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Abstract. Lung cancer is the most common cause of cancer-
related mortality in the US as well as other regions of the 
world. Curcumin, demethoxycurcumin (DMC) and bisde-
methoxycurcumin (BDMC) are the major components of 
Curcuma longa L. It has been reported that curcumin inhibits 
the growth of various types of cancer cells in vitro and in vivo. 
However, the mechanisms involved in the inhibition of cell 
growth and induced apoptosis by DMC in human lung cancer 
cells remain unclear. In the present study, we investigated the 
effect of DMC on cell death via the induction of apoptosis in 
NCI-H460 human lung cancer cells. Flow cytometric assay 
was used to examine the total percentage of viable cells, the 
population of cells in the sub-G1 phase of the cell cycle, the 
level of reactive oxygen species (ROS), Ca2+ production, mito-
chondrial membrane potential (ΔΨm) and caspase activity. 
Western blotting was used to examine the changes in the 
expression of cell cycle- and apoptosis‑associated proteins. 
Confocal microscopy was used to examine the translocation 
of apoptosis-associated proteins. The results indicated that 
DMC significantly induced cell morphological changes and 
decreased the percentage of viable NCI-H460 cells and DMC 
induced apoptosis based on the cell distribution in the sub-G1 
phase. Moreover, DMC promoted ROS and Ca2+ production 
and decreased the level of ΔΨm and promoted the activities 
of caspase-3, -8 and -9. The Western blotting results showed 

that DMC promoted the expression of AIF, Endo G and PARP. 
The levels of Fas ligand (Fas L) and Fas were also upregulated. 
Furthermore, DMC promoted expression of ER stress-asso-
ciated proteins such as GRP78, GADD153, IRE1β, ATF-6α, 
ATF-6β and caspase-4. Based on the findings, we suggest that 
DMC may be used as a novel anticancer agent for the treat-
ment of lung cancer in the future.

Introduction

Non-small cell lung carcinoma is one of the leading causes 
of cancer-related mortality worldwide  (1). Standard plat-
inum‑based chemotherapies provide marginal improvement in 
survival at the expense of substantial toxicity (2). Even with 
the addition of targeted therapy, the median survival of meta-
static non-small cell lung cancer patients is approximately one 
year (3). Due to the unsatisfactory results of standard chemo-
therapy, the identification of new drugs is crucial.

In recent years, the public has become increasingly aware 
of alternative medical therapies through all forms of media in 
Western countries, and the use of complementary and alterna-
tive medicine has also increased, particularly among oncology 
patients. Curcumin, isolated from turmeric (Curcuma 
longa L.), contains curcumin as a major component but also 
contains demethoxycurcumin (DMC) and bisdemethoxycur-
cumin (BDMC), respectively (4). Extensive research during 
the last half century has revealed several important functions 
of curcumin such as antioxidant, anti-inflammatory and anti-
cancer properties (5-7). Recently, more and more studies have 
demonstrated the stronger activity of DMC when compared 
with curcumin in many aspects (8-10). Numerous studies have 
shown that DMC induces cytotoxic effects in many cancer cell 
lines such as colon (11) and renal cell cancer (12), glioma (9) 
and leukemic cell lines (13). However, no study exists which 
shows the effects of DMC on human lung cancer cells, and the 
role of DMC in inducing cell cycle arrest and apoptosis has 
never been investigated in detail.

The NCI-H460 cell line is derived from human large cell 
lung cancer, which is one of the major types of non-small 
cell lung carcinoma. In the present study, we investigated the 
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cytotoxic effects of DMC on human lung cancer NCI-H460 
cells and we found that DMC induced cell death through the 
induction of apoptosis in vitro.

Materials and methods

Chemicals and reagents. DMC, dimethyl sulfoxide (DMSO), 
propidium iodide (PI) and Trypsin-EDTA were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). Culture medium 
RPMI-1640, fetal bovine serum (FBS), L-glutamine and peni-
cillin-streptomycin were purchased from Gibco/Invitrogen 
Life Technologies (Carlsbad, CA, USA). Primary antibodies 
(anti-AIF, -Endo G, -GRP78, -GADD153, -IRE1β, -ATF-6α, 
-ATF-6β, and -caspase-4) were obtained from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA).

Cell culture. The human lung cancer cell line NCI-H460 was 
purchased from the Food Industry Research and Development 
Institute (Hsinchu, Taiwan). The cells were cultured in 
RPMI-1640 medium supplemented with 10% FBS, 100 U/ml 
penicillin, 100 µg/ml streptomycin and 2 mM glutamine and 
were incubated in a 5% CO2 humidified incubator at 37˚C in a 
75-cm2 tissue culture flask.

