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Induction of Apoptosis by Curcumin in Murine
Myelomonocytic Leukemia WEHI-3 Cells is
Mediated via Endoplasmic Reticulum Stress and
Mitochondria-Dependent Pathways
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ABSTRACT: Curcumin, derived from the food flavoring spice turmeric (Curcuma longa), has been shown
to exhibit anticancer activities and induce apoptosis in many types of cancer cell lines. In our previous
study, curcumin was able to inhibit murine myelomonocytic leukemia WEHI-3 cells in vivo. However, there
is no report addressing the cytotoxic responses and the mechanisms underlying curcumin-induced apo-
ptotic cell death in WEHI-3 cells. Therefore, we hypothesized that that curcumin affected WEHI-3 cells
and triggered cell death through apoptotic signaling pathways. The effects of curcumin on WEHI-3 cells
were investigated by using flow cytometric analysis, comet assay, confocal laser microscopy and Western
blotting. In this study, we found that curcumin induced apoptosis in WEHI-3 cells in a dose-dependent (5-
20 uM) manner. Interestingly, curcumin enhanced the level of the antiapoptotic protein Bcl-2 which might
show that curcumin-induced apoptosis is done through the ER stress signaling pathways based on the
increase of CIEBP homologous protein (CHOP), activating transcription factor 6 (ATF-6), inositol-requiring
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enzyme 1 (IRE1), and caspase-12 in WEHI-3 cells. Moreover, curcumin increased the reactive oxygen
species (ROS) production and cytosolic Ca®" release, and induced DNA damage, but decreased the level
of mitochondrial membrane potential (A¥,,) in WEHI-3 cells. In conclusion, curcumin-induced apoptosis
occurs through the ROS-affected, mitochondria-mediated and ER stress-dependent pathways. The eval-
uation of curcumin as a potential therapeutic agent for treatment of leukemia seems warranted. © 2011

Wiley Periodicals, Inc. Environ Toxicol 00: 000-000, 2011.
Keywords: curcumin; murine myelomonocytic
mitochondria

leukemia WEHI-3 cells;

apoptosis; ER stress;

INTRODUCTION

Cancer is a one of the major concerns for health in world-
wide populations. This disease has caught the attention of
people including medical doctors and scientists and they
are all in a race to develop new drugs to treat patients.
Numerous works have been focused on identifying new
naturally occurring chemopreventive compounds for use to
inhibit, retard, or reverse the processes of multistage carci-
nogenesis. It is well documented that apoptosis plays an
important role in normal biological processes and also in
cancer (Hengartner, 2000). Apoptotic signaling pathways
can be divided into caspase-dependent and -independent or
mitochondria-dependent and -independent pathways. Vari-
ous chemotherapeutic agents-involved in the induction of
apoptosis have been recognized to be the best strategy to
manage cancer (Hengartner, 2000; Okun et al., 2008).
Curcumin (diferuloylmethane), one of phenolic com-
pounds isolated from curcuma longa, has been demon-
strated to have anticancer activities of many cancer cell
lines, including hematologic malignancies cells in vitro
(Anand et al., 2008) and in vivo (Hatcher et al., 2008). Cur-
cumin reduced the N-bis(2-hydroxypropyl) nitrosamine-
induced lung tumorigenesis in BALB/c mice in vivo
(Huang et al., 2008). Many clinical trials on curucmin with
cancer patients are actively going on right now (Hatcher
et al., 2008). These anticancer activities of curcumin that
were reported may associate with its effects on many mo-
lecular targets that are involved in cell cycle, apoptosis,
transformation, proliferation, angiogenesis, survival, inva-
sion, and metastasis of tumor cells (Lin, 2007). In a phase I
study, the safety of curcumin for oral ingestion of curcumin
up to 8000 mg/day for 3 months did not produce any treat-
ment-related toxicity (Cheng et al., 2001). In a phase II
trial, it has been demonstrated on pancreatic cancer patients
taking curcumin daily (Dhillon et al., 2008). Curcumin-trig-
gered apoptosis in B-cell chronic lymphocytic leukemia (B-
CLL) cells may relate to the inhibition of constitutively
activated NF-xB (Everett et al., 2007). It was reported that
curcumin-induced apoptosis through a mechanism of
down-regulating ornithine decarboxylase and along a ROS-
dependent mitochondria-mediated pathway in human acute
promyelocytic leukemia HL-60 cells (Liao et al., 2008).
Our previous study also showed that curcumin induced cell
cycle arrest and apoptosis in HL-60 cells via changes of

