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Abstract

Objective: Development of treatment resistance and adverse toxicity associated with classical chemotherapeutic agents
highlights the need for safer and effective therapeutic approaches. Herein, we examined the effectiveness of a combination
treatment regimen of 5-fluorouracil (5-FU) and curcumin in colorectal cancer (CRC) cells.

Methods: Wild type HCT116 cells and HCT116+ch3 cells (complemented with chromosome 3) were treated with curcumin
and 5-FU in a time- and dose-dependent manner and evaluated by cell proliferation assays, DAPI staining, transmission
electron microscopy, cell cycle analysis and immunoblotting for key signaling proteins.

Results: The individual 1Cs, of curcumin and 5-FU were approximately 20 uM and 5 pM in HCT116 cells and 5 uM and 1 uM
in HCT116+ch3 cells, respectively (p<<0.05). Pretreatment with curcumin significantly reduced survival in both cells;
HCT116+ch3 cells were considerably more sensitive to treatment with curcumin and/or 5-FU than wild-type HCT116 cells.
The ICso values for combination treatment were approximately 5 uM and 1 uM in HCT116 and 5 uM and 0.1 uM in
HCT116+ch3, respectively (p<<0.05). Curcumin induced apoptosis in both cells by inducing mitochondrial degeneration and
cytochrome c release. Cell cycle analysis revealed that the anti-proliferative effect of curcumin and/or 5-FU was preceded by
accumulation of CRC cells in the S cell cycle phase and induction of apoptosis. Curcumin potentiated 5-FU-induced
expression or cleavage of pro-apoptotic proteins (caspase-8, -9, -3, PARP and Bax), and down-regulated anti-apoptotic (Bcl-
xL) and proliferative (cyclin D1) proteins. Although 5-FU activated NF-kB/PI-3K/Src pathway in CRC cells, this was down-
regulated by curcumin treatment through inhibition of IkBa kinase activation and IkBo phosphorylation.

Conclusions: Combining curcumin with conventional chemotherapeutic agents such as 5-FU could provide more effective
treatment strategies against chemoresistant colon cancer cells. The mechanisms involved may be mediated via NF-«xB/PI-3K/
Src pathways and NF-kB regulated gene products.
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Introduction ration of its metabolites into DNA and RNA through thymidylate
synthase. However, gains made by the chemotherapeutic efficacy

Colorectal cancer (GRC) is one of the leading causes of death in of 5-FU are somewhat limited in patients with colorectal cancer,

men and women, and ranks among the third most common
cancers globally [1]. The prevalence of CRC is still increasing
despite our enhanced understanding of the pathogenesis of this
disease, as well as establishment of improved screening strategies
for this malignancy. It has been reported that almost 50% of the
patients with CRC, will develop recurrent disease, indicating that
currently available treatment regimens are not able to control this
deadly disease and there is an imperative need for improved
therapies [2]. 5-Fluorouracil (5-FU) is one of the classical drugs
used as chemotherapeutic agent against CRC. 5-FU treatment
suppresses tumor cell growth and induces apoptosis by incorpo-
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primarily due to acquired progressive resistance of CRC cells to 5-
FU and toxicity to surrounding healthy cells [3,4].

Most tumors activate the transcription factor nuclear factor-xB
(NF-xB), whereas natural chemopreventive agents suppress it,
indicating a strong link between tumor biology and the anti-cancer
effects of various natural compounds [5]. In contrast to healthy
cells, in the majority of solid and hematopoietic tumor cell lines
NTF-kB is constitutively active [6]. Furthermore, pro-inflammatory
cytokines, chemotherapeutic agents and radiation therapy, that
induce apoptosis also activate NF-xB [7] and thus may mediate
chemoresistance and radioresistance of tumor cells [8]. Interest-
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ingly, inhibition of NF-kB in tumor cells blocks proliferation,
causes cell cycle arrest, and leads to apoptosis, suggesting a central
role for this transcription factor in cell proliferation and survival
[9]. NF-kB plays an important role in cell proliferation and
malignant transformation in different cells, binding to DNA target
sites as homo- or heterodimer to influence downstream gene
expression [10,11].

CRC is believed to occur as a consequence of stepwise
accumulation of genetic alterations in various genes leading to
enhanced genomic instability. Such alterations have direct
influence on metastasis-associated genes, oncogenes and tumor
suppressor genes [12,13]. Furthermore, there is increased recog-
nition that besides genetic events in CRC, alterations in gene
expression may be mediated by epigenetic alterations including
aberrant methylation of DNA, histone modifications and chro-
matin remodeling [14,15]. Additionally, the mismatch repair
(MMR) system plays an essential role in proofreading DNA
synthesis errors during cell replication. Damage to the MMR
system causes genetic instability, leading to alterations in the cell
phenotype, rendering the cell more susceptible to neoplastic
transformation and facilitating the development of chemothera-
peutic resistance. DNA MMR proteins, such as hMSH2, hMSHS3,
hMSH6, hMLH1, hPMS2 and hMLH3 play an important role in
both sporadic and familial varieties of human CRC [16,17,18,19].
In fact, restoration of the MMR defect by re-expression of
hMLHlor hMSH2 by chromosome transfer confers increased
sensitivity to the agents [20,21].

CRC is a preventable disease, and is heavily influenced by
environmental, lifestyle and dietary factors. In this context, there is
a growing body of literature suggesting that several natural
occurring substances as dietary supplements can reduce cancer
risk and have been reported to hold a central role in the
development of anti-tumor drugs [22,23]. Natural products with
the ability to inhibit activation of the nuclear transcription factor
NF-kB could have therapeutic potential against tumor develop-
ment like CRC. Curcumin (diferuloylmethane) is the biologically
active phytochemical component present in the spice turmeric
(Curcuma longa), and has been shown to be a potent inhibitor of NF-
kB activation in several cell types at nontoxic concentrations in
humans [24]. The anti-tumor property of curcumin, is partly due
to the arrest of cancer cells in S, G2/M cell cycle phase and the
induction of apoptosis. Furthermore, curcumin inhibits the growth
of DNA MMR-deficient colon cancer cells [25,26]. It has also
been reported that curcumin down-regulates constitutively acti-
vated kinase PI-3K/AKT pathways in T cell leukemia cells, which
suppresses proliferation and induces caspase-dependent apoptosis
[27].

Given that colorectal cancer patients with DNA mismatch
repair deficiency do not benefit from 5-FU based chemotherapy,
we used a pair of isogenic cell lines, HC'T116 (MMR-deficient,
due to hypermethylation of MLHI gene) and HCT116+ch3
(MMR -proficient, due to stable transfer of chromosome 3 bearing
wild type copy of the MLHI gene). The aim of this study was to
examine the chemosensitization potential of curcumin in 5-FU-
based chemotherapy in MMR-deficient and -proficient CRC cells.

Materials and Methods

Antibodies

Antibodies against MMP-9 (MAB 911) and active caspase-3
(AF835) were obtained from R&D Systems, Inc., (Heidelberg,
Germany). Monoclonal anti-PARP [poly(ADP-ribose)polymerase]
(7D3-6) antibodies were purchased from Becton Dickinson
(Heidelberg, Germany). Cyclo-oxygenase-2 (160-112) antibody
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was obtained from Cayman Chemical (Ann Arbor, MI, USA).
Antibodies to B-actin (A5316) were from Sigma (Munich,
Germany). Antibodies to Bax were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies against phospho-
specific IxkBa (Ser-32/36), p65 and phospho-specific p65 (Ser536)
were obtained from Cell Technology (Beverly, MA). Anti-IxB
kinase (anti-IKK)-o0 and (anti-IKK)-f antibodies were obtained
from Imgenex (Hamburg, Germany). Alkaline phosphatase linked
sheep anti-mouse and sheep anti-rabbit secondary antibodies for
immunoblotting were purchased from Millipore (Schwalbach,
Germany). All antibodies were used at concentrations and
dilutions recommended by the manufacturer (dilutions ranged
from 1:100 for immunomorphological experiments to 1:10,000 for
Western blot analysis).