Assessment of cell morphological changes and viability. 
NCI-H460 cells were plated onto 12-well plates at a density of 
2x105 cells/well, and DMC was added at final concentrations 
of 0, 15, 20, 25, 30 or 35 µM. In control wells, only DMSO  
(solvent) was added. The cells were exposed for 24 and 48 h. A 
phase-contrast microscope was used to observe morphological 
changes in the examined cells at the end of the time period. 
Cell viability was estimated through flow cytometric methods 
as described elsewhere (14,15).

Cell cycle distribution and sub-G1 assays. Approximately 
2x105 cells/well of NCI-H460 cells in 12-well plates were 
incubated with 0, 15, 20, 25, 30, 35 and 40 µM of DMC for 
48 h. The cells were harvested by centrifugation, washed with 
PBS and fixed in 70% ethanol at -20˚C overnight. The cells 
were then resuspended in PBS containing 40 µg/ml of PI, 
0.1 mg/ml RNase and 0.1% Triton X-100 in a dark room for 
30 min and were subsequently analyzed by a flow cytometer 
(FACSCalibur; Becton-Dickinson, San Jose, CA, USA) (16,17). 
The cell cycle distribution and sub-G1 groups (apoptosis) were 
calculated and analyzed by CellQuest (Becton-Dickinson) and 
ModFit LT software (Verity Software House Inc., Topsham, 
ME, USA).

Reactive oxygen species (ROS), intracellular Ca2+ and mito-
chondrial membrane potential (ΔΨm) assays. NCI-H460 
cells (2x105 cells/well) were treated with 35 µM of DMC for 
different time intervals. At the end of the incubation, cells 
from each treatment and time-points were collected, washed, 
counted and then were resuspended in 500 µl of DCFH-DA 
(10 µM) for 30 min for ROS (H2O2) measurement, resuspended 
in 500 µl of Fluo-3/AM (2.5 µg/ml) for 30 min for intracellular 
Ca2+ concentration measurement and resuspended in 500 µl of 
DiOC6 (4 µmol/l) for 30 min to determine the levels of ΔΨm. 
All samples were then individually analyzed by flow cytom-
etry as described previously (16).

Caspase-3, -8 and -9 activity assay. NCI-H460 cells were 
plated onto 12-well plates at a density of 2x105 cells/well and 
incubated with or without 35 µM DMC. The cells were then 
incubated for 0, 6, 24 and 48 h and harvested, washed and 
resuspended in 25 µl of 10 µM substrate solution (PhiPhiLux 
and CaspaLux kit; OncoImmunin, Inc., Gaithersburg, MD, 
USA) before being incubated at 37˚C for 60 min. The cells 
were washed again in PBS and were analyzed by flow cytom-
etry as described previously (16,18,19).

Effects of DMC on expression of apoptosis-associated 
proteins as determined by western blot analysis. Cells (2x106/
dish) were treated with 35 µM DMC and incubated for 0, 6, 24 
and 48 h. The abundance of selective proteins associated 
with apoptosis was determined by western blotting. Briefly, 
at the end of the incubation, the cells were harvested and 
lysed as described previously (18,19). The levels of apoptosis-
associated proteins were determined in the cell lysates using 
primary antibodies (those associated with the cell cycle such 
as anti-p21, p27, CDC25c, CDK2, cyclin A and cyclin E; those 
associated with apoptosis such as anti-AIF, Endo G, PARP, 
Fas-L and Fas; those associated with ER stress such as ATF6α, 
ATF-6β, IRE1β, GRP78, GADD153, caspase-4 and -12). For 
equal protein loading, each membrane was stripped and 
reprobed with the anti-β-actin antibody (18,19).

Confocal laser scanning microscopy. NCI-H460 cells 
(3x105 cells/well) were placed on 6-well chamber slides and 
incubated with or without 35 µM DMC for 48 h. The cells 
were then fixed, washed and permeabilized as described 
previously (16,17). Then anti-AIF, Endo G, ATF6β, IRE1α and 
p-PERK (all in green fluorescence) were individually used for 
staining each sample overnight, followed by washing and then 
staining with the secondary antibody (FITC-conjugated goat 
anti‑mouse IgG). The cells were then stained using PI (red 
fluorescence) for nuclear examination under a Leica TCS SP2 
confocal spectral microscope as described previously (16,17).

