCA-
ACCAAAATC -3 and antisense 5-CTGTGTCCGTTCACCA-
ACAG-3’; GAPDH, sense 5-GGAGCCAAAAGGGTCATCAT-3
and antisense 5-GTGATGGCATGGACTGTGGT -3'.

Western blot analysis

Cells (1x10% were seeded in 100 mm culture dish and
then treated with the indicated concentrations of curcumin
for 20 h in the presence or absence of 10 mM NAC or MAPK
inhibitors. Whole cell lysates were prepared with lysis buf-
fer (1% Triton X-100, 50 mM Tris (pH 8.0), 150 mM Na(Cl,
1 mM PMSF, 1 mM NazVO,, and protease inhibitor cocktail).
Protein concentrations were determined using Bio-Rad pro-
tein assays. Proteins from cell lysates (50 ug) were sepa-
rated on 12% SDS-PAGE, and electrotransferred to nitro-
cellulose membranes. Membranes were blocked for 30 mi-
nutes at room temperature in Tris-buffered saline-0.05%
Tween-20 (TTBS) containing 5% non-fat dry milk, and then
incubated with TTBS containing a primary antibody for 4
h at room temperature. After 3X10 min washes in TTBS,
membranes were incubated with peroxidase-conjugated
secondary antibody for 1 hr. Following 3 additional 10 min
washes with TTBS, protein bands of interest were vi-
sualized using an enhanced chemiluminescence detection
system (Amersham, Piscataway, NJ).

Establishment of GFP-LC3 expressing cell line

HCT116 cells (0.5%10° cells in 60 mm dish) were trans-
fected with 2 ¢ g of purified recombinant plasmid, pEX-
GFP-LC3, using Lipofec‘caminTM 2000 (Invitrogen, Carlsbad,
CA). To select clones stably expressing GFP-LC3, G418 (400
u g/ml) was added to the medium and was refreshed every
3 days. After 3 weeks, cells that formed colonies were iso-
lated and GFP-LC3 expression of these cells was analyzed
by immunoblotting.

Detection of GFP-LC3 puncta formation

Autophagosome formation is one of the features of au-
tophagy and can be detected by endogenous LC3 or GFP-
LC3 puncta incorporating into autophagic vacuoles. HCT116
cells stably expressing GFP-LC3 were plated at a density
of 1000 on glass coverslips and exposed to a range of curcu-
min for 20 h. GFP-LC3 puncta were visualized under an
inverted fluorescence microscope.

ROS measurement

To determine ROS generation within curcumin-treated
cells, FACS analysis was performed. Cells were exposed a -
range of curcumin for 20 h and then stained with 5 «g/ml
DCF-DA for 30 min and subjected to flow cytometry using
a Becton-Dickinson FACS Caliber and analyzed by Cell
Quest software (Becton-Dickinson, San Jose, CA).

Cell viability assay

Using Cell Counting Kit-8 assay kit (Dojindo Laborato-
ries, Kumamoto, Japen), the number of proliferating cells
was measured. Ten thousand cells were seeded in each well
of 96-well plate and exposed to the indicated doses of curcu-
min in the absence or presence of NAC or bafilomycin A
for 20 h. At the end of treatment, 10 «#1 of CCK-8 solution
was added to each well and further incubated for 4 h. The
absorbance at 450 nm was measured using a microplate
reader (Model 680 microplate reader, Bio-Rad Laborato-
ries). Values are the meantS.D. for triplicate wells and nor-
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malized to the value of control group to determine the %
of viability.

Statistical analysis

Values are expressed as the mean=SD values from at
least three independent experiments. Student's ¢ was used
to determine statistical significance with a threshold of p
values less than 0.05.
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Fig. 1. Curcumin causes conversion of L.C3 protein and SQSTM1
degradation. HCT116 cells were treated with the indicated concen-
trations of curcumin for 20 h. (A) LC3-I and LC3-II protein levels
were determined by Western blot analysis. Equal amounts of
proteins were loaded and immunoblot of GAPDH was used as the
loading control. (B) LC3 trunover was calculated based on the
relative amount of LC3-I or LC3-II protein measured by the
software Image Gauge 3.01 (Fujifilm). Data are expressed as the
mean+SD of three independent experiments (*p<0.05). (C) Total
RNAs were isolated and subjected to RT-PCR. LC3 mRNA
expression was determined and normalized to that of GAPDH. (D)
SQSTM1 protein levels in cell lysates were determined by Western
blot analysis. Equal amounts of proteins were loaded and
immunoblot of GAPDH was used as the loading control. The data
shown are representative of three independent experiments.