Growth Media, Chemicals, and Cytokines

Growth medium (Ham’s F-12/Dulbecco’s modified Eagle’s
medium (50:50) containing 10% fetal calf serum (FCS), 25 pg/ml
ascorbic acid, 50 IU/ml streptomycin, 50 IU/ml penicillin,
2.5 pg/ml amphotericin B, essential amino acids and L-glutamine)
was obtained from Seromed (Munich, Germany). Trypsin/EDTA
(EC 3.4.21.4) was purchased from Sigma. Epon was obtained from
Plano (Marburg, Germany). 5-FU was purchased from Sigma
(Munich, Germany). Curcumin with a purity of greater than 95%
was purchased from Indsaff (Punjab, India). This commercial
source of curcumin contains three major components: Diferuloyl-
methane (the most abundant and active component of turmeric)
(82%) and 1its derivatives demethoxycurcumin (15%) and bisde-
methoxycurcumin (3%), together referred to as curcuminoids
[24,28]. Curcumin was dissolved in dimethylsulfoxide (DMSO) as
a stock concentration of 5000 uM and stored at —80 °C. Serial
dilutions were prepared in culture medium. A 100 mM stock of 5-
FU was prepared in absolute DMSO and stored at —20 °C. For
treatment, the 5-FU stock solution was diluted in DMEM/F12
and added to cultures to achieve the desired concentration. The
final concentration of DMSO was less than 1% of drug treatment.
After culturing the cells to 70-80% confluency, they were treated
with 5-FU, curcumin or their combination (in each case of the
combination treatment, the cells were first pretreated with
curcumin for 12 h or the indicated times and then exposed to 5-
FU for 24 h or the indicated times).

Cell lines and cell culture

Human colon cancer cells (HCT116 wild type) were obtained
from Sigma-Aldrich (Munich, Germany). HCT116+ch3, which
was made MLH1-proficient by the stable transfection of chromo-
some 3 bearing a wild-type copy of the AMLHI gene were
prepared as originally described [21]. The HCTI116 and
HCT116+ch3 cells were used to investigate the efficacy of
combined therapy of 5-FU and curcumin. The cells were
maintained in tissue culture flasks in DMEM/F12 (4.5 g/L D-
glucose) supplemented with 10% FBS and 1% antibiotic/
antimycotic in a humidified incubator at 37 °C in an atmosphere
of 95% air and 5% CO2. The medium was changed every three
days, and cells were passaged using trypsin/ EDTA.

Cell proliferation assay

The effect of 5-FU, curcumin and their combination on
proliferation and viability of HCT116 and HCT116+ch3 cells
was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) uptake method as described previ-
ously [29]. Briefly, the cells (2,500 per well) were exposed to
different concentrations of 5-FU or curcumin, each in triplicate, in
a 96-well plate for the indicated time periods at 37 °C to determine
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the individual IC5q values (50% cell growth inhibitory concentra-
tions). Additionally, in another set of experiments, cells were
pretreated with 5 pM curcumin for 4 h and then co-treated with
different concentrations of 5-FU (0, 0.1, 1, 2, 3, 4 and 5 uM) for
24 h to determine optimum dose for the combination treatment.
MTT solution (5 mg/ml) was added to each well and the plate was
incubated for 2 h at 37 °C. The lysis buffer (20% SDS and 50%
dimethyl formamide) was added, and the cells were further
incubated overnight at 37 °C. The absorbance of the cell
suspension was measured at 570 nm using a microplate reader
Revelation 96-well multiscanner (Dynex Technologies, Chantilly,
VA). The data obtained were calculated and represented as
percentage survival with respect to untreated controls. The ICs
was defined as the drug concentration required to inhibit HC'T116
or HCT116+ch3 by 50% relative to controls. ICs5q values were
estimated from the dose response curve. Data were derived from at
least three independent experiments. This experiment was
repeated 3 times independently, and the statistical analysis was
done to obtain the final values.

DAPI staining of apoptotic cells

To examine the apoptotic changes in HCTI116 and
HCT116+ch3 cells, DAPI (4',6'-Diamidino-2-phenylindole,
Hoechst 33258) nuclear staining assay was performed. For
monolayer cultures 1x10° cells/plate were seeded in 35-mm
tissue culture discs. After 80-90% confluency, the cells were
treated with different concentrations of curcumin or 5-FU (0, 1, 5,
10 and 20 uM) or a combination of curcumin (5 pM) and 5-FU
(0.1, 1, 2 and 3 uM), calculated from the ICs, values, for 24 h.
After completion of treatment the cells were fixed with methanol
for 30 min at 4 °C in the dark. Fixed cells were washed twice with
PBS, and then DAPI solution was spread over the plates followed
by incubation for 1 h at 4 °C in the dark. Labeled cells were
washed repeatedly with PBS to remove the excess DAPI stain and
evaluated under fluorescence microscope (Leica, Germany).

Transmission electron microscopy (TEM)

HCT116 and HCT116+ch3 colon cancer cells were treated
with curcumin (20 pM), 5-FU (5 uM) or a combination of both
(curcumin 5 uM and 5-FU 1 uM in HCT116, curcumin 5 uM
and 5-FU 0.1 uM in HCT116+ch3) for 12, 24, 36, 48, 60 and
72 h, respectively, to determine the optimum time needed for
inhibition of 50% cell growth. Electron microscopy was performed
as previously described [30]. Briefly, cultures were fixed for 1 h in
Karnovsky’s fixative followed by post-fixation in 1% OO,
solution. After dehydration in an ascending alcohol series, cultures
were embedded in Epon and cut ultrathin with a Reichert-Jung
Ultracut E (Darmstadt, Germany). Sections were contrasted with
a mixture of 2% uranyl acetate/lead citrate and examined with
a transmission electron microscope (Zeiss, Jena, Germany).

Quantification of apoptotic cell death

Ultrathin sections of the samples were prepared and evaluated
with an electron microscope (TEM 10; Zeiss). To quantify
morphological evaluations and to define the time point at which
50% of the cells showed mitochondrial changes (MC) and/or were
apoptotic, the number of cells with morphological features of
apoptotic cell death including MC was determined by scoring 100
cells from 20 different microscopic fields.

Cell Cycle Analysis by Flow Cytometry

HCT116 cells (1x10% were plated in 60-mm tissue culture
plates and after approximately 80% confluency cells were treated
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with 20 pM curcumin, 5 pM 5-FU, or their combination (5 pM
curcumin and 1 pM 5-FU) for 12 and 24 h. In a separate
experiment, HCT116+ch3 cells were treated with 5 uM curcu-
min, 1 pM 5-FU, or their combination (5 uM curcumin and
0.1 uM 5-FU) for 12 and 24 h. After treatment, cells were fixed
using ice cold 70% ethanol, washed 2x with PBS and then
resuspended with propidium iodide (10 pg/ml) and ribonuclease
A (0.1%) i PBS for 30 min. Cells were incubated for 30 min in
the dark at room temperature. Fluorescent events from propidium
iodide-DNA complexes were quantified after laser excitation of
the fluorescent dye by fluorescence-activated cell sorter (FACS)
(Becton Dickinson, CA) with a cell count of 10,000 cells per
sample. Finally, DNA content of the cells at different phases of the
cell cycle was determined by using Cell Quest Software (Becton
Dickinson). Experiments and analysis were performed in triplicate.