Environmental Toxicology DOI 10.1002/tox

mitochondrial membrane potential (AW,,) and caspase-3
activation (Tan et al., 2006), and it inhibited WEHI-3 cells
in BALB/c mice and prolonged leukemia animal survival
rate in vivo after the establishment of leukemia mice (Su
et al., 2008). However, there is no available information to
show that curcumin induced apoptosis in WEHI-3 cells
in vitro. Therefore, in the present study, we focused on the
induction of apoptosis by curcumin and investigated the
mechanisms of cell death in the unfolded protein response
(ER stress) and mtochondria-dependent apoptotic signaling
pathways in the mouse myelomonocytic leukemia WEHI-3
cells in vitro.

MATERIALS AND METHODS

Materials and Chemicals

Curcumin, dimethyl sulfoxide (DMSO), propidium iodide
(PD), trypan blue and triton X-100 were obtained from
Sigma-Aldrich Corp. (St. Louis, MO). All primary and sec-
ondary antibodies were purchased from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA). The fluorescent probes
2/ 7'-dichlorofluorescin diacetate (DCFH-DA), Indo 1/AM
and DiOCq were from Invitrogen Life Technologies
(Carlsbad, CA). All primary and secondary antibodies were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA).

WEHI-3 Cell Culture

The mouse myelomonocytic leukemia cell line (WEHI-3)
was obtained from the Food Industry Research and Develop-
ment Institute (Hsinchu, Taiwan). Cells were maintained in
RPMI 1640 medium (Invitrogen) supplemented with 10%
fetal bovine serum (Hyclone Laboratories, Logan, UT), 100
units/mL penicillin, 100 pug/mL streptomycin (Invitrogen),
and 2 mM L-glutamine (Invitrogen) under an atmosphere of
humidified 5% CO, and 95% air grown at 37°C and 1 atm.
in an incubator (Su et al., 2008; Yu et al., 2009).

Morphological Changes and Percentage of
Viable Cell Examination in WEHI-3 Cells

About 2 X 10° WEHI-3 cells/well in 24-well plates were
treated with 0, 1, 5, 10, 15, and 20 uM curcumin, or only

ID: ananda Date: 29/3/11 Time: 11:06
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CURCUMIN INDUCES ER STRESS-MEDIATED APOPTOSIS IN WEHI-3 CELLS

with vehicle (DMSO, 1% in culture media) and all cells
were incubated for 24 or 48 h. For the morphological
changes examination, cells in the well with or without cur-
cumin were undertaken and photographed under a phase-
contrast microscope. For determining cell viability, trypan
blue exclusion (live cells is white color but the dead cells is
blue color) was used as previously described (Chiang et al.,
2006; Lin et al., 2007a,b). An aliquot of the total cell
suspension from each treatment was mixed with an equal
volume of trypan blue in PBS and incubated for 5 min at
room temperature and viable cells are a white color and
dead cells are a light blue color under microscope examina-
tion. The total viable cells on the Neubauer chamber were
counted under a phase-contrast microscope (Tan et al.,
2006; Lu et al., 2010a).

Determination of Cell Cycle Distribution
and Apoptosis in WEHI-3 Cells by Flow
Cytometric Assay

A total of 2 X 10> WEH-3 cells/well in 12-well plates were
treated with or without 10 M curcumin, or only with vehicle
(DMSO, 1% in culture media) and all cells were incubated
for 0, 6, 12, 24, and 36 h. After incubation at various time
periods, cells from each treatment were individually
harvested and fixed gently with 70% ethanol at —20°C
overnight. Cells were washed twice with PBS and then incu-
bated with 20 ug/mL PI, 100 pug/mL RNase, and 0.1% Triton
X-100 in PBS for 30 min in the dark. The PI stained cells
were analyzed for cell cycle distribution and apoptosis (sub-
Gl phase) by using a FACSCalibur instrument (BD Bio-
sciences, San Jose, CA) equipped with Cell Quest software as
described previously (Tan et al., 2006; Chiu et al., 2009). The
sub-G1 group was representative of mean apoptosis.