RESULTS

Curcumin induces LC3 turnover and sequestome-1
degradation

To assess the effect of curcumin on the autophagy in-
duction, HCT116 human colon cancer cells were treated
with 10, 20, 40 #M curcumin for 20 h and cell lysates were
subjected to Western blot analysis to observe both the con-
version of LC3-1 to LC3-II protein and the level of seques-
tome-1 protein.

Up to 20 «M curcumin, both LC3-I and LC3-II protein
level were increased in a dose-dependent manner, but this
upregulation of LC3 expression was fairly decreased at 40
#M curcumin (Fig. 1A). The LC3 turnover was calculated
using the relative amount of LC3-I and LCS3-II protein
which is a component of autophagosomal membranes [15]
and was shown to be increased in a dose-dependent manner
(Fig. 1B).

We further examined L.C3 mRNA expression by curcumin
treatment. Total RNAs were isolated from cells incubated
with a range of curcumin for 20 h and subjected to RT-PCR.
L.C3 mRNA level was dramatically increased by 10, 20 « M
curcumin, but at 40 #M curcumin, increase of LC3 mRNA
was a bit declined, indicating that curcumin caused upregu-
lation of LC3 expression at transcriptional level (Fig. 10).

Since sequestome-1 (SQSTM1) has been known to directly
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Fig. 2. Curcumin induces GFP-LC3 puncta formation and endogen-
ous LC3 conversion, and degradation of autophagy substrates.
GFP-LC3 expressing HCT116 cells were treated with the indicated
concentrations of curcumin for 20 h. (A) GFP-LC3 puncta was
observed under fluorescence microscope. (B) Total cell lysates were
prepared and subjected to Western blot analysis to detect the level
of GFP-LC3, endogenous L.C3-II, and SQSTM1 proteins. GAPDH
was used as a loading control. The data shown are representative
of at least three independent experiments.
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bind to LC3 and degrade by autophagy, we also examined
SQSTM1 expression in curcumin-treated HCT116 cells. As
shown in Fig. 1D, SQSTM1 protein level was considerably
decreased by curcumin treatment. Qur findings that curcu-
min caused increase of LC3 turnover as well as decrease
of SQSTM1 expression indicate curcumin-induced autoph-
agy in HCT116 cells.

Curcumin induces GFP-LC3 puncta formation and
degradation of autophagy substrates

To further confirm curcumin-induced autophagy, we es-
tablished a stable cell line trasnfected with GFP-LC3 ex-
pressing vector and examined whether curcumin could
cause GFP-LC3 puncta formation, an indicator of autopha-
gosomes generation, and GFP-LC3 degradation which is re-
sulted from the long period of autophagy activation.

GFP-LC3 expressing HCT116 cells were treated with cur-
cumin and GFP-LC3 fusion protein was visualized under
fluorescence microscopy. GFP-LC3 was observed to form
pucntate structures and the number of GFP-LC3 puncta
was increased in a dose-dependent manner (Fig. 2A).
However, it is of note that quite reduced fluorescence of
GFP-LC3 protein was shown within the cells treated with
40 #M curcumin, suggesting degradation of GFP-LC3 by
autolysosome.
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Next, we examined the level of autophagy specific sub-
strates such as GFP-LC3, endogenous LC3, and SQSTM1
after curcumin treatment, since these proteins are de-
graded by autolysosome and their expression level is in-
versely correlated with autophagic activity. As shown in
Fig. 2B, treatment of GFP-LC3 expressing HCT116 cells
with curcumin resulted in a concentration-dependent re-
duction of GFP-LC3 and SQSTM1 expression as well as the
increase of endogenous LC3 conversion from- LC3-1 to
LC3-II. Taken together, these data convinced us of the in-
duction of both autophagosome and autolysosome by curcu-
min treatment in HCT116 cells.