Preparation of nuclear and cytoplasmic extracts to
evaluate NF-xB translocation

The nuclear extracts were prepared as described previously
[31]. Briefly, cells were suspended in 400 pl of hypotonic lysis
buffer containing protease inhibitors for 20 min. The cells were
then lysed with 12.5 ul of 10% Nonidet P-40. The homogenate
was centrifuged for 1.5 minutes, and supernatant (cytoplasmic
extracts) was stored frozen at —70 °C. Then 25 ul of ice-cold
nuclear extraction buffer was added to the pellets and incubated
for 30 minutes with intermittent mixing. Extracts were centrifuged
and the supernatant (nuclear extracts) transferred to pre-chilled
tubes for storage at —70 °C.

Isolation of mitochondrial extracts for detection of

cytochrome c-release

Cells were washed in 1 ml ice cold PBS and placed in ice-cold
mitochondria isolation buffer (0.25 M sucrose, 0.2 mM EDTA,
and 10 mM Tris—HCI, pH 7.8) for 30 min, followed by homog-
enization using a pre-cooled glass homogenizer. Cell lysates were
centrifuged at 1000 g for 15 min at 4 °C and the supernatant was
centrifuged at 12,000 g for 15 min at 4 °C. Isolated mitochondria
were resuspended in mitochondria isolation buffer containing
protease inhibitors (5 pg/ml leupeptin, 5 pg/ml pepstatin, 10 pg/
ml aprotinin, 1 mM PMSF, 1 mM DTT, 100 mM sodium
orthovanadate, 10 mM sodium fluoride, and 10 mM phenylarsine
oxide).

Western blot analysis

To determine the effects of curcumin, 5-FU or curcumin/5-FU
on the HCT116 and HCT116+ch3 cells, whole cell lysates,
cytoplasmic, mitochondrial and nuclear extracts of monolayer
cultures were prepared and fractioned by SDS-PAGE [29,32].
The total protein concentration of the cell extracts was determined
using the bicinchoninic acid assay system (Uptima; Interchim,
Montlucon, France) using BSA as a standard. Equal quantities
(500 ng protein per lane) of total proteins were separated by SDS-
PAGE (5%, 7.5%, 12% gels) under reducing conditions.

Immune complex kinase assay

Immune complex kinase assay was performed as previously
described in detail [33]. Briefly, to test the effect of curcumin and
PI-3K inhibitor (wortmannin) on 5-FU-induced IKK activation,
immune complex kinase assays were performed. The IKK
complex was immunoprecipitated from whole cell lysates with
antibodies against IKK-o and IKK-f and subsequently incubated
with protein A/G-agarose beads (Pierce, Germany). After 2 h
incubation, the beads were washed with lysis buffer and
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resuspended 1n a kinase assay solution containing 50 mM HEPES
(pH 7.4), 20 mM MgCl2, 2 mM dithiothreitol, 10 pM unlabeled
ATP and 2 mg of IKK substrate GST-IxBo (amino acid 1-54)
and incubated at 30 °C for 30 min. This was followed by boiling in
SDS-PAGE sample buffer for 5 min. Proteins were separated
using SDS-page under reducing conditions as described above.
Phosphorylation of GST-IkBo. was assessed using a specific
antibody against phospho-specific IxBa (Ser 32/36). To demon-
strate the total amounts of IKK-o and IKK-f in each sample,
whole-cell proteins were separated using SDS-PAGE under
reducing conditions as described above. Detection of IKK-o and
IKK-B was performed by immunoblotting with either ant-IKK-
o, or anti-IKK-f antibodies.

Statistical analysis

Numerical data are expressed as mean values (+/—SD) for
a representative experiment performed in triplicate. The means
were compared using student’s t-test assuming equal variances.
Differences were considered to be statistically significant if the P-
value was less than 0.05.

Results

This study was designed to investigate how curcumin inhibits
the proliferation of CRC cells and potentiates the effects of the
chemotherapeutic agent 5-FU in an @ vitro model of human CRC
cells. Additionally, we examined the mechanism(s) by which
curcumin enhances the anti-proliferative effects of 5-FU, especially
concerning the effects on NF-kB and Src activation, NF-xB-
regulated gene products, and cell growth in CRC cells. Two
human CRC cells (HCT116 and HCT116+ch3) were used in this

Investigation.

Curcumin sensitizes HCT116 and HCT116+ch3 colon
cancer cells to 5-FU-treatment leading to decreased cell

viability and proliferation

The effects of 5-FU and/or curcumin on cell viability were
evaluated by MTT assay in HCT116 and HCT116+ch3 cells
(Fig. 1). On the basis of these measurements, the IC5q values (50%
cell growth inhibitory concentrations) for the individual and
combined drugs on HC'T116 and HC'T116+ch3 colon cancer cell
viability were determined. The cells were exposed to different
concentrations of curcumin or 5-FU (0, 1, 5, 10, 20, 40 and
80 uM) and cell viability was evaluated by MTT assay as
described in Materials and Methods (Fig. 1A & 1C). The
individual IC59 of curcumin and 5-FU were approximately
20 uM and 5 pM in HCT116 cells and 5 pM and 1 pM in
HCT116+ch3 cells, respectively (p<<0.05). These results suggest
that curcumin and 5-FU have potent anti-proliferative effects in
CRC cells and that these effects are more pronounced in
HCT116+ch3 than in HCT116 cells.

To examine the effect of a combined treatment of curcumin and
5-FU, HCT116 or HCT116+ch3 cells were pretreated with 5 uM
curcumin for 4 h and then co-treated with different concentrations
of 5-FU (0, 0.1, 1, 2, 3,4 and 5 uM) for 24 h (Fig. 1B & 1D). MTT
assay was performed and IC5, values were determined. Interest-
ingly, pretreatment with 5 uM curcumin reduced ICs, values for
5-FU to 1 pM in HCT116 and 0.1 uM in HCT116+ch3 (p<<0.05)
cells. These results indicate that cells pretreated with curcumin
were more sensitive to 5-FU than cells treated with 5-FU alone
and the introduction of chromosome 3 in HC'T116 cells showed
an increased sensitivity of the cells to the treatment with 5-FU
and/or curcumin compared to the HCT116 wild type.
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The combination effect of curcumin and 5-FU on
apoptosis in HCT116 and HCT116+ch3 cells

To determine whether the inhibitory effect of curcumin and 5-
FU on cell viability and cell growth is related to the induction of
apoptosis, HCT116 and HCT116+ch3 cells were stained with
Hoechst 33258 (DAPI). This fluorescence-based staining method
reveals apoptotic bodies containing nuclear fragmentation and
chromatin condensation in apoptotic cells. HCT116 and
HCT116+ch3 cells were exposed to different concentrations of
curcumin or 5-FU (0, 1, 5, 10 and 20 uM) or to a combination of
curcumin (5 uM) and 5-FU (0.1, 1, 2 and 3 uM). Applied
concentrations were calculated from the ICj;p-values of curcumin
and 5-FU determined by MTT assays. As shown in Fig. 2, the
number of apoptotic nuclei was markedly increased in cells of the
combination treatment group. This confirmed the results in Fig. 1B
& 1D and revealed that curcumin sensitizes HC'T116 colon cancer
cells to 5-FU-induced apoptosis. Furthermore, the restoration of
hMLHI1 activity in the HCTI116 cells, by introduction of
chromosome 3, was associated with an increased sensitivity to 5-
FU and 5-FU-induced apoptosis.