Statistical analysis. All data are expressed as the mean ± SD 
of 3 experiments. Statistical analysis was performed using the 
Student's t-test, with a value of P<0.05 considered to indicate 
a statistically significant difference between the DMC-treated 
and untreated (control) group.

Results

DMC induces cell morphological changes and decreases the 
cell viability of NCI-H460 cells. The NCI-H460 cells were 
treated with various concentrations of DMC for 24 and 48 h 
and then were photographed to examine morphological 
changes. The percentage of total viable cells was then deter-
mined. DMC significantly induced cell morphological changes 
in a concentration-dependent manner and these changes were 
based on an increase in cell death and debris (Fig. 1A and B). 
The flow cytometric assay indicated that DMC decreased 
the percentage of viable cells in a concentration‑dependent 
manner (Fig. 1C).

Cell cycle arrest and apoptosis of the NCI-H460 cells after 
treatment with DMC. The cell cycle distribution of the 
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NCI-H460 cells after treatment with 0, 15, 20, 25, 30, 35 and 
40 µM of DMC for 48 h is shown in Fig. 2A. Cell cycle arrest 
appeared to occur at the S stage after exposure to DMC. The 
sub-G1 peak, indicating the proportion of apoptosis, increased 
in a dose-dependent manner when the concentration of DMC 
was increased (Fig. 2B).

Effects of DMC on ROS production, ΔΨm and intracellular 
Ca2+ levels in the NCI-H460 cells. Following DMC treatment 

for different time intervals, ROS (Fig. 3A) and intracellular 
Ca2+ (Fig. 3C) were significantly increased as compared with 
the control group. In addition, there was a significant loss of 
ΔΨm after treatment with 35 µM of DMC (Fig. 3B).

DMC promotes the activity of caspase-3, -8 and -9 in the 
NCI-H460 cells. After treatment with DMC for different 
durations, the NCI-H460 cells exhibited increased caspase-3 
activity. The caspase-3 activity reached its maximum when 

Figure 1. DMC induces cell morphological changes and decreases the percentage of viable NCI-H460 cells. The NCI-H460 cells were treated with 0, 15, 20, 25, 
30 and 35 µM of DMC for 24 and 48 h, and the cells were photographed to examine cell morphological changes (A and B) and were harvested for measuring 
the percentage of viable cells (C) which was determined by flow cytometry as described in Materials and methods. *P<0.05, significant difference between the 
DMC-treated group and the control as analyzed by Student's t-test. DMC, demethoxycurcumin.
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the duration of treatment was 48  h. The caspase-8 and 
-9 activities in the NCI-H460 cells were also increased 
following treatment of DMC at 35 µM (Fig. 4). These effects 

were time-dependent with the exception of the 24-h incuba-
tion, which showed a reduction in activity compared with the 
6-h treatment.

Figure 3. DMC induces reactive oxygen species (ROS) and Ca2+ production and decreases the mitochondrial membrane potential (ΔΨm) in NCI-H460 cells. 
NCI-H460 cells (2x105 cells/well) were treated with 35 µM of DMC for different time periods. All cells were harvested and were immediately resuspended 
in 500 µl of DCFH-DA (10 µM) for 30 min for ROS (H2O2) measurement (A), resuspended in 500 µl of DiOC6 (4 µmol/l) for 30 min to measure the levels 
of ΔΨm (B), and resuspended in 500 µl of Fluo-3/AM (2.5 µg/ml) for 30 min to assess the intracellular Ca2+ concentration (C) as described in Materials and 
methods. The results are shown as a mean ± SD (n=3); *P<0.05, significant difference between the DMC-treated group and the control as analyzed by Student's 
t-test. DMC, demethoxycurcumin.

Figure 2. DMC promotes S phase arrest and causes apoptosis of the NCI-H460 cells. The cells were treated with different concentrations of DMC for 48 h. The 
distribution of the cell cycle and sub-G1 (apoptosis) peaks were measured by flow cytometric assay. (A) The percentage of cell cycle distribution. (B) Apoptosis 
(%). Significant difference from the control at *P<0.05 by Student's t-test. DMC, demethoxycurcumin.
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DMC affects cell cycle arrest and levels of apoptosis-asso-
ciated proteins and protein translocation in the NCI-H460 

cells. In order to investigate whether DMC induces apoptosis 
in NCI-H460 cells via changes in the cell cycle and levels of 

Figure 4. DMC stimulates the activities of caspase-3, -8 and -9 in the NCI-H460 cells. The cells were treated with 35 µM DMC for 0, 6, 24 and 48 h and then 
the activities of caspase-3 (A), -8 (B) and -9 (C) were determined by flow cytometric assay as described in Materials and methods. Significant differences from 
the control at *P<0.001 by the Student's t-test. DMC, demethoxycurcumin.

