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Abstract

Although carboplatin is one of the standard chemotherapeutic agents for non-small cell lung cancer (NSCLC), it has limited
therapeutic efficacy due to activation of a survival signaling pathway and the induction of multidrug resistance. Curcumin, a
natural compound isolated from the plant Curcuma longa, is known to sensitize tumors to different chemotherapeutic agents. The
aim of this study is to evaluate whether curcumin can chemosensitize lung cancer cells to carboplatin and to analyze the signaling
pathway underlying this synergism. We investigated the synergistic effect of both agents on cell proliferation, apoptosis, invasion,
migration, and expression of related signaling proteins using the human NSCLC cell line, A549. A549 cell was treated with different
concentrations of curcumin and carboplatin alone and in combination. Combined treatment with curcumin and carboplatin
inhibited tumor cell growth, migration, and invasion compared with either drug alone. Matrix metalloproteinase (MMP)-2 and
MMP-9 were more efficiently downregulated by co-treatment than by each treatment alone. mMRNA and protein expression of
caspase-3 and caspase-9 and proapoptotic genes was increased in cells treated with a combination of curcumin and carboplatin,
whereas expression of the antiapoptotic Bcl-2 gene was suppressed. Co-treatment of both agents substantially suppressed
NF-«B activation and increased expression of p53. Phosphorylation of Akt, a protein upstream of NF-xB, was reduced, resulting in
inhibition of the degradation of inhibitor of kB(IxBa), whereas the activity of extracellular signal-regulated kinase (ERK1/2) was
enhanced. Our study demonstrated that the synergistic antitumor activity of curcumin combined with carboplatin is mediated by
multiple mechanisms involving suppression of NF-kB via inhibition of the Akt/IKKa. pathway and enhanced ERK1/2 activity. Based
on this mechanism, curcumin has potential as a chemosensitizer for carboplatin in the treatment of patients with NSCLC.
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Carboplatin, an analog of cisplatin, is widely used for the
treatment of several cancers including lung, head, neck, and
ovarian cancers.”® Although carboplatin and cisplatin have
similar mechanisms of action, carboplatin is considerably
less toxic than cisplatin.” In clinical practice, platinum-
based chemotherapeutic agents offer a one-year survival
rate of only 40-50% for patients with advanced NSCLC.?

Introduction

Lung cancer is the most common cause of cancer-related
mortality in the United States, with 226,160 new cases and
160,340 deaths in 2012.' Over the past 10 years, the devel-
opment of individualized molecular targeted therapies has
improved the success rates of the treatment for non-small

cell lung cancer (NSCLC).? In spite of these advances, the
five-year combined survival rate is still approximately 16%
in most countries.>*

Prevalence of target oncogene mutations is low: only 10-
20% in whites and 30-40% in Asians for epidermal growth
factor receptor mutation and 2-7% for anaplastic lymphoma
receptor tyrosine kinase rearrangement.’* For these rea-
sons, platinum-based chemotherapy is still the standard

therapy for advanced NSCLC lacking a targetable mutation.
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This result can be explained by the activation of survival
signaling pathways and the induction of multidrug resist-
ance by chemotherapy.” Given this reality, any agent that
downregulates the survival signaling pathway can function
as a chemosensitizer and improve the efficacy of cancer
treatment.

Curcumin, a yellow natural compound extracted from
turmeric, has been used as a dietary ingredient for centuries.
Extensive research on curcumin performed in South East
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Asian countries in the last decade has revealed that curcu-
min has anti-inflammatory, anti-infective, and antitumori-
genesis effects.!®" Of these, the anticancer effects involve
modulation of survival signaling pathways and multiple
related molecules.’> Several studies have demonstrated
that curcumin can sensitize lung cancer cells to various
chemotherapeutic agents including gemcitabine, cisplatin,
docetaxel, and vinorelbine.'>™1° Although carboplatin is a
commonly used chemotherapeutic agent for NSCLC, few
studies have been performed to determine the synergistic
effect of curcumin and carboplatin in NSCLC.