Curcumin enhances 5-FU-induced mitochondrial
changes and apoptosis in HCT116 and HCT116+ch3 cells

As shown in Fig. 3, HCT116 colon cancer cells were treated
with curcumin (20 pM), 5-FU (5 uM) or a combination of both
(curcumin 5 M and 5-FU 1 uM) for 12, 24, 36, 48, 60 and 72 h,
respectively. The viability and morphological changes of the cells
were determined by ultrastructural examination with transmission
electron microscopy. HCT116 colon cancer cells in control
cultures exhibited a rounded/spherical morphology with small
cytoplasmic processes, large nuclei (mostly euchromatic) with
distinct nucleoli and a well-organized cytoplasm during the entire
treatment duration (Fig. 3, Control:A-F). Treatment of HCT116
cultures with curcumin or 5-FU alone up to 36 hours resulted in
degenerative changes, such as the appearance of multiple vacuoles,
swelling of mitochondria and rough ER and degeneration of other
cellular organelles (Fig. 3, 5-FU, Cur:A-C). Longer incubation
periods with curcumin or 5-FU (60 and 72 hours) resulted in more
cellular degeneration. This included areas of condensed hetero-
chromatin in the cell nuclei and multiple, autophagic cytoplasmic
vacuoles; the cells became apoptotic (Fig. 3, 5-FU:F, Cur:E-T).
Pretreatment of HCT116 cultures with curcumin (5 uM) for 4 h,
followed by co-treatment with 5-FU (1 uM) over the same time
period revealed a strong effect. Extensive morphological degen-
erative features, mitochondrial swelling and apoptosis were found
as early as 36 h in HCT116 cells and continued to accumulate
until 72 h (Fig. 3, Cur+5-FU HCT116:C). In comparison to
HCT116 cells, examinations were also performed on
HCT116+ch3 cells treated with a combination of 5 UM curcumin
and 0.1 pM 5-FU. Here, these effects were even more prominent
and apoptotic cells were already detected after 12 hours of
treatment (Fig. 3, Cur+5-FU HCT116+ch3:A). These results
confirmed that sensitivity to 5-FU was enhanced by pretreatment
with curcumin and that this was aggravated in HCT116+ch3 cells.

Quantification and statistical evaluation of the ultrastructural
data clearly highlighted the time-dependent effects of curcumin
and/or 5-FU treatment on mitochondrial changes (MC) and
apoptosis in HCT116 and HCT116+ch3 cells. As shown in Fig. 4A
& B, more than 50% of the cells exhibited MC or apoptotic
features at 24 h incubation time in the combination experiments
with HCT116 cells and at 12 h in the combination experiments
with HCT116+ch3 cells (p<<0.05). Again this suggests that
curcumin sensitizes HCT116 and HCT116+ch3 cells to 5-FU-
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Figure 1. Effect of curcumin and/or 5-FU on cell viability and proliferation of HCT116 and HCT116+ch3 colon cancer cells. A: HCT116
cells were treated with different concentrations of curcumin or 5-FU (0, 1, 5, 10, 20, 40 and 80 uM) for 24 h and cell viability was measured using the
MTT method. Concentrations of curcumin and 5-FU resulting in 50% growth inhibition were indicated as individual ICs, values. B: HCT116 cells were
pretreated with curcumin (5 uM for 4 h), then exposed to 5-FU in different concentrations (0, 0.1, 1, 2, 3, 4 and 5 uM) for 24 h and evaluated by MTT
assay. ICso for 5-FU in combination treatment was determined at 50% growth inhibition of the HCT116 cells. The same experiments shown in (A) and
(B) were performed on HCT116+ch3 cells. ICso values for single (C) and combination treatment (D) were calculated on the basis of MTT
measurements. The results are provided as mean values with standard deviations from at least three independent experiments. Values were
compared to the control and statistically significant values with p<<0.05.

doi:10.1371/journal.pone.0057218.g001

induced apoptosis. The results indicate that a very low quantity of Effects of curcumin and/or 5-FU on cell cycle and
5-FU (0.1 pM) is required to suppress cell viability when combined apoptosis in HCT116 and HCT116+ch3 cells

o a moderate dose of cur.cumin (5 HM). Furthermore, the§e To examine the mechanisms by which curcumin and/or 5-FU
findings confirm that the introduction of chromosome 3 in iy pipie the proliferation of HCT116 and HCT116+ch3 cells, we
HCT116 cells significantly increases sensitivity of the cells to the examined and compared their effect on the rate of growth
treatment with 5-FU and/or curcumin compared to the HCT116 inhibition and the levels of apoptosis. Therefore, we determined
cells. the behavior of these two CRC cells in the various phases of the
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Figure 2. Effect of curcumin and/or 5-FU on apoptosis in HCT116 and HCT116+ch3 colon cancer cells. HCT116 and HCT116+ch3 cells
were treated with different concentrations of curcumin or 5-FU (0, 1, 5, 10 and 20 uM) or a combination of curcumin (5 uM) and 5-FU (0.1, 1, 2 and
3 uM) for 24 h. Monolayer cultures were stained with Hoechst 33258 (DAPI) to reveal apoptotic changes in the cell nuclei.

doi:10.1371/journal.pone.0057218.9002

cell cycle by flow cytometric analysis (Fig. 5A/B). HCT116 cells
were treated with 20 pM curcumin or 5 uM 5-FU or their
combination (5 UM curcumin and 1 pM 5-FU) for 12 and 24 h. In
an independent experiment, HC'T116+ch3 cells were treated with
5uM curcumin or 1 uM 5-FU or their combination (5 uM
curcumin and 0.1 pM 5-FU) for 12 and 24 h. Treated cells were
harvested and processed for flow cytometric analysis. The most
significant effect in both single and combined treatment was a time-
and concentration-dependent reduction of cells in the Gl-phase
and accumulation of cells in the S-phase of the cell cycle. This
effect was even more pronounced in HCT116+ch3 cells than in
HCT116 cells. After 12 h treatment, which was the earliest time
point we examined, the effects of curcumin and/or 5-FU on the
cell cycle were already very distinct. Besides the changes in G1-
and S-phase distribution, the number of cells undergoing apoptosis
was markedly elevated with treatment. Interestingly, the effects of
the combination treatment clearly exceeded those of the single
treatments. At 24 h treatment, the influence on the cell cycle
became overall more pronounced in both colon cancer cells, but
was even more evident in HCT116+ch3 cells than in HCT116
cells. The results showed that the degree of cell growth inhibition
and the levels of apoptosis were significantly higher in
HCT116+ch3 cells than in HCT116 cells.

Curcumin potentiates the antitumor activity of 5-FU
through apoptotic signaling pathway in HCT116 and
HCT116+ch3 cells

Activation of caspases induces apoptosis in cells. Furthermore,
activation of caspase-8 (extrinsic pathway) and -9 (intrinsic
pathway) stimulates caspase-3, which in turn induces PARP
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cleavage [34]. Therefore, we examined whether curcumin and/or
5-FU can modulate the expression or cleavage of pro-apoptotic
proteins such as caspase-8, caspase-9, caspase-3, Bax, and PARP
or of anti-apoptotic proteins such as BCL-xL. in HCT116 and
HCT116+ch3 cells. As shown in Fig. 6A, immunoblot analysis
showed that the expression/cleavage of caspase-8, caspase-9,
caspase-3, Bax, and PARP was enhanced, while the expression of
BCL-xLL was decreased when HCT116 cells were exposed to
curcumin (20 uM) or 5-FU (5 uM) and HC'T116+ch3 cells were
exposed to curcumin (5 pM) or 5-FU (1 uM) as single agents, or in
the combination of curcumin and 5-FU (5 uM+1 uM: HCT116
cells, 5 uM+0.1 uM: HCT116+ch3 cells, respectively). It is
important to note that these effects were more pronounced in
combination treatment with curcumin and 5-FU than in single
treatments. These results indicate that pretreatment with curcu-
min sensitizes the cells to 5-FU-induced apoptosis in HC'T116 and
HCT116+ch3 cells by both the extrinsic and intrinsic pathways.

