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Curcumin downregulates p38 MAPK-dependent X-ray
repair cross-complement group 1 (XRCC1) expression to enhance
cisplatin-induced cytotoxicity in human lung cancer cells
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Abstract Cisplatin is a well-studied and widely used chemo-
therapeutic agent and is effective in the treatment of the ad-
vanced human non-small cell lung cancer (NSCLC).
Curcumin is a yellow pigment derived from the rhizome of
Curcuma longa and has been proved to have antioxidant and
antitumor properties. XRCC1 is an important scaffold protein
involved in base excision repair and plays an important role in
the development of lung cancer. In this study, we characterize
the role of curcumin in the cytotoxicity, p38 MAPK activa-
tion, and XRCC1 expression affected by cisplatin in NSCLC
cells. We show that curcumin enhanced the cytotoxicity in-
duced by cisplatin in two NSCLC cells, A549 and H1703.
Treatment with cisplatin alone increased XRCC1 mRNA
and protein expression through p38 MAPK activation.
Moreover, SB2023580 (p38 inhibitor) decreased the
XRCC1 mRNA and protein stability upon cisplatin treatment.
Knockdown of XRCC1 in NSCLC cells by transfection of
XRCC1 siRNA or inactivation of p38 MAPK resulted in en-
hancing the cytotoxicity and cell growth inhibition induced by

cisplatin. Curcumin inhibited the expression of XRCC1 in
cisplatin-exposed NSCLC cells. Furthermore, transfection
with constitutive active MKK6 or HA-p38 MAPK vectors
rescued the XRCC1 protein level and also the cell survival
suppressed by cisplatin and curcumin combination in A549
and H1703 cells. These findings suggested that the downreg-
ulation of XRCC1 expression by curcumin can enhance the
chemosensitivity of cisplatin in NSCLC cells.
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CFA colony-forming ability
XRCC1 X-ray repair cross-complement group 1
siRNA small interfering RNA
MAPK mitogen-activated protein kinase
NSCLC non-small cell lung cancer

Introduction

Lung cancer is the leading cause of cancer death worldwide
and classified as non-small-cell lung cancer (NSCLC) and
small-cell lung cancer (Silvestri and Rivera 2005). NSCLC
accounts for 85 % of lung cancer cases, and the majority of
people diagnosed with NSCLC are unsuitable for surgery due
to the NSCLC patients with metastasis (Massarelli and Herbst
2006). The first-line therapeutic option for advanced NSCLC
patients includes chemotherapy with a platinum-containing
compound such as cisplatin in combination with second- or
third-generation cytotoxic agents (Pfister et al. 2004).
Cisplatin is a cytotoxic platinum compound that triggers
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DNA crosslinking-induced cell death (Kelland 2007), and
cellular response to cisplatin exposure includes activation of
MAPKs signal transduction pathway (Persons et al. 1999).
Despite advances in early detection and chemotherapy, its
prognosis is usually poor (Schiller et al. 2002). This
poor treatment outcome is due to the development of
multiple mechanisms to overcome cisplatin-induced
DNA damage and apoptosis and lead to cisplatin resis-
tance (Rosell et al. 2002; Rudin et al. 2003; Siddik
2003; Galluzzi et al. 2012). One of the major systems
activated is enhanced capability of DNA repair path-
ways in cancer cells to remove the cisplatin-induced
DNA damage (Usanova et al. 2010).

X-ray repair cross complementing group 1 (XRCC1) is a
key mediator of DNA single-strand breaks (SSBs) repair, and
deficiency in XRCC1 results in embryonic lethality in mice
(Tebbs et al. 1999; Tebbs et al. 2003). XRCC1 is involved in
the repair process of cisplatin-induced DNA damage in
HepG2 cells (Zhang et al. 2010). Downregulation of
XRCC1 expression in human breast cancer cell lines resulted
in decreased SSBs repair capacity and hypersensitivity to
methyl methanesulfonate (Brem and Hall 2005). Moreover,
previous studies have suggested an association between
XRCC1 and cisplatin resistance (Kudo et al. 2012; Siddiqui-
Jain et al. 2012); however, the contribution of XRCC1 to
cisplatin resistance in NSCLC and underlying mechanisms
is not fully understood.