In this study, we used lung cancer cell lines to study the
synergistic effect of a combination of curcumin and carbo-
platin on cell viability and genes related to apoptosis and
elucidate the signaling pathway underlying this synergism.

Material and methods
Cell culture

The human alveolar adenocarcinoma cell line A549 was
obtained from the American Type Culture Collection
(Rockville, MD, USA). The cell line was maintained in con-
tinuous exponential growth by passaging two to three times
a week in RPMI 1640 medium (WelGENE, Daegu, Korea)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin solution (10,000 units/mL
penicillin and 10mg/mL streptomycin). Cells were cul-
tured at 37°C in a 5% CO, humidified incubator and were
split regularly before they attained approximately 80%
confluence.

Drugs and reagents

Carboplatin (Sigma, St. Louis, MO, USA) was dissolved in
distilled water and curcumin (from Curcuma longa
[Turmeric]; Sigma) was dissolved in dimethyl sulfoxide
(DMSO) to give a 50 mM stock solution. The concentration
of DMSO in the experimental solutions was less than 0.1%.
Antibodies specific for cleaved caspase-3 (Asp175), cleaved
caspase-9 (Asp315), phosphorylated p53 (Serl5), phos-
phorylated IxBo (Ser32), ERK1/2, phosphorylated ERK1/
2 (Thr202/Tyr204), Akt (C67E7), and phosphorylated Akt
(Thr308) were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibodies against NF-xB (C-20),
IkBo (C-21), p53 (FL-393), p21 (H-164), Bax (B-9), Bcl-2 (N-
19), Lamin B (M-20), B-actin (I-19), and horseradish perox-
idase-conjugated secondary antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell viability assay

Cells were seeded at a density of 1 x10* cells/well in 96-
well culture plates. After 24h the medium was replaced
with serum-free medium and the cells were treated with
control solvent (0.1% DMSO) or different doses of carbopla-
tin (5-100 uM), curcumin (5-50 uM), or carboplatin (10 uM,
25uM) plus curcumin (10 uM, 25 puM) for 24 h. After 24 h,
MTT (3-[4,5-dimethythiazol-2-yl]-2,5 - diphenyltetrazolium
bromide) solution was added to each well to a final concen-
tration of 0.5pug/mL and incubated for 1h at 37°C. The
insoluble purple formazan product was dissolved in
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DMSO and absorbance was measured at 540nm with an
ELISA reader. Cell viability was calculated according to
the following equation

cell viability(%)
_ absorbance of drug — treated cells 100
- (absorbance of control in the absense)

of carboplation or curcumin

All experiments were repeated at least three times.

Analysis of cytotoxic synergy between carboplatin and
curcumin

Cells were cultured for 24h and then the culture medium
was replaced with fresh medium containing carboplatin
and curcumin separately or in combination at ratios of
1:1, 1:2, and 1:5. After 24h cell viability was determined
by the MTT assay as described earlier. The synergistic
effects of carboplatin and curcumin were quantitatively
analyzed by calculation of the combination index (CI)
using the Compusyn software program, which utilizes the
Chou-Talalay equation method. CI analysis was used to
calculate the interaction between treatment agents. The CI
value was calculated using the following equation

CB.x
1Cx,B

~ CAx
T ICx, A

where CA,x and CB,x are the concentrations of agent A and
agent B used in combination that inhibit cell growth by x%
and ICx,A and ICx,B are concentrations required for x%
inhibition by agent A and agent B alone. Values of CI <1,
CI =1, and CI>1 indicate synergism, an additive effect,
and antagonism, respectively. A more detailed description
of degrees of synergism and antagonism is provided by
Chou and Hayball."”