Curcumin enhances the antitumor activity of 5-FU
through down-regulation of proteins associated with
proliferation in HCT116 and HCT116+ch3 cells

We examined whether suppression of proliferation of HCT116
and HCT116+ch3 cells by curcumin or/and 5-FU is due to down-
regulation of proteins involved in cell proliferation, such as cyclin
DI1. Curcumin or/and 5-FU blocked expression of cyclin D1 in
HCT116 cells and HCT116+ch3 (Fig. 6B). This result suggests
that pretreatment with curcumin sensitizes the cells to 5-FU-
induced cyclin D1 inactivation, most likely through the suppres-
sion of cell proliferation proteins.
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Figure 3. Ultrastructural evaluation of mitochondrial and apoptotic changes after treatment with curcumin and/or 5-FU in HCT116
and HCT116+ch3 colon cancer cells. HCT116 cells were treated with curcumin (20 uM), 5-FU (5 uM) or a combination of both (5 uM curcumin
and 1 uM 5-FU) for 12, 24, 36, 48, 60 and 72 h. Using a different approach HCT116+ch3 cells were treated with a combination of 5 uM curcumin and
0.1 uM 5-FU for 12, 24, 36, 48, 60 and 72 h. Ultrathin sections were prepared and evaluated by transmission electron microscopy. Micrographs shown
are representative of all the cultures evaluated. At the earliest time point when apoptosis was first detected images are highlighted arrows.
Mitochondrial changes (arrowheads) are shown. Magnification: x5000, bar=1 pum.

doi:10.1371/journal.pone.0057218.g003

Curcumin potentiates 5-FU-induced cytochrome c
release in HCT116 and HCT116+ch3 cells

Activation of caspase-8 induces cytochrome ¢ release from
mitochondria, which then activates caspase-9 and -3 [34].
Therefore, we examined whether pretreatment with curcumin
not only potentiates 5-FU-induced caspase-activation, but also
leads to enhanced cytochrome c release in HCT116 and
HCT116+ch3 cells. Cells were treated with 5-FU or curcumin
alone or pretreated with curcumin and then treated with 5-FU as
described above. Mitochondrial and cytosolic fractions from
HCT116 and HCT116+ch3 cells were prepared and examined
for cytochrome c release by western blot analysis (Iig. 7). The
cytosolic cytochrome c¢ increased in the presence of 5-FU or
curcumin and even more in the combination treatment with both
agents. At the same time, there was a corresponding decrease in
the mitochondrial compartment. Thus, these results suggest that
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pretreatment with curcumin sensitizes the cells to 5-FU-induced
apoptosis (Fig. 6A) most likely through the release of cytochrome c
from mitochondria.

Curcumin suppresses 5-FU-induced nuclear factor-xB
and PI-3K/Src in HCT116 and HCT116+ch3 cells

Previous papers from our group and other laboratories focusing
on signaling pathways suggest that PI-3K signaling is involved in
cytokine-stimulated nuclear factor-kB (NI-xB) activation [32,35].
Furthermore, transcription factor NF-xB and PI-3K signaling
pathways have been reported to be associated with cell prolifer-
ation, invasion, angiogenesis, metastasis, anti-apoptosis and
chemoresistance in multiple tumor cells [36,37]. To examine
whether NF-kB and PI-3K activity is involved in the 5-FU
stimulated HCT116 and HCT116+ch3 cells and whether
curcumin suppresses NF-kB and PI-3K activation, HCT116 and
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Figure 4. Quantification of mitochondrial and apoptotic changes after treatment with curcumin and/or 5-FU in HCT116 and
HCT116+ch3 colon cancer cells. To quantify the ultrastructural findings, HCT116 (A) and HCT116+ch3 (B) cultures treated as described in Fig. 3
were examined for apoptotic and mitochondrial changes (MC) by counting 100 cells from 20 microscopic fields. The examination was performed in
triplicate and the results are provided as mean values with standard deviations SD (p<<0.05) from three independent experiments.

doi:10.1371/journal.pone.0057218.g004

HCT116+ch3 cells were either treated with 5-FU (0, 2, 5, 10, 20,
40 uM) for 1 h or were pretreated with curcumin (0, 2, 5, 10, 20,
40 uM) for 1 h and then co-treated with 5-FU (1 pM: HCT'116,
0.1 uM: HCT116+ch3) for 1 h. As shown in Fig. 8 A/B, 5-FU
stimulated the expression of NF-xB (Fig. 8A, lane I) and PI-3K/
Src (Fig. 8B, lane I and II) in HCT116 and HCT116+ch3 cells in
a dose-dependent manner and curcumin suppressed this 5-FU-
induced NF-xB and PI-3K/Src activation. Taken together, these
results support a functional role for the PI-3kinase pathway in 5-
FU-induced signaling pathway.

Suppression of 5-FU-induced activation of IKK by
curcumin might involve PI-3K signaling pathway in
HCT116 and HCT116+ch3 cells

The activated NF-kB subunit p65 translocates to the nucleus
after phosphorylation, ubiquitination, and proteolytic degradation
of IxBa [6,38]. To identify the role of PI-3K in 5-FU-induced
signaling and the mechanisms of curcumin’s inhibitory effect on 5-
FU-induced NF-kB transcriptional activity, we used a specific PI-
3K inhibitor (wortmannin) in comparison to curcumin to see
whether both agents blocked 5-FU-induced IKK activation in
a similar manner. HCT116 (Fig. 9A) and HCT116+ch3 (Fig. 9B)
cells were either treated with 5 uM (A), 1 pM (B) 5-FU alone for 0,
5, 10, 20, 40, or 60 minutes or were pretreated with curcumin
(5 uM) or wortmannin (10 nM) for 1 h and then co-treated with
1 uM (A), 0.1 pM (B) 5-FU for the indicated times. The results
from the immune complex kinase assay, performed as described in
Materials and Methods, showed that 5-FU induced the activation
of IKK in a time-dependent manner, while pretreatment of cells
with curcumin or PI-3K inhibitor wortmannin followed by
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stimulation with 5-FU blocked the 5-FU-induced effects on the
activation of IKK to a similar extent (Fig. 9A/B, lane I). This
suggests that curcumin-mediated down-regulation of the 5-FU-
induced NF-kB activation in CRC cells, could involve, at least in
part, inhibition of the PI-3K signaling pathway. 5-FU, curcumin
or wortmannin had no direct effect on the expression of IKK-a or
IKK-B proteins (Fig. 9A/B, lanes II and I1I).

Discussion

The incidence of CRC and its mortality rate are steadily
increasing. Currently available chemotherapeutic agents for the
treatment of CRC are associated with numerous side effects,
development of treatment resistance and, until now, have not
improved patient survival. Therefore, non-toxic and more
selective pharmacotherapies are needed for CRC. Combination
treatments may enhance the responses of CRC cells to chemo-
therapeutic agents.