Curcumin-induced ROS production is responsible for
the autophagic activation

Since curcumin has been reported to rapidly generate
ROS, we tested if curcumin-induced ROS production re-
sulted in the autophagic activation. ROS accumulation
within curcumin-treated HCT116 cells was observed (Fig.
3A). To confirm the effect of ROS on autophagy induction,
GFP-LC3-expressing HCT116 cells were exposed to 10 to
80 #M hydrogen peroxide for 20 h and then the level of
GFP-LC3, endogenous LC3, and SQSTM1 was determined
by Western blot analysis. As shown in Fig. 3B, hydrogen
peroxide caused reduction of both GFP-LC3 and SQSTM1
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Fig. 3. Curcumin-generated ROS production is involved in autophagy induction. (A) HCT1186 cells were treated as in Fig. 1 and stained
with DCF-DA to detect intracellular ROS. ROS generation was determined using flow cytometry. The data shown are representative of
three independent experiments. (B) GFP-LC3 expressing HCT116 cells were treated with indicated concentrations of hydrogen peroxide
for 20 h. The level of GFP-LC3, endogenous LC3-II, and SQSTM1 protein was determined by Western blot analysis and GAPDH was
used as a loading control. (C) Cells were exposed to 20 #M curcumin with or without pretreatment of 10 mM NAC and stained with
DCF-DA. Intracellular ROS level was determine using flow cytometry. The data shown are representative of three independent experiments.
(D) HCT116 cells were treated with indicated concentrations of NAC for 2 h and subsequently exposed to a range of curcumin for 20
h. Western blot analysis was conducted to detect GFP-LC3, endogenous LC3, and SQSTM1 protein. GAPDH was used as a loading control.
(E) LC3 mRNA expression was determined with total RNAs isolated from cells after treatment and normalized to the level of GAPDH.
Results are from three independent experiments. The data shown are representative of three independent experiments.
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protein level and increase of endogenous LC3 turnover.

To further analyze the involvement of ROS in autophagy,
we assessed the effect of curcumin on autophagic activation
in the presence of antioxidant, NAC. Curcumin-induced
ROS production was significantly blocked by pretreatment
of cells with NAC (Fig. 3C). Reduction of GFP-LC3 and
SQSTM1 expression and increase of endogenous LC3 turn-
over by curcumin were markedly impeded in the presence
of NAC (Fig. 3D). RT-PCR results also demonstrated that
curcumin-mediated transcriptional upregulation of LC3 ex-
pression was abolished by NAC (Fig. 3E), indicating that
ROS generation by curcumin plays an important role in au-
tophagy induction.

Bafilomycin A, an autophagy inhibitor, diminishes
curcumin-induced cytotoxicity

We next examined if curcumin caused autopahgic cell
death. Cell viability assay was conducted with cells exposed
to curcumin in the absence or presence of NAC or bafilomy-
cin A. Consistent with the result of NAC pretreatment, pre-
incubation of cells with bafilomycin A reduced curcumin-in-
duced cytotoxicity (Fig. 4A), suggesting that the anti-pro-
liferative activity of curcumin might be resulted from the
autophagy-mediated cell death through ROS generation.

Inhibition of autophagy by bafilomycin A was further con-
firmed by Western blot analysis. As shown in Fig. 4B, pre-
treatment of bafilomycin A blocked curcumin-induced the
increase of LC3 turnover and decrease of SQSTM1 level.
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Fig. 4. Bafilomycin A, an autophagy inhibitor, diminishes cur-
cumin-induced cytotoxicity. Cells were treated with a range of
curcumin with or without NAC or bafilomycin A. (A) Cell viability
was determined by WST-8 assay. Data are expressed as the meant
SD of three independent experiments conducted in triplicate (*p
<0.05 control vs 10 mM NAC, and control vs 50 M bafilomycin
A). (B) Western blot analysis was conducted to detect LC3 and
SQSTM1 protein. GAPDH was used as a loading control. The data
shown are representative of three independent experiments.
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Fig, 5. Curcumin-induced ROS production and activation of ERK1/2 and p38 MAPK, but not Jun JNK causes induction and processing
of LC3 proteins. (A) HCT116 cells were treated with indicated concentrations of NAC for 2 h and subsequently stimulated with 20 «M
curcumin for 20 h. Phosphorylation of ERK1/2, p38 MAPK, and JNK was determined by Western blot analysis. Phosphorylation of MAPKs
was determined with Western blot analysis and GAPDH was used as a loading control. Results are from three independent experiments.
(B~D) Cells were pre-treated with MAPK inhibitors and then exposed to 20 #M curcumin for 20 h. Total cell lysates were applied to
Western blot analysis to detect GFP-LC3, endogenous LC3-1I, and SQSTM1 protein levels. GAPDH was used as a loading control. The
data shown are representative of at least three independent experiments.
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Curcumin-generated ROS leads to the activation of
ERK1/ 2 and p38 MAPK, which is not involved in
autophagy induction

Since curcumin has been reported to phosphorylate and
activate MAPKs, we determined the effect of ROS gen-
erated by curcumin on the activation of MAPKs. HCT116
cells were pre-treated with 10 mM NAC and then exposed
to curcumin. Curcumin-induced phosphorylation of ERK1/2
and p38 MAPK was attenuated in the presence of NAC,
although phospho-JNK level was not affected by NAC (Fig.
5A).