Observation of cell morphology by in situ Wright
staining

Cells were seeded into 12-well culture plates at a density of
8 x 10* cells/well. After incubation for 24h, the medium
was replaced with serum-free medium and the cells were
treated with agents as described earlier and cultured for a
further 24 h. After treatment, the cells were washed twice
with phosphate buffered saline (PBS) and then fixed and
subjected to Giemsa Wright staining according to the manu-
facturer’s instructions (Fisher Scientific, Kalamazoo, MI,
USA). After staining, the cells were dried and morphologic
changes were observed and photographed using a phase-
contrast microscope.

Scratch wound-healing motility assay

Cells were seeded in six-well plates and cultured to subcon-
fluence. Cell monolayers were scratched with a sterile 200 ul
pipette tip, creating a cell-free area or “wound” approxi-
mately 1 mm in width. Plates were washed twice with ster-
ile PBS to remove loose cell debris and the medium was
replaced with fresh medium containing 1% FBS and
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carboplatin and/or curcumin. A defined area of the wound
was photographed under phase-contrast microscopy before
treatment. After 24 h the same area was re-photographed
and the remaining wound area was determined by image
analysis. The wound closure rate was determined using the
initial and final wound areas during the wounding experi-
ments with the percentage of wound closure calculated as
([initial — final]/initial) x 100. ~ All  experiments were
repeated three times.

Invasion assay

The invasive ability of cancer cells with or without the indi-
cated treatment was examined by a transwell migration
assay using membranes (8 um pore size, 6.5 mm diameter;
Corning Costar, Cambridge, MA, USA) coated with matri-
gel (2.5mg/mL). Cells were trypsinized, washed, and
resuspended at 1 x 10° cells/mL in serum-free media. The
upper wells of the chambers were filled with cells in serum-
free medium (5 x 10* cells/ well) with or without curcumin
(10 uM) and/or carboplatin (50 or 100 uM), and the lower
wells contained medium with 10% FBS. After incubation for
24h, the non-invading cells on the upper surface of the
inserts were removed with a cotton swab and invading
cells on the lower surface were fixed and stained with crys-
tal violet Cell Stain Solution (Cell Biolabs, San Diego, CA,
USA). Evaluation of cell invasion was performed by light
microscopy, and the cells in four randomly selected fields
were counted. The experiments were performed three times
in triplicate.

Matrix metalloproteinase activity assay

The activity of MMP-2 and MMP-9 in the conditioned
medium was measured by gelatin zymography. Briefly,
samples (cell culture supernatants) were prepared with
standard sodium dodecyl sulfate (SDS)-gel loading buffer
before loading. The prepared samples were loaded onto
10% SDS polyacrylamide gels (0.75mm thick) containing
0.1% gelatin. After electrophoresis, the gels were washed
twice with distilled water containing 2.5% Triton X-100
(Sigma) for 20min and then incubated in zymography

reaction buffer (100mM Tris-HCI, pH 7.5, 100mM CaCl,,
500 mM NaCl, 0.2 mM ZnCl,, 0.02% NaNj3, 2.5% TX-100) for
16 h at 37°C. The gels were stained with Coomassie brilliant
blue R-250 for 1h followed by destaining with methanol-
acetic acid-water for 30 min. MMP-2 and MMP-9 activity
appeared as clear bands against the blue background of the
stained gel. Relative activity levels of MMP-2 and MMP-9
were semi-quantified using a Gel-Pro Analyzer.

Semi-quantitative reverse transcription (RT)-PCR
analysis

Total RNA was isolated from A549 cells using TRIzol
reagentTM (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s recommendations. Total RNA (2pug)
was transcribed to cDNA with the oligo-dT primer and
Moloney murine leukemia virus RTase (Invitrogen). PCR
was carried out in a 20 pL reaction mixture containing 2.5
U Taq DNA polymerase buffer, 2 L of each primer, and
2uL cDNA. The sequences of the primers used in this
study are summarized in Table 1. PCR was performed
under the following conditions: initial denaturation at
95°C for 5min, followed by 25-30 cycles of 94°C for 30s,
annealing at the specific temperature for each primer for
30s, and 72°C for 30s, with a final extension step at 72°C
for 10 min. PCR products were resolved by electrophoresis
on 2% agarose gels and visualized with ethidium bromide.