Epidemiological studies suggest that plant polyphenols have the
potential to sensitize tumor cells to chemotherapy by specifically
suppressing signaling pathways that are involved in the develop-
ment of treatment resistance induced by conventional chemother-
apeutic drugs. How these polyphenols protect and display
proliferative effects in healthy cells while sensitizing tumor cells
and making them more susceptible to chemotherapeutics is not
fully understood. The majority of chemotherapeutic agents
stimulate transcription factor NF-kB, which mediates survival,
proliferation, invasion and metastasis of cancer cells. Curcumin is
a naturally occurring yellow pigment present in the spice turmeric,
which is a potent inhibitor of NF-kB activation. Several studies
have shown that the phytochemical curcumin displays anti-tumor
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Figure 5. Effect of curcumin and/or 5-FU on the cell cycle of HCT116 and HCT116+ch3 colon cancer cells. HCT116 cells were treated
with 20 uM curcumin or 5 uM 5-FU or a combination of 5 uM curcumin and 1 uM 5-FU for 12 and 24 h (A). HCT116+ch3 cells were treated with 5 uM
curcumin or 1 uM 5-FU or a combination of 5 uM curcumin and 0.1 uM 5-FU for 12 and 24 h (B). Cell cycle analysis was performed by flow cytometry.
These studies were performed in triplicate and the results presented are mean value with standard deviations from three independent experiments.

Values are given as mean * SD (p<<0.05).
doi:10.1371/journal.pone.0057218.g005

effects in various solid tumors and potentiates the effect of
a number of chemotherapeutic agents leading to increased
sensitivity even in drug-resistant cancer cells [25,39,40]. The
chemotherapeutic agent 5-FU is routinely used as a standard
therapy for treatment of CRC, but with limited success [41]. In
this study we hypothesized that curcumin might potentiate the
anti-proliferative effect of chemotherapeutic agents in advanced
CRC and inhibit metastasis. Therefore the primary goal of this
study was to determine whether curcumin can sensitize CRC cells
to 5-FU and to investigate the mechanism of action of this
chemosensitization. For modeling CRC cells we used HCT116
(wild type) and HCT116+ch3 cells (modified by transfer of
chromosome 3). The treatment with curcumin and 5-FU caused
significantly more anti-proliferative effects and apoptosis in
HCT116+ch3 and HCT116 cells compared to the individual
drugs.

This study demonstrates that combining curcumin and 5-FU
leads to a significant suppression of growth and viability of CRC
cells, indicating that curcumin sensitizes the 5-FU surviving CRC
cells to treatment. This is consistent with the observations of Yu
and colleagues that curcumin is highly effective in sensitizing the
FOLFOX surviving CRC cells [42].

The HCT116+ch3 cells were more sensitive to the treatment
with curcumin and/or 5-FU than the HCT116 wild type cells.
Therefore, there might be a mechanistic relationship between the
combined drug action and DNA damage repair pathway. The
deficiency of the mismatch repair (MMR) system in tumor cells
could be important for clinical resistance to chemotherapy and this
should be carefully considered for the selection and use of the
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therapeutic agents. This study employed the mismatch repair
defective human colon carcinoma cell line HCT116 which has
a mutation in the AMLH]I gene, and a cell line where hMLH1
expression was restored by chromosome 3  transfer
(HCT116+ch3). The increased sensitivity of HC'T116+ch3 cells
to the treatment with 5-FU and/or curcumin compared to
HCT116 cells, suggests that the two cell populations respond
differentially to 5-FU. This is consistent with the observations of
Sargent et al. that CRC patients with defective DNA mismatch
repair (III stage) do not benefit from 5-FU treatment [43],
proposing that different mismatch CRCs could exhibit different
chemosensitivity patterns.

Cell cycle analysis showed that untreated HCT116 and
HCT116+ch3 cells underwent normal cell cycle with a transitory
S phase and a high amount of cells in G1 phase. In contrast, the
cells accumulated in the S phase and subsequently became
apoptotic, instead of proceeding from S to G2 phase, after
treatment with 5-FU anti-cancer drugs or/and curcumin. The S
phase of the cell cycle is connected with the major cellular event of
replication [44]. The combination of curcumin and 5-FU caused
increased apoptosis in CRC cells compared to treatment with the
single agents. There might be a connection between the combined
treatment with 5-FU or/and curcumin and DNA damage repair
pathway. Additionally, the decrease in cell growth and the degree
of apoptotic cell death were significantly higher in HCT116+ch3
cells compared to HCT116 cells.

Curcumin also affected NF-kB-regulated gene products
mvolved in apoptosis (caspase-3, -8, -9, PARP, Bax), anti-apoptosis
(Bcl-xL) and proliferation (cyclin D1), thereby suppressing cell
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Figure 6. Effect of curcumin and/or 5-FU on apoptotic signaling in HCT116 and HCT116+ch3 colon cancer cells. HCT116 cells were
treated with 20 uM curcumin or 5 uM 5-FU or a combination of 5 uM curcumin (4 h pretreatment) and 1 uM 5-FU for 24 h. HCT116+ch3 cells were
treated with 5 uM curcumin or 1 uM 5-FU or a combination of 5 uM curcumin (4 h pretreatment) and 0.1 uM 5-FU for 24 h. Whole cell lysates were
prepared and analyzed by western blotting for A: expression or cleavage of pro-apoptotic proteins caspase-8, caspase-9, caspase-3, PARP and Bax,
and of anti-apoptotic protein BCL-xL B: expression of cyclin D1. The housekeeping protein B-actin served as a positive loading control in all
experiments.

doi:10.1371/journal.pone.0057218.g006
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Figure 7. Effect of curcumin and/or 5-FU on mitochondrial damage and cytochrome c release in HCT116 and HCT116+ch3 colon
cancer cells. HCT116 cells were treated with 20 uM curcumin or 5 uM 5-FU or a combination of 5 uM curcumin (4 h pretreatment) and 1 uM 5-FU
for 24 h. HCT116+ch3 cells were treated with 5 uM curcumin or 1 uM 5-FU or a combination of 5 uM curcumin (4 h pretreatment) and 0.1 uM 5-FU
for 24 h. Mitochondrial and cytoplasmic cell fractions were prepared and analyzed by western blotting using antibodies against cytochrome c. The
housekeeping protein B-actin served as a loading control.

doi:10.1371/journal.pone.0057218.g007
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Figure 8. Effect of curcumin and/or 5-FU on NF-kB and PI-3K/Src activation in HCT116 and HCT116+ch3 colon cancer cells. HCT116
and HCT116+ch3 cells were either treated with different concentrations of 5-FU (0, 2, 5, 10, 20, 40 uM) alone for 1 h or were pretreated with different
concentrations of curcumin (0, 2, 5, 10, 20, 40 uM) for 1 h and then exposed to 1 uM (HCT116) or 0.1 uM (HCT116+ch3) 5-FU for 1 h. A: After
preparation of nuclear extracts western blotting was performed with antibodies against NF-kB and PARP as a loading control. B: Cytoplasmic
fractions were subsequently examined by western blotting for expression of PI-3K (lane 1), Src (lane Il) and B-actin (lane Ill) (loading control).

doi:10.1371/journal.pone.0057218.9g008
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Figure 9. Effect of 5-FU and/or curcumin or PI-3K inhibitor wortmannin on activation of IkBa kinase (IKK) in HCT116 and
HCT116+ch3 colon cancer cells. A: HCT116 cells were treated with 5-FU (5 uM) for 0, 5, 10, 20, 40, or 60 minutes or were pretreated with
curcumin (5 uM) or wortmannin (10 nM) for 1 h and then co-treated with 1 uM 5-FU for 0, 5, 10, 20, 40, or 60 minutes. B: HCT116+ch3 cells were
treated with 5-FU (1 uM) for 0, 5, 10, 20, 40, or 60 minutes or were pretreated with curcumin (5 uM) or wortmannin (10 nM) for 1 h and then co-
treated with 0.1 uM 5-FU for 0, 5, 10, 20, 40, or 60 minutes. Cells were lysed and immune complex kinase assays were performed as described in
Materials and Methods. Equal amounts of total protein (500 ng protein per lane) were separated by SDS-PAGE under reducing conditions and then
analyzed by immunoblotting using antibodies against phosphospecific IkBa (lane 1), IKK-a (lane 1I), and IKK-B (lane II).