DAPI Staining and Comet Assay for
Apoptosis and DNA Damage in WEHI-3 Cells

About 2 X 10° WEHI-3 cells/well in 12-well plates were
treated with 0, 5, 10, 15, and 10 M curcumin were incu-
bated for 24. Cells in each treatment were individually fixed
with 4% formaldehyde for 15 min and stained with 4'-6-
diamidino-2-phenylindole (DAPI, Invitrogen) for nucleic
acid condensation as described elsewhere (Chiang et al.,
2006; Yang et al., 2010). The examined cells were prepared
as previously described (Chiang et al., 2006; Chen et al.,
2010) for Comet assay and DNA was stained by PI to deter-
mine the DNA tail in curcumin-treated WEHI-3 cells. All
samples were photographed on a fluorescence microscope.

DNA Gel Electrophoresis for DNA
Fragmentation Determination

DNA fragmentation in WEHI-3 cells was exposed to vari-
ous doses of curcumin and determined by DNA gel electro-
phoresis. About WEHI-3 cells at 2 X 10° cells/well in 12-

well plates were cultured with 0, 5, 10, 15, and 20 uM cur-
cumin for 24 h. DNA was isolated (Genomic DNA purifica-
tion kit, Genemark Technology Co, Ltd, Tainan, Taiwan)
and the ladder formation assay were done as previously
described (Lu et al., 2010b; Yang et al., 2010).

Assay for Mitochondrial Membrane Potential
(A¥,), Reactive Oxygen Species (ROS),
Cytosolic Ca®* Release in WEHI-3 Cells

About 2 X 10° WEHI-3 cells/well in 12-well plates were
incubated with 10 uM curcumin for 0, 1, 3,6, 9, 12, or 24 h
to determine the level of AW, and the productions of ROS
and cytosolic Ca>*. After cells were incubated for various
time periods, all cells in each treatment were harvested,
washed twice by PBS, then re-suspended in 500 uL of
DiOCg (1 pumol/L) for the level of AW¥,,, 500 uL of DCFH-
DA (10 uM) for ROS and in Indo 1/AM(3 pg/mL) for cyto-
solic Ca®" production at 37°C in dark room for 30 min.
Then all samples were analyzed immediately by flow
cytometry as previously described (Lin et al., 2010; Lo
et al., 2010; Chiang et al., 2011).

Determinations of Viability, Apoptosis,
and Ca®* in WEHI-3 Cells were Pretreated
with N-Acetylcysteine (NAC) and then
Exposed to Curcumin

About 2 X 10° WEHI-3 cells/well in 12-well plates were pre-
treated with 20 mM NAC (Sigma-Aldrich Corp.) for 2 h then
before all samples in well were treated with or without 10
UM curcumin for 24 h. The cells were harvested and exam-
ined for percentage of viability. The sub-G1 phase (apoptosis)
and the Ca’" release as described above were assayed by
flow cytometry (Huang et al., 2010; Wu et al., 2010).

Determinations of Caspase-3, -8, and -9
Activities in WEHI-3 Cells after Exposure
to Curcumin

About 2 X 10° WEHI-3 cells/well in 12-well plates were
incubated with 10 uM curcumin for 0, 12, 24, and 48 h.
The cells from each well were individually harvested and
washed twice with PBS for determination of the activities
of caspase-3, -8 and -9 by adding specific substrates (Phi-
PhiLux-G;D, for caspase-3, CaspaLux8-L;D, for caspase-
8, CaspaLux9-M D, for caspase-9, Oncolmmunin, Inc.,
Gaithersburg, MD), and then the activities of caspase-8, -9,
and -3 were determined by flow cytometry as previously
described (Ji et al., 2009; Lu et al., 2010c).