Next, the effect of MAPK activation on the curcumin-in-
duced autophagy was examined using selective chemical
inhibitors. We found that none of MAPK inhibitors includ-
ing ERK1/2 inhibitor U0126, p38 inhibitor SB203580, and
JNK inhibitor SP600125 restrained curcumin-induced con-
version of LC3 protein (Fig. 5B~D). Degradation of
SQSTM1 protein by curcumin was not restored by these
inhibitors, either. However, it is noteworthy that ERK1/2
inhibitor seemed to a bit block the curcumin-mediated
SQSTM1 degradation. Taken together, these data implied
that curcumin-induced autophagy might not be affected by
ERK1/2 and p38 MAPK activation which is followed by
ROS generation.

DISCUSSION

There have been several mechanisms to explain the anti-
oxidant, antiinflammatory and anticancer effect of curcu-
min [25-29]. Autophagy which is designated as type II pro-
grammed cell death has also been reported to be an anti-
cancer mechanism of curumin, resulting in the growth in-
hibition of a variety of malignant of cells such as chronic
myeloid leukemia cells, malignant glioma cells, and oeso-
phageal cancer cells [30-32]. We showed that curcumin in-
duced autophagy in HCT116 human colon cancer cells,
since curcumin caused the conversion of LC3 protein (Fig.
1A) and degradation of SQSTM1 and GFP-LC3 protein (Fig.
1D and 2B), and GFP-LC3 puncta formation (Fig. 2A).

Treatment of HCT116 colon cancer cells with a range of
curcumin for 20 h resulted in significant increase of intra-
cellular ROS level which is detected by DCF-DA fluo-
rescence via flow cytometry (Fig. 3A). Inhibitory effect of
NAC on curcumin-induced LC3 turnover and decrease of
GFP-LC3 and SQSTM1 protein level (Fig. 3D) further con-
firmed the involvement of ROS in autophagy. Our findings
are consistent with previous reports which showed the
non-apoptotic cell death of chronic myeloid leukemia cells
and oesophageal cancer cells [30,32] in response to curcu-
min, although these authors did not claim the implication
of ROS. In cervical cancer cells, curcumin was observed to
mediate radiosensitization by increased ROS generation
even at concentrations where curcumin itself had no effect
on ROS production {33]. It is interesting that curcumin in-
duced-ROS generation plays a critical role in the anti-can-
cer activity, while its antioxidant and anti-inflammatory
properties is due to scarvenging free-radicals including
ROS. These opposite effect of curcumin on ROS production
seems to depend on the experimental settings such as cell
types and/or applied concentrations and give rise to quiet
different biological potentials.

Curcumin-generated ROS was found to activate MAPKs

and antioxidant NAC abolished activation of ERK1/2 and
p38 MAPK, but not JNK, indicating that curcumin induces
ROS-dependent activation of ERK1/2 and p38 MAPK sig-
naling pathway (Fig. 5A). Involvement of these MAPKs ac-
tivation upon curcumin-induced autophagy was also
examined. In terms of LC3 conversion and SQSTM1 degra-
dation, none of MAPK inhibitor found to have inhibitory
effect on curcumin-induced autophagy (Fig. 5B~ D). These
data implies that ROS-dependent activation of ERK1/2 and
p38 MAPK by curcumin is not critical to induce autophagy
in HCT116 human colon cancer cells.

Effect of curcumin on ERK activation and its role as a
cell death mechanism still remains controversial, since Aoki
et al. has reported the activation of ERK1/2 signaling path-
way in curcumin-induced autophagy and some studies point
to ROS-dependent sustained ERK1/2 activation as a curcu-
min-mediated cell death mechanism {34,35], while other
groups found that curcumin had no effect [36] on ERK 1/2
activation or even repressed its activation [37] in certain
experimental conditions. In addition, McClung et al
showed that hydrogen peroxide-induced upregulation of au-
tophagy-related gene expression in cachectic muscle was
blocked by p38 alpha/beta inhibitor, providing a direct evi-
dence for the linkage between p38 MAPK and oxidative
stress-induced autophagy [38].

In summary, we found curcumin induced autophagy in
HCT116 human colon cancer cell, which is mediated by
ROS generation. But, ROS-dependent activation of ERK1/2
and p38 MAPK signaling pathway might not be involved
in curcumin-induced autophagy. Our data suggest potential
benefit of combination of curcumin and agents which can
cause ROS generation to improve the cytotoxic effect of
curcumin.
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