doi:10.1371/journal.pone.0057218.g009
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proliferation and potentiating 5-FU-induced apoptosis in CRC
cells. While 5-FU activated NF-kB/PI-3K/Src pathway, which
could provide a pro-survival response to chemotherapeutic agents
and may account for the development of chemoresistance,
curcumin down-regulated these signaling pathways and through
this potentiated the anti-tumor effects of chemotherapy. Stimula-
tion of tumor cells with anti-tumor drugs, cytokines and radiation
can induce the activation of NI-kB and these cells can develop
resistance to apoptosis and cytotoxicity induced by chemotherapy
or radiotherapy by expression of anti-apoptotic genes
[11,45,46,47,48]. The data presented suggest that HCT116 cells
exhibit a higher susceptibility to the combination therapy than to
single agents, suggesting that this treatment may be an effective
therapeutic strategy for targeting chemoresistant cancer cells.
Moreover, the combination of phytochemicals with standard
chemotherapy can significantly reduce the dosage of the chemo-
therapeutic agents and thereby minimize adverse side effects and
drug toxicity for the patients. Curcumin is a well-tolerated
phytochemical, which could prevent primary tumor formation
or tumor recurrence. Here, we provide evidence that curcumin
may have chemopreventive potential against CRC by affecting
multiple cell signaling molecules. Furthermore, we found that this
compound suppressed activation of NF-xB and PI-3K/Src
signaling pathways. The development of resistance to chemother-
apeutic agents is a common phenomenon in tumor cells leading to
recurrence of the tumor and several lines of evidence have
reported that NF-kB and PI-3K signal transduction pathways are
involved in the development of resistance of tumors against
a numerous of anticancer chemotherapeutic agents [49,50,51].

The study also demonstrates that inhibition of the PI-3K
signaling pathway enhances 5-FU-induced apoptosis in HCT116
cells. The release of mitochondrial mediators of apoptosis such as
cytochrome ¢ and apoptosis inducing factor is associated with
mitochondrial damage. Activated Akt, a downstream kinase of PI-
3K can phosphorylate BAD, a pro-apoptotic protein, and BAD is
able to interact with Bcl-2 or Bcl-XL resulting in suppression of
apoptosis [52]. Consistent with its function in the PI-3K signaling
cascade, the inhibition of PI-3K by curcumin and subsequent
blockage of Akt may induce apoptosis. The tyrosine kinase Src,
that regulates cellular signaling pathways, has been linked with
different stages of tumor progression such as CRC metastasis
[53,54] and implicated in treatment resistance to chemotherapeu-
tic agents [55]. Indeed, it has been reported that suppression of Src
signaling sensitizes tumor cells to chemotherapies [56,57]. In
agreement with these findings, we clearly demonstrate that
curcumin alone or in combination with 5-FU markedly decreases
Src expression in a dose-dependent manner in HCT116 cells,
suggesting the inhibition of Src activity by curcumin imparts
higher sensitivity to 5-FU.
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In conclusion, the data presented in this study demonstrate that
a pro-survival, anti-apoptotic signaling response of CRC cells to 5-
FU is mediated via the NF-xB and PI-3K signaling pathways and
curcumin modulates this response by targeting these inducible
signaling pathways (Fig. 10). Moreover, we have shown that
HCT116+ch3 cells are more sensitive to 5-FU and/or curcumin
than HCT116 cells, suggesting an important role for the ZAMLHI
gene in DNA repair and drug sensitivity. Overall, our results
indicate that the combination of curcumin, which is a pharmaco-
logically safe natural compound, with conventional chemothera-
peutics like 5-FU could provide an improved strategy for colon
cancer therapy.

Acknowledgments

The authors gratefully acknowledge the excellent technical assistance
provided by Ms. Patricia Krahe and Ms. Ursula Schwikowski.

Author Contributions

Read and approved the final manuscriptt MS AM CL FB PS AJ.
Conceived and designed the experiments: MS AG. Performed the
experiments: FB PS CL. Analyzed the data: PS AM AG MS. Contributed
reagents/materials/analysis tools: CL FB PS MS. Wrote the paper: AM
AG MS.

8. Wang CY, Cusack JC Jr, Liu R, Baldwin AS Jr (1999) Control of inducible
chemoresistance: enhanced anti-tumor therapy through increased apoptosis by
inhibition of NF-kappaB. Nat Med 5: 412-417.
9. Bharti AC, Aggarwal BB (2002) Chemopreventive agents induce suppression of
nuclear factor-kappaB leading to chemosensitization. Ann N 'Y Acad Sci 973:
392-395.
Baeuerle PA, Baltimore D (1996) NF-kappa B: ten years after. Cell 87: 13-20.
Rayet B, Gelinas C (1999) Aberrant rel/nfkb genes and activity in human
cancer. Oncogene 18: 6938-6947.
. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100: 57-70.
. Lujambio A, Esteller M (2009) How epigenetics can explain human metastasis:
a new role for microRNAs. Cell Cycle 8: 377-382.

. Berdasco M, Esteller M (2010) Aberrant epigenetic landscape in cancer: how
cellular identity goes awry. Dev Cell 19: 698-711.

15. Esteller M (2008) Epigenetics in cancer. N Engl J Med 358: 1148-1159.

10.
11.

February 2013 | Volume 8 | Issue 2 | 57218



20.

21.

23.

24.

26.

27.

28.

29.

33.

34.

36.

. Drummond JT, Anthoney A, Brown R, Modrich P (1996) Cisplatin and

adriamycin resistance are associated with MutLalpha and mismatch repair
deficiency in an ovarian tumor cell line. J Biol Chem 271: 19645-19648.

. Karran P, Bignami M (1994) DNA damage tolerance, mismatch repair and

genome instability. Bioessays 16: 833-839.

. Kolodner RD, Marsischky GT (1999) Eukaryotic DNA mismatch repair. Curr

Opin Genet Dev 9: 89-96.

. Modrich P (1997) Strand-specific mismatch repair in mammalian cells. J Biol

Chem 272: 24727-24730.

Acbi S, Fink D, Gordon R, Kim HK, Zheng H, et al. (1997) Resistance to
cytotoxic drugs in DNA mismatch repair-deficient cells. Clin Cancer Res 3:
1763-1767.

Koi M, Umar A, Chauhan DP, Cherian SP, Carethers JM, et al. (1994) Human
chromosome 3 corrects mismatch repair deficiency and microsatellite instability
and reduces N-methyl-N’-nitro-N-nitrosoguanidine tolerance in colon tumor
cells with homozygous hMLH1 mutation. Cancer Res 54: 4308-4312.

Gupta SC, Kim JH, Prasad S, Aggarwal BB (2010) Regulation of survival,
proliferation, invasion, angiogenesis, and metastasis of tumor cells through
modulation of inflammatory pathways by nutraceuticals. Cancer Metastasis Rev
29: 405-434.

Newman DJ, Cragg GM, Snader KM (2003) Natural products as sources of new
drugs over the period 1981-2002. J Nat Prod 66: 1022-1037.