Curcumin, a well-known chemopreventive agent, has been
reported as a candidate for development of potential therapeu-
tic strategies for treatment of cancer (Shishodia et al. 2005). It
exhibits antioxidant, anti-inflammatory, antibacterial, antivi-
ral, and hepatoprotective roles (Kumar et al. 2016).
Curcumin can sensitize human ovarian cancer cells to cisplat-
in or oxaliplatin (Montopoli et al. 2009). Moreover, curcumin
has the ability to suppress several cellular signalingmolecules,
including the MAPK family signaling pathways (Chen and
Tan 1998; Han et al. 2002). For example, curcumin induces
cell death in cisplatin-resistant human ovarian cancer cells by
modulating p38 MAPK and AKT activity (Weir et al. 2007).
However, it is unclear whether curcumin could enhance the
sensitivity of cisplatin through modulation of p38 MAPK and
XRCC1 expression in NSCLC.

In the present study, we used two different NSCLC
cell types, including bronchioloalveolar cell carcinoma
(A549) and squamous cell carcinoma (H1703) to inves-
tigate the molecular mechanisms of curcumin in combi-
nation with cisplatin for generation of cytotoxic effects.
Moreover, a recent study indicated that irinotecan, a
topoisomerase-1 inhibitor, has a synergistic effect with
cisplatin in cisplatin-resistant gastric cancer cells
through suppression of XRCC1 (Xu et al. 2014).
Therefore, we also wanted to know whether the
curcumin could affect the sensitivity of cisplatin for

NSCLC cells through modulating expression of
XRCC1. These results may provide a rational design
for future drug regimens incorporating cisplatin and
curcumin for the treatment of NSCLC.

Materials and methods

Chemical agents and cell culture

Curcumin, cisplatin, cycloheximide, and actinomycin D were
obtained from Sigma (St Louis, MO). SB2023580 was pur-
chased from Calbiochem-Novabiochem (San Diego, CA,
USA). Curcumin, actinomycin D, and SB2023580 were dis-
solved in dimethyl sulfoxide (DMSO). Cycloheximide was
dissolved in Milli-Q-purified water (Millipore, Billerica,
MA, USA). Human lung carcinoma cells A549 and H1703
were obtained from the American Type Culture Collection
(Manassas, VA), and the cells were cultured at 37 °C in a
humidified atmosphere containing 5 % CO2 in RPMI-1640
complete medium supplemented with sodium bicarbonate
(2.2 %, w/v), L-glutamine (0.03 %, w/v), penicillin (100
units/ml), streptomycin (100 μg/ml), and fetal calf serum
(10 %).

Western blot analysis

After different treatments, equal amounts of proteins
from each set of experiments were subjected to
Western blot analysis. The specific phospho-p38
MAPK (Thr180/Tyr182) and phospho-MKK3 (Ser189)/
MKK6 (Ser207) antibodies were purchased from Cell
Signaling (Beverly, MA). Rabbit polyclonal antibodies
against XRCC1 (H-300) (sc-11429), p38(C-20) (sc-
535), MEK3 (N-20) (sc-959), HA (F-7) (sc-7392), and
actin (I-19) (sc-1616) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Transfection withMKK6E, HA-p38MAPK vectors, small
interfering RNA

Plasmids transfection of MKK6E (a constitutively active form
of MKK6) and HA-p38 MAPK was achieved as previously
described (Cheng et al. 2006; Chuang et al. 2008).
Exponentially growing human lung cancer cells (106) were
plated for 18 h, and then MKK6E expression vectors were
transfected into A549 or H1703 cells using Lipofectamine
(Invitrogen). The XRCC1 siRNA (sc-36859) or scramble con-
trol siRNA were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Cells were transfected with siRNA du-
plexes (200 nM) for 24–48 h using Lipofectamine 2000
(Invitrogen) for 24 h.
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Quantitative real-time polymerase chain reaction