Western blot analysis

Cells were harvested by trypsinization (trypsin 0.5%, 1mM
ethylenediamine tetraacetic acid [EDTA]), washed with
PBS, lysed using a radioimmunoprecipitation assay cell
lysis buffer (150mM NaCl, 1% triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 50mM Tris-HCI, pH 7.5, and
2mM EDTA containing a mixture of protease inhibitors
and phosphatase inhibitors (GenDEPOT, Barker, TX,
USA), and centrifuged at 13,000r/min for 30 min at 4°C.
The protein concentration in the supernatants was deter-
mined using a BCA Protein Assay Kit (Sigma). Equal
amounts of extracted protein (40 pg/sample) were sepa-
rated by SDS polyacrylamide gel electrophoresis using a

Table 1 Sequences of PCR primers used in semi-quantitative reverse transcription (RT)-PCR analysis

Gene Sequence Length (bp) Annealing Temp. (°C)

caspase-3 F: 5-CAGTGGAGGCCGACTTCTTG-3' 399 57
R: 5-TGGCACAAAGCGACTGGAT-3

caspase-9 F: 5-TGTCCTACTCTACTTTCCCAGGTT-3' 198 57
R: 5-GTGAGCCCACTGCTCAAAGAT-3

p53 F: 5-TCCTTACTGCCTCTTGCTTCTC-3’ 266 60
R: 5-TAACTGCACCCTTGGTCTCC-3’

p21 F: 5-GGAAGACCATGTGGACCTGT-3' 197 60
R: 5-GGCGTTTGGAGTGGTAGAAA-3’

NF-xB F: 5-GTGAATCTCCTGCCCTTTCA-3' 340 60
R: 5-CACCAATGATGTGTGATTGTCTC-3'

MMP-9 F: 5-CTGTCCGTGAGGGTGTTGAG-3' 249 55
R: 5'-CTCCCAGCCTATGCTTACCC-3’

B-acitin F:5-ACAGGAAGTCCCTTGCCATC-3' 248 55

R:5-AGGGAGACCAAAAGCCTTCA-3’




10% gel with a Tris-glycine-SDS buffer and transferred to
0.45-pm polyvinylidene difluoride membranes. The mem-
branes were blocked with 5% (w/v) non-fat dried milk
(Difco/Becton Dickinson, Atlanta, GA, USA) in Tris-buf-
fered saline containing 0.05% Tween 20 (TBS-T) and incu-
bated for 2h with the indicated antibody at a dilution of
1:200 at room temperature. The signal was visualized using
enhanced Western Blotting Luminol Reagent (Santa Cruz
Biotechnology) and recorded on an X-ray film.

Statistical analysis

The data were subjected to one-way ANOVA followed by
Dunnett’s multiple range testing using Graph-Pad Prism
version 5.00 for Windows (Graphpad Prism Software, La
Jolla, CA, USA). All data are expressed as means=+SD
and a value of P<0.05 was accepted as statistically
significant.

Results

Curcumin and carboplatin have a synergistic antiproli-
ferative effect

To investigate the synergism between these two agents, we
treated A549 cells with different concentrations of curcumin
(5, 10, 20, and 50 pM) and carboplatin (25, 50, 100, 250, and
500 uM) alone and in combination at different ratios for 24 h
(Figure 1(a) and (b)). The MTT assay showed that curcumin
and carboplatin alone and in combination reduced cell
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viability in a dose-dependent manner. DMSO showed no
significant effects on cell morphology and viability (data
not shown).