Western Blotting Analysis

About 5 X 10° WEHI-3 cells/well in 6-well plates were
incubated with 10 uM curcumin for 0, 6, 12, 24, and 48 h.
The cells from each treatment were harvested and washed
twice with PBS for determination of proteins levels

Environmental Toxicology DOI 10.1002/tox
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Fig. 1. Curcumin induced cell morphological changes and
decreases the percentage of viable WEHI-3 cells. Cells were
cultured in RPMI 1640 medium + 10% FBS with 0, 1, 5, 10,
15, and 20 uM curcumin for 24 and 48 h. The cell morpho-
logical changes were examined and photographed by
phase-contrast microscopy (200X) at 24 and 48 h treat-
ments (A), the percentage of viable WEHI-3 cells (B) were
determined as described in Materials and Methods. Each
point is mean * SD of three experiments. *P < 0.05, signifi-
cantly different compared with DMSO-treated control and
curcumin treatment.

(caspase-3, AIF, Bcl-2, Bax and p53, CHOP, Bip, ATF-6q,
ATF-6f, IREla, IRE1f, caspase-12, calpainl, and calpain
2) associated with apoptosis which were determined by
Western blotting. Lysates of treated cells from each well
were prepared using lysis buffer as described previously
(Chung et al., 2007; Ip et al., 2008). Each sample was incu-
bated with primary antibody for secondary antibody,
detected by ECL reagent kit (Millipore, Billerica, MA) and
then autoradiography using X-ray film (Chiu et al., 2009;
Harikumar et al., 2009). Each membrane was re-probed
with anti-f actin antibody to ensure that equal protein was
loaded. The image is the outcome of protein quantification
by NIH ImagelJ software (Chiang et al., 2011).

Confocal Laser Scanning Microscopy for the
Protein Translocation in WEHI-3 Cells

WEHI-3 cells at density of 5 X 10 cells/well were cultured
in 4-well chamber slides and then were treated without or
with 10 uM curcumin for 24 h. Cells were fixed in 4%
formaldehyde in PBS for 15 min, permeabilized with 0.3%

Environmental Toxicology DOI 10.1002/tox

Triton-X 100 in PBS for 1 h. The fixed cells were stained
with the AIF antibody (1:100 dilution) (green fluorescence)
for overnight before being washed twice with PBS and
were stained with FITC-conjugated goat antimouse IgG
secondary antibody at 1:100 dilution, and followed by
DNA staining with PI (red fluorescence) as previously
described (13, 14). All samples were photomicrographed
and obtained by using a Leica TCS SP2 Confocal Spectral
Microscope (Lo et al., 2010; Wu et al., 2010).

Statistical Analysis

The quantitative data are shown as mean *= SD. The statis-
tical differences between the curcumin-treated and control
samples were calculated by Student’s 7 test. A P value of
less than 0.05 was considered significant. Results are repre-
sentative of three independent experiments.

RESULTS

Curcumin Induced Morphological Changes and
Decreased Percentage of Viable WEHI-3 Cells

WEHI-3 cells were treated with different concentrations of
curcumin for 24 and 48 h, and then the morphological

A Control 24 h
] GG 27.66% GO/G1: 79.34%
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Fig. 2. Curcumin affected the cell cycle distribution and ap-
optosis in WEHI-3 cells. Cells were cultured with 20 uM cur-
cumin for 0, 6, 12, 24, and 36 h. The cells were examined
and analyzed for cell cycle distribution (A) and apoptosis (B)
by flow cytometry as described in Materials and Methods.
Each point is mean = SD of three experiments. *P < 0.05,
significantly different compared with DMSO-treated control
and curcumin-treated groups.
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changes of cells were examined and photographed by a
phase-contrast microscope. The results shown in Figure 1

Fig. 3. Curcumin induced apoptosis and DNA damage in WEHI-3 cells. Cells were incubated
with various concentrations of curcumin for 24 h. The cells were harvested and were exam-
ined for apoptosis by DAPI staining (A) and DNA damage by Comet assay (B) with quantifica-
tion of fluorescence intensity (fold of difference between control and curcumin treatment) and
Comet tail (% of difference between control and curcumin treatment) (C) were determined,
the DNA fragmentation (D) is performed by DNA gel electrophoresis as described in Materials
and Methods. Each point is mean = SD of three experiments. “P < 0.05, significantly different
compared with DMSO-treated control and curcumin-tereated groups. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