Polymerase chain reactions (PCRs) were performed
using ABI Prism 7900HT according to the manufac-
turer’s instructions. Amplification of specific PCR prod-
ucts was performed using the SYBR Green PCR Master
Mix (Applied Biosystems). For each sample, the data
were normalized to the housekeeping gene glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). The de-
signed primers in this study were XRCC1 forward prim-
er, 5′-GGGACCGGGTCAAAATTGTT-3′; XRCC1 re-
verse primer, 5′-ACCGTACAAAACTCAAGCCAAAG-
3 ′ ; G A P D H f o r w a r d p r i m e r , 5 ′ -
CATGAGAAGTATGACAACAGCCT-3 ′ ; GAPDH

reverse primer, 5′-AGTCCTTCCACGATACCAAAGT-
3′. Analysis was performed using the comparative Ct
value method. For each sample, the data were normal-
ized to the housekeeping gene GAPDH.

MTS assay

Cells were cultured at 5000 per well in 96-well tissue culture
plates. To assess cell viability, drugs were added after plating.
At the end of the culture period, 20 μL of MTS solution
(CellTiter 96 Aqueous One Solution Cell Proliferation
Assay; Promega, Madison, WI, USA) was added, the cells
were incubated for a further 2 h, and the absorbance was
measured at 490 nm using an ELISA plate reader (Biorad

Fig. 1 Curcumin co-treatment with cisplatin synergistically enhanced
cytotoxicity. a Cisplatin and curcumin were combined at a ratio of 1:2
or 1:4 and the MTS assay was used to analyze cell viability. The mean of
cell viability was calculated amount of three independent experiments. b
The mean CI values at each fraction affected (FA) of 0.50, 0.75, and 0.90
for cisplatin and curcumin combined treatment were calculated form three
independent experiments. c Cells were treated with cisplatin (1 μM) and/
or curcumin (10 or 20 μM) for 1–3 days after which living cells were
determined by MTS assay. **p < 0.01 using the Student’s t test for
comparison between cells treated with a drug alone or with a cisplatin/

curcumin combination. dCells were treatedwith cisplatin (20μM) and/or
curcumin (40 μM) for 1–3 days after which living cells were determined
by trypan blue dye exclusion assay. **p < 0.01 using Student’s t test for
comparison between cells treated with cisplatin alone or with a cisplatin
and curcumin combination. e Cisplatin (1 μM) and/or curcumin (10 μM)
were added to cells for 24 h, and cytotoxicity was determined by colony-
forming ability assay. **p < 0.01, using Student’s t test for comparison
between the cells treated with cisplatin alone or cisplatin/curcumin
combination
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Technologies, Hercules, CA). The cell viability was calculated
as follows: cell viability (%) = (OD of drug-treated sample/
OD of untreated sample) × 100. The values of cell viability
were calculated from the mean amount of the three indepen-
dent experiments.

Combination index analysis

The cytotoxicity induced by the combined treatment with cis-
platin and/or curcumin was compared with the cytotoxicity
induced by each drug using the combination index (CI), where
CI < 0.9, CI = 0.9–1.1, and CI > 1.1 indicate synergistic,
additive, and antagonistic effects, respectively. The combina-
tion index analysis was performed using CalcuSyn software
(Biosoft, Oxford, UK). The mean of CI values at a fraction
affected (FA) of 0.90, 0.75, 0.50 were averaged for each ex-
periment, and the values were used to calculate the mean
between the three independent experiments.

Trypan blue dye exclusion assay

The cells were treated with cisplatin and/or curcumin for 1–
3 days. After treatment, the cells were harvested, and the pro-
portion of viable cells was determined by hemocytometer,
counting the number of cells non-stained with trypan blue.
Trypan blue dye can be excluded from living cells but is able
to penetrate dead cells. The dead cells were calculated as fol-
lows: trypan blue (+) cells ratio (%) = (stained cell number /
total cell number) × 100.