Figure 5. DMC affects the cell cycle and expression of apoptosis-associated proteins in the NCI-H460 cells. Cells were exposed to either vehicle or DMC 
(35 µM) for various time periods. Cells were harvested and total proteins were determined and then protein expression was determined by western blotting 
as described in Materials and methods. (A) p21, p27, CDC25A, cyclin A, cyclin E and CDK2. (B) AIF, Endo G, PARP, Fas-L and Fas. (C) Calpain 1, ATF6α, 
ATF6β, IRE1β, GRP78, GADD153, caspase-12 and -4. DMC, demethoxycurcumin; Fas L, Fas ligand.
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apoptosis-associated proteins, the NCI-H460 cells were treated 
with 35 µM of DMC for 0, 6, 24 and 48 h and then levels of 
total proteins from the samples were quantitated and the levels 

of apoptosis-associated proteins were measured by western 
blotting. DMC significantly promoted the expression of p21 
and p27 but reduced the expression of CDC25A, cyclin E, 

Figure 6. DMC affects the translocation of apoptosis-associated proteins in the NCI-H460 cells. Cells were treated with 35 µM of DMC for 48 h, stained with 
anti-AIF (A), -Endo G (B) and -ATF6β (C) and then stained with the secondary antibody (FITC‑conjugated goat anti‑mouse IgG (green fluorescence). Cells 
were examined and photographed using a Leica TCS SP2 confocal laser microscopic system as described in Materials and methods. DMC, demethoxycurcumin.
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cyclin A and CDK2 (Fig. 5A). AIF, Endo G, PARP, Fas ligand 
(Fas L) and Fas were also upregulated (Fig. 5B). Furthermore, 
DMC promoted expression of ER stress-associated proteins 
GRP78, GADD153, IRE1β, ATF6α, ATF6β, caspase-12 
and -4 (Fig. 5C). Moreover, DMC promoted the expression 
of calpain 1 (Fig. 5C), which is associated with apoptotic 
pathways. The results revealed that DMC induced apoptosis 
in the NCI-H460 cells through caspase-, ER stress- and mito-
chondrial-dependent pathways. The results from the confocal 
laser microscopy also revealed that DMC promoted the release 
of AIF (Fig. 6A), Endo G (Fig. 6B), ATF6β (Fig. 6C), IRE1α 
(Fig. 6D) and p-PERK (Fig. 6E) from the mitochondria to the 
cytosol and nuclei, respectively.

Discussion

Much evidence has shown that stimulating or inducing tumor 
cell apoptosis is one possibility for tumor treatment in patients 
with cancer. Although a few studies have shown that DMC 

induces cell death and apoptosis in human cancer cells as 
described previously, there is no study to show that DMC 
affects human lung cancer cells. The results of the present 
study revealed that DMC induced cell morphological changes 
(Fig. 1A and B) and decreased the percentage of viable cells 
(Fig. 1C) via the induction of the sub-G1 phase (apoptosis) 
and cell cycle arrest (Fig. 2A). DMC-induced apoptosis in the 
NCI-H460 cells was dose-dependent (Fig. 2B).

Dysregulation of the cell cycle is associated with tumori-
genesis (18). We found that NCI-H460 cells were arrested at the 
S phase after treatment with DMC (Fig. 2A). Downregulation 
of CDK2, CDC25A, cyclin A and cyclin E as shown by western 
blotting (Fig. 5A), may be involved in the mechanism of this 
arrest. Based on the findings, DMC may exert its anticancer 
effects on NCI-H460 cells through both cell cycle arrest and 
apoptotic induction.

To further examine the molecular mechanism of DMC 
in NCI-H460 cells, we used flow cytometry and found that 
DMC significantly decreased the levels of ΔΨm (Fig. 3B) 

Figure 6. Continued. DMC affects the translocation of apoptosis-associated proteins in the NCI-H460 cells. Cells were treated with 35 µM of DMC for 48 h, 
stained with IRE1α (D) and p-PERK (E) and then stained with the secondary antibody (FITC‑conjugated goat anti‑mouse IgG (green fluorescence). Cells were 
examined and photographed using a Leica TCS SP2 confocal laser microscopic system as described in Materials and methods. DMC, demethoxycurcumin.
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following a 24-h treatment and increased ROS and Ca2+ levels 
(Fig.  3A and C) at all treatment time periods. DMC also 
promoted the activities of caspase-3, -9 and -8 (Fig. 4).