AQ4

2(A,B). The results indicated that curcumin induced sub- gy
G1 phase (apoptosis) in a dose-dependent manner and pro-

indicated that curcumin induced morphological changes in
a dose-dependent manner. Cells from each treatment were
also harvested for determining the percentage of viable
cells by the trypan blue exclusion method. Results were
shown in Figure 1(B), which showed that curcumin
decreased the percentage of viable WEHI-3 cells in a dose-
dependent manner.

Curcumin Induced Apoptosis in WEHI-3 Cells

WEHI-3 cells were treated with different concentrations of
curcumin for 24 h and then were harvested for determining
the cell cycle distribution and sub-G1 phase (apoptosis).
The number of cells in each compartment of the cell cycle
distribution and sub-G1 phase were expressed as % of the
total number of cells and the results are shown in Figure

ID: ananda Date: 29/3/11 Time: 11:06

moted GO/G1 phase arrest after 12 h-exposure [Fig. 2(B)].

Curcumin Induced Chromatin Condensation
and DNA Damage in WEHI-3 Cells

WEHI-3 cells were treated with different concentrations of
curcumin for 24 h and then were harvested for determining
the apoptosis by DAPI staining, for DNA damage by Comet
assay and for DNA fragmentation by DNA gel electropho-
resis. It can be seen in Figure 3(A—D). DAPI staining assay
demonstrated that curcumin induced apoptosis in a dose-de-
pendent manner [Fig. 3(A)]. Comet assay demonstrated
that curcumin (5-15 uM) for 24 h-treatment induced DNA
damage in a dose-dependent manner [Fig. 3(B,C)]. DNA
gel electrophoresis indicated that curcumin induced DNA

fragmentation in a dose-dependent manner [Fig. 3(D)].
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Fig. 4. Curcumin altered the levels of mitochondria membrane potential (A%, reactive
oxygen species (ROS) and the production of cytosolic Ca®* in WEHI-3 cells. Cells were
treated with 10 M curcumin for 0, 1, 3, 6, 9, 12, or 24 h before being collected, and
stained with DiOCg (1 umol/L) for the level of AW, (A), DCFH-DA (10 uM) for ROS (B) and
Indo 1/AM (3 ug/mL) for cytosolic Ca™* production (C) as described in Materials and Meth-
ods. Each experiment was done with triple sets (mean * SD): *P < 0.05, significantly dif-
ferent compared with DMSO-treated control and curcumin treated groups.

Curcumin Affected the Levels of Mitochondria
Membrane Potential (AY,,,), Reactive

Oxzygen Species (ROS), and Cytosolic

Ca®* in WEHI-3 Cells

The WEHI-3 cells were treated with 10 uM curcumin for
different periods of time and measured the levels of AW,
ROS and cytosolic Ca®" release by flow cytometric assay
and the results are shown in Figure 4(A—C). There was a

Environmental Toxicology DOI 10.1002/tox

significant decrease in AWY,, level [Fig. 4(A)] and an
increase in intracellular ROS [Fig. 4(B)] and cytosolic
Ca®" level [Fig. 4(C)] was observed in the curcumin-
treated cells. Figure 4(A) indicated that curcumin signifi-
cantly decreased the level of A¥,, in WEHI-3 cells in a
time-dependent manner [Fig. 4(A)]. After 1 h-treatment of
curcumin, there was initially significantly increased cyto-
solic Ca®" levels, but 6 h-treatment, cytosolic Ca*>" levels
were not significantly different from that in the control
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Fig. 5. The effects of viability, apoptosis and Ca®" release in WEHI-3 cells pretreatment
with NAC and then treatment with curcumin. Cells were before with 20 mM NAC for 2 h,
and then were treated with or without 10 M curcumin for 24 h. The cells were harvested
and examined for percentage of viability (A), the sub-G1 phase (apoptosis) (B) and the pro-
duction of Ca®" (C) were assayed by flow cytometric assay as described in Materials and
Methods. Each point is mean + SD of three experiments. *P < 0.05, significantly different
compared with DMSO-treated control and curcumin-tereated groups. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

sample [Fig. 4(C)] and 12 h-treatment led to decrease the
initially significantly increased cytosolic Ca”>* levels. How-
ever, the ROS level was significant higher than these of the
control [Fig. 4(B)].