Colony-forming ability assay

Immediately after drug treatment, the cells were washed with
phosphate-buffered saline and trypsinized to determine the
cell numbers. The cells were plated at a density of 500–1000
cells on a 60 mm-diameter Petri dish in triplicate for each
treatment and cultured for 12–14 days. The cell colonies were
stained with 1 % crystal violet solution in 30 % ethanol.
Cytotoxicity was determined by the number of colonies in
the treated cells divided by the number of colonies in the
untreated control.

Statistical analyses

For each protocol, three or four independent experiments were
performed. Results were expressed as the mean ± SEM.
Statistical calculations were performed using SigmaPlot
2000 software (Systat Software, San Jose, CA). Differences
in measured variables between the experimental and control
groups were assessed by unpaired t-test. P < 0.05 was consid-
ered statistically significant.

Results

The combination of cisplatin and curcumin showed a syner-
gistic effect on the reduction of cell viability.

Previous study indicated that the combination of curcumin
and cisplatin enhanced growth suppression in head and neck

Fig. 2 Cisplatin increased XRCC1 expression in a dose- and time-
dependent manner. a A549 or H1703 cells (106) were cultured in
complete medium for 18 h and then exposed to cisplatin (20 μM) for
4–24 h or various concentrations of cisplatin (2.5–20 μM) for 24 h in
complete medium. The total RNAwas isolated and subjected to real-time

PCR for XRCC1 mRNA expression. The results (mean ± SEM) were
from three independent experiments. b After treatment, the cell extracts
were examined by Western blot for determination of XRCC1, phospho-
MKK3/6, phospho-p38, actin, MKK3, and p38 MAPK protein levels
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squamous cell carcinoma (Duarte et al. 2010); therefore, we
attempted to determine whether curcumin could enhance the
cytotoxic effects of cisplatin in NSCLC cells. According to a
previous study, NSCLC cells treatment with chemotherapeu-
tic drug mitomycin C (MMC) plus curcumin at a ratio of 1:2
resulted in increasing the sensitivity of NSCLC cells to MMC
(Weng et al. 2012); therefore, cisplatin and curcumin were
combined at the 1:2 or 1:4, and the effect of combined treat-
ment on cell viability was examined byMTS assay. Combined
treatment with curcumin and cisplatin for 24 h resulted in a
greater loss of cell viability in A549 and H1703 cells than
treatment with either curcumin or cisplatin alone (Fig. 1a).

The CI values for cisplatin and curcumin were <1, indicating
that the combination treatment had a synergistic effect
(Fig. 1b). In addition, A549 and H1703 cells were exposed
to cisplatin and/or curcumin for 1–3 days and cell proliferation
was determined by MTS and trypan blue dye exclusion assay
(Fig. 1c, d). Cisplatin and curcumin co-treatment had a greater
cell growth inhibition effect than either treatment alone
(Fig. 1c, d). Colony-forming assays were conducted to inves-
tigate whether curcumin affected cisplatin-mediated long-term
clonogenic cell survival in NSCLC cells. In Fig. 1e, curcumin
significantly suppressed the cell colony-forming ability of
cisplatin-exposed A549 and H1703 cells. The results showed

Fig. 3 Cisplatin increased XRCC1 expression in a p38MAPK activation
manner. aUpper panel various concentrations of SB2023580 were added
to the cells for 24 h. Lower panel SB2023580 (10 μM) was added to
A549 or H1703 cells for 1 h before cisplatin treatment for 24 h. The total
RNA was isolated and subjected to real-time PCR for XRCC1 mRNA
expression. The results (mean ± SEM) were from three independent
experiments. **p < 0.01 using Student’s t test for comparison between
the cells treated with cisplatin–DMSO or an cisplatin–SB2023580
combination. b After treatment as above, the cell extracts were
examined by Western blot. c and d A549 or H1703 cells (5 × 105) were
cultured in a 60-mm Petri dish for 18 h and then transfected with si-p38