The results from the MTT assay were analyzed using
Compusyn software to determine the CI values of the two
agents in A549 cells for different treatment ratios. A CI of 1
indicates an additive effect, <1 indicates a synergistic effect,
and >1 suggests an antagonistic effect of the combination.
As shown in Figure 1(c) and (d), when curcumin and car-
boplatin were administered in ratios of 1:10, 1:5, and 1:2.5,
the CI values ranged from 0.6 to 0.9. Although the CI value
of a combination of 20 pM curcumin and carboplatin was
lower than that of a combination of 10 UM curcumin and
carboplatin, cell viability was less than 50% for the combin-
ation of 20 pM curcumin and carboplatin. For this reason,
we selected 10 pM curcumin and 50 or 100 uM carboplatin
(CI value <1) alone or in combination for use in subsequent
experiments.

Morphological changes

As shown in Figure 2, Wright-Giemsa staining of cells
showed changes in cell morphology, cell shrinkage, round-
ing and partial detachment, loss of cell-cell contacts, and
membrane blebbing in treated cells compared to control
cells. These morphologic changes were distinctly increased
after treatment with the combination of curcumin and
carboplatin.

= 100+ * < 1004 _ 3 Carboplatin 0 pM
e e 3 Carboplatin 25 pM
2 754 ok ze 754 = Carboplatin S0 p)M
= = = Carboplatin 100 pM
2 g0 T B Carboplatin 250 pI
= - B Carboplatin $00 pM
_% 284 ok '% 254
& &)
T H 10 20 50 0 10 20
Curcumin (M) Curcumin (nM)
() (d)
- L5 Curcumin Curcumin
=) 2
= - = (10 uM) (20 uM)
= 10 Carboplatin (25 pM) 0.80£0.11 0.63 £ 0.09
”7-2 Carboplatin (50 pM) 0.81 £0.07 0.69£0.19
= 0.8
§ ﬂ Carboplatin(100uM) | 0.90+0.06 | 0.80+0.18
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Figure 1

Synergistic effect of curcumin and carboplatin on cell growth inhibition. A549 cells were treated with different concentrations of curcumin and/or carboplatin

for 24 h and cell death was measured by the MTT assay as described in ‘“Material and methods’’ section. Cell viability (a, b) and combination index (c, d) were
determined. Combining curcumin with carboplatin resulted in enhanced cytotoxicity in A549 cells. Values represent mean + SD from three independent experiments. *,

P <0.05; **, P <0.01 compared with control



1420 Experimental Biology and Medicine Volume 240 November 2015

Inhibition of cell migration and invasion

Treatment with 10 pM curcumin and 50 or 100 pM carbopla-
tin in combination significantly reduced cell migration
(P<0.01) compared to wuntreated cells (Figure 3).
Moreover, the migration inhibitory effect of a combination
of 10pM curcumin and 100 uM carboplatin was signifi-
cantly higher than that of 100pM carboplatin alone
(P <0.05). Combination treatment also significantly inhib-
ited cell invasion in the matrigel invasion assay (P < 0.05)
(Figure 4).

Downregulation of MMP-2 and MMP-9 activity

To examine whether the anti-invasive activities of curcumin
or carboplatin correlated with the inhibition of MMP-2 and
MMP-9 activities, we examined the activity levels of gelati-
nolytic MMPs using a gelatin zymography assay (Figure
5(a)). Cells were treated with curcumin, carboplatin, or
both agents for 24h and the culture supernatants were
used for the assay. As shown in Figure 5(a), curcumin
decreased activity levels of the pro-forms of zymogen
MMP-2 and MMP-9 by 843 and 86.6%, respectively.

Curcumin 10 pM

Phase-
contrast
microscope

Wright-
Giemsa
staining

Carboplatin 50 pM

Curcumin 10 pM Curcumin 10 pN
+Carboplatin 50 pM | +Carboplatin 100 pM

7 ]