NAC Protected the Effects of
Curcumin-Affected Cell Viability,
Apoptosis, and Ca2* in WEHI-3 Cells

The WEHI-3 cells were pretreated with 20 mM NAC for 2
h, and then were treated with or without 10 uM curcumin
for 24 h. The cells were harvested and examined for per-
centage of viability, the sub-G1 phase (apoptosis) and the
production of Ca®". Results are shown in Figure 5(A-C)
and indicated that NAC can decrease the cytotoic Ca**
effects of curcumin, and then lead to increase the percent-

age of viable cells [Fig. 5(A)] and decrease the percentage
of apoptotic cells [Fig. 5(B)] and decrease the level of Ca®"
[Fig. 5(C)] in WEHI-3 cells.

Curcumin Increased the Activities of
Caspase-8, -9, and -3 in WEHI-3 Cells

The WEHI-3 cells were treated with 10 uM curcumin for 0,
12, 24, and 48 h, and then cells were harvested for the
determination of the activities of caspase-8, -9, and -3.
Results are shown in Figure 6(A—C) and revealed that cur-
cumin induced caspase-8, -9, and -3 activities in a time-de-
pendent manner. These results suggest that curcumin-
induced apoptosis might be done through a caspase-de-
pendent signal pathway.

Environmental Toxicology DOI 10.1002/tox
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Fig. 6. Curcumin stimulated the activities of caspase-3, -8, and -9 in WEHI-3 cells. Cells
were treated with or without 10 uM curcumin for 0, 12, 24, and 48 h. The cells were har-

vested and washed for measurement of
described in Materials and Methods. Each

caspase-3 (A), -8 (B), and -9 (C) activity as
experiment was done with triple sets (mean =

SD). *P < 0.05, significantly different compared with DMSO-treated control and curcumin

treated groups.

Curcumin Altered the Levels of Apoptosis
and ER Stress-Associated Proteins in
WEHI-3 Cells

The WEHI-3 cells were treated with 10 uM curcumin for 0,
6, 12, 24, and 48 h and then were harvested for determina-
tion of apoptosis-associated proteins such as caspase-3,
AIF, Bcl-2, Bax, and p53 [Fig. 7(A)], CHOP, Bip, ATF-6a,
ATF-6f, IREla, IRE1f, caspase-12, calpain 1 and calpain

Environmental Toxicology DOI 10.1002/tox

2 [Fig. 7(B)]. The level of antiapoptotic protein Bcl-2 [Fig.
7(A)] was decreased and the levels of pro-apoptotic protein
Bax [Fig. 7(A)] were up-regulated in WEHI-3 cells after
exposure to curcumin. ER stress-associated protein levels
such as caspase-12, calpainl and calpain2, CHOP, Bip
ATF-60, and ATF-6f [Fig. 7(B)] were up-regulated, the
pS3 was also increased which could contribute to apoptotic
cell death [Fig. 7(A)] in WEHI-3 cells.
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Fig. 7. Representative Western blotting showing changes in the levels of apoptosis and
ER stress-associated proteins in WEHI-3 cells after curcumin exposure. Cells were treated
with 10 M curcumin for 0, 6, 12, 24, and 48 h before the total proteins were prepared and

determined, as described in Materials and

tein expressions (A: caspase-3, AlF, Bcl-2,

IRE1a, IRE1f3, caspase-12, calpain1, and

Methods. The levels of apoptosis-related pro-
Bax and p53; B: CHOP, Bip, ATF-6a, ATF-6,
calpain2) were estimated by Western blotting

analysis as described in Materials and Methods.