RNA. After incubation for 1 day, the cells were treated with 10 μM
cisplatin for 24 h. **p < 0.01, respectively, using Student’s t test to
compare cells treated with cisplatin in si-p38 RNA vs. si-control-
transfected cells. e and f MKK6E expression vectors were transferred
into cells using lipofection and allowed to express for 2 days.
**p < 0.01, respectively, using Student’s t test to compare cells
transfected with MKK6E expression vectors vs. pcDNA3-transfected
cells. After treatment as the above, total RNA was isolated and
subjected to real-time PCR for XRCC1 mRNA expression (c and e).
The cell extracts were examined by Western blot for determination of
XRCC1, phospho-p38, p38, and actin protein levels (d and f)

Naunyn-Schmiedeberg's Arch Pharmacol (2016) 389:657–666 661



that combined cisplatin and curcumin had a synergistic cyto-
toxic effect on human NSCLC cells.

Cisplatin increased phospho-p38, phospho-MKK3/6,
XRCC1 protein, and mRNA expression in A549 and
H1703 cells.

Next, to know whether cisplatin treatment could affect
XRCC1 expression. we assessed A549 or H1703 cells treated
with cisplatin (20 μM) for 4–24 h or cisplatin (2.5, 5, 10,
20 μM) for 24 h, and the real-time PCR was used for deter-
mination of the XRCC1 mRNA level. The protein levels of
XRCC1 were determined byWestern blot analysis. In Fig. 2a,
b, cisplatin induced XRCC1 mRNA and protein expression in
a time and dose-dependent manner and also increased
phospho-p38 and phospho-MKK3/6 protein levels. In addi-
tion, to determine whether p38 activation was involved in up-
regulation of XRCC1 by cisplatin, A549 or H1703 cells were
pretreated with p38 inhibitors (SB2023580) to block cisplatin-
induced p38 activation. In Fig. 3a, b, the addition of
SB2023580 decreased cellular and cisplatin-induced p38 ac-
tivation. Moreover, SB2023580 pretreatment decreased
XRCC1 mRNA and protein levels in cisplatin-exposed cells.
Furthermore, knockdown the p38 MAPK expression by spe-
cific p38MAPK siRNA inA549 or H1703 cells decreased the
XRCC1 expression in response to cisplatin as compared with
the control cells (Fig. 3c, d). In contrast, transfection with
MKK6E (a constitutively active form of MKK6) increased
cellular p38 MAPK phosphorylation and XRCC1 mRNA
and protein expression compared with transfection with the

pcDNA3 control vector (Fig. 3e, f). Therefore, we concluded
that cisplatin increased XRCC1 expression in a p38 MAPK
activation manner.

Inactivation of p38 activity enhanced XRCC1 mRNA and
protein instability upon cisplatin treatment.

Next, we examined whether p38 signal was involved in
post-transcriptional regulation of XRCC1 transcripts under
cisplatin treatment. To evaluate the mRNA stability of
XRCC1 in cisplatin-exposed A549 or H1703 cells, we treated
the cells with actinomycin D to block de novo RNA synthesis,
and then measured the levels of existing XRCC1 mRNA
using real-time PCR at 8, 12, and 16 h after treatment. In
Fig. 4a, after actinomycin D co-treatment, SB2023580 pre-
treatment could enhance XRCC1 mRNA instability in
cisplatin-exposed A549 and H1703 cells. Then, cyclohexi-
mide (an inhibitor of de novo protein synthesis) was added
to cisplatin treatment for 8, 12, and 16 h, and the remaining
XRCC1 protein was analyzed by Western blot. In Fig. 4b,
XRCC1 protein levels were progressively reduced with time
in the presence of cycloheximide. However, cisplatin
treatment significantly prevented XRCC1 degradation
after cycloheximide treatment compared with untreated
cells. In Fig. 4b, less XRCC1 protein remained with
SB2023580 co-treatment, compared with cisplatin alone.
Therefore, we concluded that the inactivation of p38
kinase activity decreased cisplatin-induced XRCC1 ex-
pression via promoting mRNA and protein instability in
A549 and H1703 cells.