Carbaplatin 100 pM

Figure 2 Cellular morphologic changes. A549 cells were seeded in 12-well culture plates. After 24 h the cells were treated with the indicated concentration of drugs
for a further 24 h. Cells were photographed under a phase contrast inverted microscope and then fixed and subjected to Wright-Giemsa staining. (A color version of this

figure is available in the online journal.)
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Figure 3 Wound healing assay. After the cells had formed a confluent monolayer, scratches in the monolayer were made using a 200 pL tip and closure of the scratch
was examined under a microscope. (a) Representative photographs show the same area at 0 h and after 24 h of treatment. (b) Cells migrating into the wound area were
counted based on the line of the wound at O h. *, P < 0.05; **, P < 0.01 compared with control; , P < 0.05 compared with 100 M carboplatin
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Figure 4 Matrigel cell invasion assay. After incubation for 24 h with the indicated concentration of curcumin or carboplatin, cells that migrated to the lower chamber
were fixed, stained, and counted using light microscopy (magnification, x200) as described in ‘‘Material and methods’’ section. (a) Random fields were scanned (four
fields per filter of the well) for the presence of cells on the lower side of the membrane. (b) Cells that migrated through the membrane were quantified. Carboplatin and
curcumin synergistically suppressed the migration of A549 cells. *, P < 0.05; **, P < 0.01 compared with control. (A color version of this figure is available in the online
journal.)
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Figure 5 Matrix metalloproteinase (MMP)-2/-9 in A549 cells. (a) Cells were incubated with curcumin or carboplatin as indicated for 24 h. MMP-2/-9 activities were
examined using gelatin zymography. (b) Quantification of MMP-2/-9 activity by curcumin and/or carboplatin was compared with the control. Data are expressed as the
mean £ SD. *, p < 0.05; ** p <0.01; **, p <0.001 versus control group. *, p < 0.05 versus treatment group with 10 «M curcumin. s p <0.05; 83, p <0.01 versus
treatment group with 50 «M carboplatin; & p<0.05, %, p <0.01 versus treatment group with 100 M carboplatin. (c) MMP-2/-9 mRNA levels were measured by RT-
PCR analysis

However, carboplatin did not have an obvious effect on the
pro-forms. Carboplatin with 10uM curcumin treatment

As shown in Figure 5(c), curcumin alone slightly
inhibited MMP-9 mRNA expression in A549 cells, whereas

induced downregulation of MMP-2/-9 activity in a dose-
dependent manner. The treatment of 100 uM carboplatin
with curcumin inhibited the activity of MMP-2 and MMP-
9 by 68.9 and 76.3%, respectively (Figure 5(b)). To further
examine whether the inhibition of pro-form MMP-9 activity
by curcumin and carboplatin resulted from a decrease in
MMP-9 mRNA expression, the levels of MMP-9
mRNA in A549 cells were determined by RT-PCR.

carboplatin alone inhibited expression in a dose-dependent
manner. In particular, the combination of curcumin and
carboplatin decreased MMP-9 mRNA expression by
approximately 40% compared with control cells.
These results demonstrated that a combination of
curcumin and carboplatin has a synergistic antimetastatic
effect in A549 cells through inhibition of MMP-2 and
MMP-9.
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Figure 6 Effect of curcumin and carboplatin on the expression of genes involved in apoptosis and cell survival. A549 cells were treated for 24 h with curcumin and
carboplatin alone or in combination, and the expression of caspase-3, caspase-9, p53, and p21 was examined by RT-PCR analysis (a) and quantitated using the Image
J program (b). (c) Protein levels of apoptosis-related genes were examined using western blot analysis

Expression of apoptotic genes

The mRNA expression of caspase-3, caspase-9, p53, and p21
was significantly upregulated by the combination of curcu-
min and carboplatin (Figure 6(a) and (b)).

The effect of curcumin and carboplatin on the expression
of apoptosis-related proteins caspase-3, caspase-9, p53, p21,
Bax, and Bcl-2 was also examined. As shown in Figure 6(c),
the combination of curcumin and carboplatin caused obvi-
ous cleavage of both caspase-3 and caspase-9, suggesting
that the antiproliferative effect of the combination treatment
is mediated through the induction of apoptosis. In addition,
the expression of the proapoptotic genes p53, p21, and Bax
was upregulated by the combination of curcumin and car-
boplatin, whereas expression of the antiapoptotic gene Bcl-2
was significantly decreased by 81.8 and 52.6% by treatment
with 10 uM curcumin and either 50 or 100 pM carboplatin,
respectively.