Curcumin Promoted AIF Translocation in
WEHI-3 Cells

The WEHI-3 cells were treated with or without 10 uM cur-
cumin for 24 h and then were harvested for the determina-
tion of the location of AIF. Results are shown in Figure 8
and indicated that curcumin promoted the level of AIF
which release from mitochondria, leading to apoptosis.

DISCUSSION

In this study, we showed that curcumin is an apoptotic
induction agent in WEHI-3 cells that go through the ER
stress-associated signaling and mitochondria-dependent
pathways. Importantly, our results indicated that curcumin
differed from most other therapeutic agents currently under
the studies in WEHI-3 cells. Based on the observations (1)
curcumin-induced apoptosis in WEHI-3 cells is dependent
on ER stress activation. (2) Curcumin specifically down-

regulated the calpinl and 2 without discernible effects on
level of Bcl-2, a finding that is relatively uncommon among
most therapeutics used to treat lymphoid malignancy (Liu
et al.,, 2008). (3) the biological effects of curcumin on
WEHI-3 cells seems to be explained, at least in part,
through the ER stress, including promotions of CHOP,
ATF-60, ATF-6f5, IREla, IRE1f, and caspase-12. It is
reported that curcumin is well tolerated with minimal toxic-
ity at up to 8 g/d (f115 mg/kg/d) in a phase I clinical trial
(Cheng et al., 2001). Collectively, these findings indicate
that the use of curcumin in the treatment of leukemia may
be worthy of study in the future.

It is well documented that curcumin induced apoptosis
in malignant cells with numerous mechanisms. Although
reports have demonstrated that curcumin reduces the con-
stitutive phosphorylation level of IxBea, suggesting an inhi-
bition of NF-kB activity in B-CLL cells (Everett et al.,
2007), our analyses showed that curcumin induced a signifi-
cant increase in Bcl-2 expression, an antiapoptotic protein
elevated in WEHI-3 cells and also up-regulated AIF and

Environmental Toxicology DOI 10.1002/tox
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Fig. 8. Curcumin translocated AIF distribution in WEHI-3 cells. Cells were incubated with
or without 10 uM curcumin for 24 h, and then fixed and stained with AIF antibody before
the FITC-labeled secondary antibody were used (green fluorescence) and the protein was
detected by a confocal laser microscope. The nuclei were stained by Pl (red fluorescence).
Areas of colocalization between AIF expression and nuclei in the merged panels are yel-
low. Scale bar, 40 um. [Color figure can be viewed in the online issue, which is available at

AlF

wileyonlinelibrary.com.]

p53 (data not shown) levels. Other report showed that cur-
cumin treatment inhibited STAT3 activity and decreased
the expression of Mcl-1, a downstream target of activated
STAT3, in most B-CLL cells (Ghosh et al., 2009). More-
over, curcumin reduced the phosphorylation level of Akt.
The serine/threonine kinase, Akt, has been considered an
attractive target for cancer therapy and prevention (Datta
et al., 1999). Apparently further investigation is needed in
the future.

Furthermore, the doses (5—-20 uM) of curcumin are able
to induce apoptosis in WEHI-3 cells and our earlier study
has shown that curcumin can promote the survival rate of
leukemia mice after intraperitoneal injection with WEHI-3
cells (Su et al., 2008). These in vitro and in vivo experi-
ments (Tan et al., 2006; Su et al., 2008) strongly encourage
us to use a sequential approach in designing subsequent
clinical trials with curcumin. Subsequent assessment of
association with clinical outcome will be of great interest.

In conclusion, the present study indicates that curcumin is
cytotoxic in murine leukemia WEHI-3 cells. These effects of
curcumin are complex and promoted the apoptotic pathway
through ER stress and mitochondrial dysfunction-dependent
influences. These possible signaling pathways are summar-
ized in Figure 9. Additional evaluation of curcumin as a
potential therapeutic agent for the treatment of leukemia
seems warranted and further investigation is needed.

Environmental Toxicology DOI 10.1002/tox
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Fig. 9. The proposed model of molecular signaling path-
ways from murine myelomonocytic leukemia WEHI-3 cells
after exposure to curccumin. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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