Fig. 4 Cisplatin increased XRCC1 mRNA and protein stability in
NSCLC cells in a p38 MAPK activation manner. a A549 or H1703
cells (5 × 105) were pretreated with SB2023580 for 1 h; the cells were
exposed to cisplatin (10 μM) or DMSO for 16 h in the presence or
absence of actinomycin D (2 μg/mL) for 8, 12, or 16 h; total RNAwas

isolated and subjected to real-time PCR for XRCC1mRNA expression. b
A549 or H1703 cells were pretreated with SB2023580 for 1 h, then the
cells were exposed to cisplatin (20 μM) for 16 h followed by co-treatment
with cycloheximide (CHX; 0.1 mg/mL) for 8, 12, or 16 h. Whole-cell
extracts were collected for Western blot analysis
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Knockdown of XRCC1 or blocking p38 activation en-
hanced cisplatin-induced cytotoxicity and growth inhibition
in NSCLC cells.

We next examined the effect of siRNA-mediated XRCC1
knockdown on cisplatin-induced cytotoxicity and cell growth
inhibition in NSCLC cells. At 24 h post-transfection of si-
XRCC1, real-time PCR and Western blot analysis showed a
decrease in XRCC1 mRNA and protein in cisplatin-treated
A549 and H1703 cells (Fig. 5a). However, knockdown

XRCC1 expression did not affect the cisplatin-induced p38
MAPK activity (Fig. 5a). Furthermore, suppression of
XRCC1 protein expression by si-XRCC1 RNA resulted in
increased sensitivity to cisplatin compared to si-control
transfected cells (Fig. 5b). We also conducted a cell growth
inhibition assay to evaluate the synergistic effects of XRCC1
knockdown with cisplatin treatment. More inhibition of cell
growth was induced by the combination of XRCC1 siRNA
and cisplatin than by cisplatin alone in A549 or H1703 cells

Fig. 5 Knockdown of XRCC1 expression by si-RNA transfection
enhanced the cytotoxicity induced by cisplatin. a The cells were
transfected with siRNA duplexes (200 nM) specific to XRCC1 or
scrambled (control) in complete medium for 24 h prior to treatment
with cisplatin in complete medium for 24 h; total RNAwas isolated and
subjected to real-time PCR for XRCC1mRNA expression (upper panel).
Whole-cell extracts were collected for Western blot analysis using
specific antibodies against XRCC1 (lower panel). b After the above-
mentioned treatment, cytotoxicity was determined by the MTS assay. c

After the cells were transfected with si-XRCC1 or si-scrambled RNA, the
cells were treated with cisplatin (5, 10 μM) for 1–3 days, after which
living cells were determined by MTS assay. The results (mean ± SEM)
were from three independent experiments. **p < 0.01 using Student’s t
test for comparison between the cells treated with cisplatin in si-XRCC1
RNA or si-scrambled RNA-transfected cells. d and e A549 or H1703
cells were pretreated with SB2023580 (1, 5, 10 μM) for 1 h and then
co-treated with cisplatin (5 μM) for 24 h. Cytotoxicity was determined by
MTS assay (d) and trypan blue dye exclusion assay (e)
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(Fig. 5c). Therefore, downregulation of XRCC1 expression
could enhance cisplatin-induced cytotoxicity and growth inhi-
bition in NSCLC cells.

Next, the role of p38 MAPK in the cytotoxic effect
of cisplatin was examined; the p38 inhibitor SB2023580
was added to block p38 activation, respectively. Co-
treatment with SB2023580 further decreased cell viabil-
ity significantly in cisplatin-exposed A549 or H1703
cells, compared with cisplatin treatment alone (Fig. 5d,
e). Taken together, the inactivation of the MKK3/6-p38
MAPK signal enhanced cisplatin-induced cytotoxicity in
NSCLC cells.