Numerous studies have demonstrated that apoptotic cell 
death can occur through the extrinsic or the intrinsic apop-
totic pathway (20-22). The agents (Fas L) connected with Fas 
(CD95) then trigger the extrinsic pathway followed by the acti-
vation of caspase-8 and then activation of effector caspase-3 
to cause cell apoptosis (23). Thus, we hypothesized that the 
extrinsic apoptotic pathway in NCI-H460 cells was activated 
following exposure to DMC. Thus, we used western blotting 
to examine the expression of FAS/CD95 in the NCI-H460 
cells. The results revealed that DMC increased the expression 
of FAS/CD95 and Fas L (Fig. 5B) accompanied by increased 
caspase-8 activity (Fig. 4B).

It is currently known that cancer cell survival or death 
following exposure to anticancer drugs is associated with 
mitochondrial function. Thus, anticancer drugs may induce 
cancer cell apoptosis through mitochondrial-dependent 
and -independent pathways. Anticancer drugs may induce 
mitochondrial dysfunction in cells via dissipation of ΔΨm 
leading to liberation of numerous cell death proteins from 
the mitochondria  (24). Therefore, it was reported that the 
intrinsic pathway depends on the dysfunction of the mito-
chondria resulting from an increase in the ratio of Bak:Bcl-2 
which is caused by anticancer drugs thus leading to AIF 
and Endo G release from the mitochondria before inducing 
apoptosis  (25-27) which is termed caspase-independent 
pathways or alternatively causing cytochrome  c release, 
activation of caspase-9 and -3 resulting in apoptosis termed 
the caspase-dependent pathway (28). Our results showed that 
DMC induced mitochondrial dysfunction (decreased levels of 
ΔΨm) (Fig. 3B) and increased caspase-8, -9 and -3 activity 
(Fig. 4) and increased the protein levels of AIF and Endo G 
(Fig. 5B) in the NCI-H460 cells. We also used confocal laser 
microscopy to confirm that DMC increased the expression 

of AIF and Endo G (Fig. 6A and B). Based on the findings, 
we suggest that DMC induced apoptosis in NCI-H460 cells 
through the mitochondrial‑dependent and -independent path-
ways.

DMC induced ROS production in the NCI-H460 cells 
(Fig. 3A) and ROS have been shown to be involved in cell 
growth and apoptosis. An appropriate level of intracellular 
ROS promotes cellular proliferation  (29), while excessive 
production of ROS may cause oxidative stress leading to cell 
apoptosis (29,30).

It has been reported that ROS may induce ER stress which 
leads to the release of stored Ca2+ from the ER leading to mito-
chondrial Ca2+ loading from ER stores (31). Both ROS and ER 
Ca2+ are required to initiate mitochondrial dysfunction (31). 
Our results revealed that DMC increased the ROS and Ca2+ 
production (Fig. 3A and C). Furthermore, it was reported 
that mitochondria take up Ca2+ and initiate apoptosis through 
opening of their permeability transition pores (32). This then 
results in the release of cytochrome c from the mitochondrial 
membrane which then activates caspase-9 and triggers the 
effector caspase-3 for causing apoptosis (33). It was reported 
that markers of ER stress such as transcriptionally induced 
GRP78 and GADD153 are produced (31). We found that DMC 
increased the protein levels of GRP78, GADD153, IRE1β, 
ATF6α, ATF6β, caspase-12 and -4 and the expression of 
calpain 1 (Fig. 5C), that are associated with apoptosis path-
ways.

In conclusion, DMC induced cell death (cytotoxic effect) 
in human lung cancer NCI-H460 cells, mediated through 
the induction of phase S cell cycle arrest by inhibition of 
the check-point proteins CDC25A, cyclin A, cyclin E and 
CDK2 and induced cell apoptosis associated with caspase- 
or mitochondrial-dependent pathways. Furthermore, DMC 
induced cell apoptosis also through cross-talk between the 
extrinsic and the intrinsic pathway as summarized in Fig. 7. 
DMC appears to have multiple molecular targets, and its 

Figure 7. The possible signaling pathways involved in DMC-induced S phase arrest and apoptosis in NCI-H460 human lung cancer cells. DMC, 
demethoxycurcumin.
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application in the treatment of lung cancer patients warrants 
further investigation.
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