Suppression of NF-kB activation

As shown in Figure 7, the combination of carboplatin with
curcumin greatly suppressed mRNA and nuclear protein
levels of NF-xB compared with the single drug treatment.
The treatment of curcumin with or without carboplatin
induced the activity of I-xB, an inhibitor of NF-«kB proteins,
through inhibiting phosphorylation of I-kB. We examined
the NF-kB p65 activity in nuclear extract of A549 cells using
western blotting, because NF-xB activation requires nuclear
translocation of the p65 subunit of NF-xB. Curcumin
treatment effectively blocked p65 nuclear translocation
(Figure 7(b)). These results indicate that curcumin may

sensitize A549 cells to the effects of carboplatin by inhibit-
ing NF-xB activity and thus regulating the expression of
apoptosis-related genes.

Regulation of Akt and ERK1/2

Treatment of A549 cells with 10 uM curcumin in combin-
ation with 50 or 100 uM carboplatin for 24 h affected phos-
phorylation of Akt and ERK1/2 to a greater extent than
treatment with each agent alone. As shown in Figure 8,
the combination of curcumin and 100 uM carboplatin down-
regulated Akt phosphorylation by 34.9% and increased
ERK1/2 phosphorylation by 181.6%. These results indicate
that the synergistic antineoplastic effect of the combination
of curcumin and carboplatin on A549 cells is mediated by
inactivation of Akt and activation of ERK1/2.

Discussion

This study aimed to evaluate the effect of curcumin com-
bined with carboplatin on cell viability and apoptosis and
underlying mechanism in human Iung cancer cells.
Curcumin is known to sensitize cancer cells to various che-
motherapeutic agents, but protect normal organs from che-
motherapy-induced toxicity.'®

In this study, curcumin or carboplatin alone decreased
the cell viability of A549 cells in a dose-dependent manner,
whereas a combination of curcumin (10 or 20 pM) and car-
boplatin (20-100 M) had a greater inhibitory effect on cell
viability. In addition to cell proliferation and apoptosis, the
combination of curcumin and carboplatin had a synergistic
therapeutic effect on cancer cell invasion and migration. It is
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Figure 7 Effect of curcumin and carboplatin on NF-«B activity. A549 cells were
treated with curcumin and carboplatin as indicated, and the expression of NF-kB
was examined using RT-PCR (a). Curcumin treatment with carboplatin induces I-
kB activity and inhibits phosphorylation of I-xB and nuclear translocation of NF-
kB p65. Cytosolic and nuclear lysates were analyzed by western blot analysis.
B-actin and lamin B were used as a loading control for cytoplasmic and nuclear
proteins, respectively (b)

possible that these effects involve downregulation of MMP-
2 and MMP-9 by curcumin.'” MMP-2 and MMP-9 are
responsible for extracellular matrix degradation and over-
expression of these genes is closely related to tumor metas-
tasis.”® Our experiment demonstrated that combination of
curcumin and carboplatin inhibited MMP-2 and MMP-9
expression in the A549 cell line.

One of the major signaling pathways responsible for che-
moresistance is the NF-kB pathway. The heterodimeric
transcription factor NF-kB is a significant player in cancer
development and progression.”’ NF-kB transcriptionally
regulates the expression of various proteins that participate
in prosurvival signaling pathways, such as Bcl-2, cyclin D,
and vascular endothelial growth factor.*>**> NF-kB is acti-
vated by nuclear translocation following its release from a
complex with nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (IxBa).
Phosphorylation of IkBo is one of the protein kinase B
(Akt)-dependent signaling pathways responsible for the
activation of NF-kB.** Chemotherapy-induced activation
of NF-«B is thought to play a critical role in the acquisition
of chemoresistance.”” Several reports have shown that
downregulation of NF-xB intensifies therapeutic effi-
cacy257-28 and that suppression of NF-«xB activity is asso-
ciated with the induction of apoptosis in cancer
chemotherapy.?