Curcumin decreased cisplatin-induced XRCC1 protein and
mRNA expression in human lung cancer cells.

Previously, Xu et al. reported irinotecan enhanced effect of
cisplatin on resistant gastric cancer cells via promoting the
degradation of XRCC1 (Xu et al. 2014); therefore, we hypoth-
esized that curcuminmay affect XRCC1 expression in cisplat-
in treated NSCLC cells. To test this hypothesis, A549 and
H1703 cells were exposed to various concentrations of cisplat-
in and curcumin for 24 h. In Fig. 6a, b, curcumin decreased
XRCC1 mRNA and protein levels in A549 and H1703 cells.
As a result, XRCC1 mRNA and protein levels were induced
by cisplatin treatment in a dose-dependent manner but
inhibited by curcumin treatment (Fig. 6a, b). In addition,
curcumin suppressed the protein levels of phospho-p38,
phospho-MKK3/6 in cisplatin-exposed NSCLC cells
(Fig. 6b).

Fig. 6 Curcumin decreased XRCC1 protein and mRNA levels in
cisplatin-exposed NSCLC cells. a and b A549 or H1703 cells (106)
were cultured in complete medium for 18 h and then were exposed to
cisplatin (5, 10, 20 μM) and curcumin (10 μM) for 24 h. After treatment
as the above, total RNAwas isolated and subjected to real-time PCR for
XRCC1 mRNA expression (a). The cell extracts were examined by
Western blot for determination of XRCC1, phospho-p38, actin, and p38
protein levels (b). The means ± standard deviation (SD) from four
independent experiments. **p < 0.01, respectively, using Student’s t
test for comparison between the cells treated with cisplatin/curcumin
alone or combined. c and d MKK6E (5 μg) or pcDNA3 (5 μg)
expression plasmids were transfected into cells using lipofectamine.
After expression for 24 h, the cells were treated with cisplatin and
curcumin for an additional 24 h, and total RNA was isolated and
subjected to real-time PCR for XRCC1 mRNA expression. The
means ± standard deviation (SD) from four independent experiments.
**p < 0.01, respectively, using Student’s t-test to compare cells treated

with cisplatin and curcumin inMKK6E vs. pcDNA3-transfected cells (c).
The whole-cell extracts were collected forWestern blot analysis (d). e and
fHA-p38 (5 μg) or pcDNA3 (5μg) expression plasmids were transfected
into cells using lipofectamine. After expression for 24 h, the cells were
treated with cisplatin (5 μM) and curcumin (20 μM) for an additional
24 h, and total RNA was isolated and subjected to real-time PCR for
XRCC1 mRNA expression. The means ± SD from four independent
experiments. **p < 0.01, respectively, using Student’s t test to compare
cells treated with cisplatin and curcumin in HA-p38 vs. pcDNA3-
transfected cells (e). The whole-cell extracts were collected for Western
blot analysis (f). g and h After MKK6E (5 μg) or HA-p38 expression
plasmids transfection, cells were treated with cisplatin and curcumin for
24 h. Cytotoxicity was determined by assessment with the MTS assay.
**p < 0.01, *p < 0.05 by Student’s t test to compare cells treated with
cisplatin and curcumin in MKK6E/HA-p38 vs. pcDNA3-transfected
A549 or H1703 cells
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Transfection with MKK6E or HA-p38 MAPK vectors en-
hanced the XRCC1 protein level and the cell survival sup-
pressed by curcumin and cisplatin.