Bharti AC, Donato N, Singh S, Aggarwal BB (2003) Curcumin (diferuloyl-
methane) down-regulates the constitutive activation of nuclear factor-kappa B
and IkappaBalpha kinase in human multiple myeloma cells, leading to
suppression of proliferation and induction of apoptosis. Blood 101: 1053-1062.

. Chauhan DP (2002) Chemotherapeutic potential of curcumin for colorectal

cancer. Curr Pharm Des 8: 1695-1706.

Shishodia S, Chaturvedi MM, Aggarwal BB (2007) Role of curcumin in cancer
therapy. Curr Probl Cancer 31: 243-305.

Hussain AR, Al-Rasheed M, Manogaran PS, Al-Hussein KA, Platanias LC, et
al. (2006) Curcumin induces apoptosis via inhibition of PI3’-kinase/AKT
pathway in acute T cell leukemias. Apoptosis 11: 245-254.

Aggarwal BB, Kumar A, Bharti AC (2003) Anticancer potential of curcumin:
preclinical and clinical studies. Anticancer Res 23: 363-398.

Csaki C, Keshishzadeh N, Fischer K, Shakibaei M (2008) Regulation of
inflammation signalling by resveratrol in human chondrocytes in vitro. Biochem
Pharmacol 75: 677-687.

Shakibaei M, De Souza P, Merker HJ (1997) Integrin expression and collagen
type II implicated in maintenance of chondrocyte shape in monolayer culture:
an immunomorphological study. Cell Biol Int 21: 115-125.

. Csaki C, Mobasheri A, Shakibaei M (2009) Synergistic chondroprotective effects

of curcumin and resveratrol in human articular chondrocytes: inhibition of IL-
Ibeta-induced NF-kappaB-mediated inflammation and apoptosis. Arthritis Res
Ther 11: R165.

. Buhrmann C, Mobasheri A, Busch F, Aldinger C, Stahlmann R, et al. (2011)

Curcumin modulates nuclear factor kappaB (NF-kappaB)-mediated inflamma-
tion in human tenocytes in vitro: role of the phosphatidylinositol 3-kinase/Akt
pathway. J Biol Chem 286: 28556-28566.

Buhrmann C, Mobasheri A, Matis U, Shakibaei M (2010) Curcumin mediated
suppression of nuclear factor-kappaB promotes chondrogenic differentiation of
mesenchymal stem cells in a high-density co-culture microenvironment. Arthritis
Res Ther 12: R127.

Rath PC, Aggarwal BB (1999) TNF-induced signaling in apoptosis. J Clin
Immunol 19: 350-364.

. Reddy SA, Huang JH, Liao WS (1997) Phosphatidylinositol 3-kinase in

interleukin 1 signaling. Physical interaction with the interleukin 1 receptor and
requirement in NFkappaB and AP-1 activation. J Biol Chem 272: 29167-29173.
Arlt A, Gehrz A, Muerkoster S, Vorndamm J, Kruse ML, et al. (2003) Role of
NF-kappaB and Akt/PI3K in the resistance of pancreatic carcinoma cell lines
against gemcitabine-induced cell death. Oncogene 22: 3243-3251.

PLOS ONE | www.plosone.org

13

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Curcumin Sensitizes Cancer Cells to 5-FU

Ng SS, Tsao MS, Nicklee T, Hedley DW (2001) Wortmannin inhibits pkb/akt
phosphorylation and promotes gemcitabine antitumor activity in orthotopic
human pancreatic cancer xenografts in immunodeficient mice. Clin Cancer Res
7: 3269-3275.

Bacuerle PA, Baichwal VR (1997) NF-kappa B as a frequent target for
immunosuppressive and anti-inflammatory molecules. Adv Immunol 65: 111—
137.

Aggarwal BB, Shishodia S, Takada Y, Banerjee S, Newman RA, et al. (2005)
Curcumin suppresses the paclitaxel-induced nuclear factor-kappaB pathway in
breast cancer cells and inhibits lung metastasis of human breast cancer in nude
mice. Clin Cancer Res 11: 7490-7498.

Verma SP, Goldin BR, Lin PS (1998) The inhibition of the estrogenic effects of
pesticides and environmental chemicals by curcumin and isoflavonoids. Environ
Health Perspect 106: 807-812.

Borralho PM, Moreira da Silva IB, Aranha MM, Albuquerque C, Nobre Leitao
C, et al. (2007) Inhibition of Fas expression by RNAi modulates 5-fluorouracil-
induced apoptosis in HCT116 cells expressing wild-type p53. Biochim Biophys
Acta 1772: 40-47.

Yu Y, Kanwar SS, Patel BB, Nautiyal J, Sarkar FH, et al. (2009) Elimination of
Colon Cancer Stem-Like Cells by the Combination of Curcumin and
FOLFOX. Transl Oncol 2: 321-328.

Sargent DJ, Marsoni S, Monges G, Thibodeau SN, Labianca R, et al. (2010)
Defective mismatch repair as a predictive marker for lack of efficacy of
fluorouracil-based adjuvant therapy in colon cancer. J Clin Oncol 28: 3219—
3226.

Sclafani RA, Holzen TM (2007) Cell cycle regulation of DNA replication. Annu
Rev Genet 41: 237-280.

. Baldwin AS Jr (1996) The NF-kappa B and I kappa B proteins: new discoveries

and insights. Annu Rev Immunol 14: 649-683.

Baldwin AS Jr (2001) Series introduction: the transcription factor NF-kappaB
and human disease. J Clin Invest 107: 3-6.

Barkett M, Gilmore TD (1999) Control of apoptosis by Rel/NI-kappaB
transcription factors. Oncogene 18: 6910-6924.

Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin AS Jr (1998) NF-
kappaB antiapoptosis: induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2
to suppress caspase-8 activation. Science 281: 1680-1683.

Arlt A, Schafer H (2002) NFkappaB-dependent chemoresistance in solid tumors.
Int J Clin Pharmacol Ther 40: 336-347.

Karin M, Cao Y, Greten FR, Li ZW (2002) NF-kappaB in cancer: from
innocent bystander to major culprit. Nat Rev Cancer 2: 301-310.

Vivanco I, Sawyers CL (2002) The phosphatidylinositol 3-Kinase AKT pathway
in human cancer. Nat Rev Cancer 2: 489-501.

Datta SR, Dudek H, Tao X, Masters S, Fu H, et al. (1997) Akt phosphorylation
of BAD couples survival signals to the cell-intrinsic death machinery. Cell 91:
231-241.

Aligayer H, Boyd DD, Heiss MM, Abdalla EK, Curley SA, et al. (2002)
Activation of Src kinase in primary colorectal carcinoma: an indicator of poor
clinical prognosis. Cancer 94: 344-351.

Talamonti MS, Roh MS, Curley SA, Gallick GE (1993) Increase in activity and
level of pp60c-src in progressive stages of human colorectal cancer. J Clin Invest
91: 53-60.

. Kopetz S, Shah AN, Gallick GE (2007) Src continues aging: current and future

clinical directions. Clin Cancer Res 13: 7232-7236.

George JA, Chen T, Taylor CC (2005) SRC tyrosine kinase and multidrug
resistance protein-1 inhibitions act independently but cooperatively to restore
paclitaxel sensitivity to paclitaxel-resistant ovarian cancer cells. Cancer Res 65:
10381-10388.

Griffiths GJ, Koh MY, Brunton VG, Cawthorne C, Reeves NA, et al. (2004)
Expression of kinase-defective mutants of c-Src in human metastatic colon
cancer cells decreases Bcl-xL. and increases oxaliplatin- and Fas-induced
apoptosis. J Biol Chem 279: 46113-46121.

February 2013 | Volume 8 | Issue 2 | 57218