Curcumin has been shown to inhibit NF-xB pathway.
Sakamoto et al.>! reported that platinum-based anticancer
drugs such as carboplatin and oxaliplatin augment NF-kB
activation, whereas curcumin decreases nuclear expression
of NF-«xB and potentiates the sensitivity of colorectal cancer
cells to chemotherapeutic agents. We found that curcumin,
either as a single agent or combined with carboplatin, sup-
pressed NF-kB activation. This inhibition of NF-kB is
through sequestration in the cytoplasm by IkBo.

18,30

Kang et al. Curcumin sensitizes human lung cancer cells 1423
Akt —> [ S S . -d
p-Akt —>
ERK —>
p-ERK —>
p-actin —=>
Carboplatin (uM) - - 50 100 50 100
Curcumin 10 pM - + - - + +

Figure 8 Effect of curcumin and carboplatin on the phosphorylation of Akt and
MAPK. A549 cells were treated with curcumin and carboplatin as indicated and
the expression of Akt and MAPK-activated genes was examined using western
blot analysis

Curcumin combined with carboplatin also reduced expres-
sion of antiapoptotic protein Bcl-2, one of several down-
stream targets of NF-kB.>> Bcl-2 family proteins are critical
regulators of the induction of apoptosis through inter-
actions at the mitochondrial membrane that influence the
release of cytochrome ¢,® which in turn activates the intra-
cellular caspases responsible for cleavage of cellular pro-
teins during apoptosis. Chanvorachote et al."® reported
that curcumin sensitizes lung cancer cells to cisplatin-
induced apoptosis through superoxide anion-mediated
Bcl-2 degradation. Initiation of mitochondrial apoptosis is
mediated by the Bcl-2 family and the tumor suppressor
protein p53, and the subsequent increase in the activity of
caspase-3 and caspase-9. Mitochondrial cytochrome c acti-
vates caspase-9 as an initial caspase, which subsequently
induces activation of the effector caspase-3.* Caspase acti-
vation is a hallmark of apoptosis and is known to be regu-
lated by NF-kB.>> Curcumin-induced NF-xB inhibition
exerts antitumor potency through activation of the p53-
p21 protein complex.>®

We further observed that a combination of curcumin and
carboplatin inhibited phosphorylation of Akt and enhanced
phosphorylation of ERK1/2 in the lung cancer cell line.
Curcumin has been shown to inhibit phosphorylation of
Akt/mTOR and its downstream targets in many cancer
cell lines®® and Akt phosphorylation plays a critical role
in regulation of the NF-kB pathway.”® Therefore, inhibition
of Akt phosphorylation by curcumin might downregulate
NEF-xB. Activation of ERK1/2, one of the mitogen-activated
protein kinases, is associated with inhibition of apoptosis in
response to diverse external stimuli.>’ On the other hand,
activation of ERK1/2 in response to certain DNA damage
stimuli, including etoposide, adriamycin, and platinum
compounds, promotes cell apoptosis by activating proa-
poptotic signaling molecules and G2-M arrest.”® A report
by Ono et al.* support involvement of ERK1/2 activation in
curcumin-induced apoptosis in gall bladder carcinoma
cells. Therefore, the enhanced phosphorylation of ERK1/2
by curcumin combined with carboplatin in lung cancer cells
is an interesting finding of this study.

In summary, we report that curcumin combined with
carboplatin showed synergistic effect on cell invasion and
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metastasis through activation of cell apoptosis in human
lung cancer cells. These beneficial effects were mediated
by NF-kB through inhibition of the Akt/IKKo pathway
and activation of ERK1/2 with subsequent activation of
caspases and p53. Our results provide evidence for the
potential as chemosensitizer of curcumin in the treatment
of lung cancer, especially in patients frail to platinum-based
chemotherapy. Further investigation for the activity of cur-
cumin in animals and humans is required to confirm its
potential as a chemosensitizer.
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