We investigated whether curcumin-mediated XRCC1
downregulation was correlated with MKK3/6-p38 downregu-
lation in cisplatin and curcumin-exposed NSCLC cells.
Overexpression of MKK6E (Fig. 6c, d) or HA-p38 MAPK
vector (Fig. 6e, f) could rescue the cellular XRCC1 mRNA
and protein levels that were suppressed by curcumin and cis-
platin. Also, both MKK6E and HA-p38 MAPK vector trans-
fection could rescue A549 and H1703 cell viability after being
decreased by curcumin and cisplatin (Fig. 6g, h). Therefore,
downregulation of p38 MAPK-mediated XRCC1 expression
by curcumin enhanced the cisplatin-induced cytotoxicity in
A549 and H1703 cells.

Discussion

The safety of curcumin has been widely demonstrated and has
a variety of potential pharmaceutical applications. It has
shown to prevent tumor initiation, proliferation, and metasta-
sis process in many human cancers (Reuter et al. 2008). It has
been reported that curcumin and 5-fluorouracil synergistic in-
hibition of the growth of human colon cancer cell line HT-29
was associated with the decreased expression of
cyclooxygenase-2 protein (Du et al. 2006). In our previous
study, enhancement of the cytotoxicity to cisplatin by admin-
istration of curcumin is mediated by downregulation of the
expression levels of ERCC1 and thymidine phosphorylase in
NSCLC cells (Tsai et al. 2011). The present data showed that
curcumin decreased cisplatin-induced XRCC1 expression to
enhance cytotoxicity in human lung cancer cells. Moreover,
we found that curcumin could enhance cisplatin sensitivity in
human fibroblasts HFW cells (Supplementary Fig. S1).
Therefore, curcumin could be used as potential candidate for
lung cancer therapy.

In the previous study, curcumin-inhibited activation of p38
may be achieved through activation of MAPK phosphatase-1
(MKP-1) which acts as a negative regulator of p38 MAPK in
HT22 hippocampal cells (Pae et al. 2009). Our present data
showed that XRCC1 expression by cisplatin was correlated
with p38 activity. On the other hand, curcumin has been pre-
viously reported to govern a number of cellular target in-
volved in regulation of apoptosis (Kumar et al. 2016).
Moreover, p38 MAPK has been shown to be involved in
apoptosis by acting both upstream and downstream of
caspases cascade (Zarubin and Han 2005). In this study,
downregulation of p38 MAPK activation by curcumin en-
hanced the cisplatin-induced cytotoxicity in NSCLC cells.
However, the detailed molecular mechanism of curcumin-
downregulated p38 MAPK activity upon cisplatin exposure

and effects of curcumin and its combination with cisplatin on
apoptosis in NSCLC cells were under our investigation.

XRCC1 is a key mediator of SSBs DNA repair, which
includes both base excision repair and nucleotide excision
repair mechanisms (Tebbs et al. 1999; Moser et al. 2007).
XRCC1 was found to identify and bind to cisplatin-induced
DNA interstrand crosslinks (Zhu and Lippard 2009). In this
study, downregulation of XRCC1 by p38 MAPK inhibitor or
curcumin played a role in enhancing cisplatin-induced
cytotoxic effects in NSCLC cells. A recent study indi-
cated that in HepG2 hepatocellular cancer cells, deple-
tion of XRCC1 resulted in hypersensitivity to cisplatin
chemotherapy (Zhang et al. 2010). Moreover, inhibition
of XRCC1 expression by irinotecan leads to an increase
in the sensitivity of resistant cells to cisplatin in gastric
cancer (Xu et al. 2014).

Taken together, we report first that curcumin has a syner-
gistic cytotoxic effect with cisplatin in NSCLC cells through
suppression of XRCC1. Downregulation of XRCC1 expres-
sion by curcumin may inhibit the repair of platinum-DNA
adduct in NSCLC cells. We suggest that decreasing XRCC1
expression may enhance the therapeutic effect of cisplatin in
patients with NSCLC. Although further study is required to
evaluate the effect of curcumin, cisplatin, and their combina-
tion in vivo, the concept of curcumin combined with cisplatin
seems to present a strategy for the treatment of NSCLC.
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