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Abstract. The use of non‑steroidal anti‑inflammatory drugs 
(NSAIDs) has been associated with a reduced risk of various 
types of cancer, including esophageal cancer. However, the 
mechanisms underlying the antineoplastic effects of NSAIDs 
in esophageal cancer remain to be elucidated. In the present 
study, a significant inhibition in cell viability was observed in 
the EC109 cells following treatment with different concentra-
tions of indomethacin, and these effects occurred in a dose‑ and 
time‑dependent manner. This inhibition was due to the release 
of second mitochondria‑derived activator of caspase (Smac) 
into the cytosol and the activation of caspase‑3. Subsequently, 
flow cytometry was performed to investigate indometh-
acin‑induced apoptosis following the overexpression or 
knockdown of Smac, and western blot analysis was performed 
to determine the expression of Smac and the activation of 
caspase‑3. Overexpression of Smac was promoted apoptosis, 
while downregulation of Smac significantly inhibited apop-
tosis. Western blot analysis demonstrated that indomethacin 
induced apoptosis through releasing Smac into the cytosol 
and activating caspase‑3. These results indicated that Smac is 
essential for the apoptosis induced by indomethacin in esopha-
geal cancer cells.

Introduction

The second mitochondria‑derived activator of caspase 
(Smac) protein is a novel protein, which is involved in the 
mitochondrial regulation of apoptosis  (1,2). It has been 
observed that the expression of Smac is reduced in various 
types of malignant tissue compared with their normal tissue 
counterparts, which suggests that it may function as a novel 
tumor suppressor protein (3,4). Several previous studies have 
demonstrated that Smac promotes apoptosis by binding to 
the inhibitor of apoptosis proteins (IAPs), leading to release 
of caspases from the IAPs and to the activation of the caspase 
cascade (5‑7).

Previous epidemiological, preclinical and clinical studies 
have suggested that indomethacin and other non‑steroidal 
anti‑inflammatory drugs (NSAIDs) may possess anticancer 
activities (8). A study by Kohli et al (9) observed that indo-
methacin promoted apoptosis in the HCT116 colon cancer cell 
line and this effect was attenuated by knockout of the Smac 
gene, which suggested that Smac is important in the apoptosis 
induced by NSAIDs. In addition, a study by Bank et al (10) 
demonstrated that Smac sensitizes NSAID‑induced apoptosis 
by promoting the activation of caspase‑3 and the release of 
cytochrome c. This result further elucidated the mechanism 
by which Smac enhances NSAID‑induced apoptosis in colon 
carcinoma cells.

Esophageal cancer is a common type of human upper 
gastrointestinal carcinoma and, in 2008, a total of 400,000 
individuals succumbed to mortality, worldwide and 480,000 
new cases were diagnosed (11). Previous clinical trials have 
indicated that NSAIDs are able to significantly reduce 
the risk of esophageal cancer (12,13). The effects of indo-
methacin on the growth, apoptosis and expression of Smac in 
esophageal cancer cells remain to be fully elucidated. In the 
present study, indomethacin‑mediated apoptosis was inves-
tigated in EC109 esophageal cancer cells by overexpression 
or knockdown of Smac, to examine the mechanism by which 
NSAIDs control the growth and survival of esophageal 
carcinoma cells.
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Materials and methods

Cell culture and cell transfection. The human EC109 
esophageal cancer cells were obtained from the American 
Type Culture Collection (Manassas, VA, USA) and main-
tained at 37˚C and 5% CO2 in RPMI 1640 medium (HyClone 
Laboratories, Inc., Logan, UT, USA) supplemented with 
10%  fetal bovine serum (GE Healthcare Life Sciences, 
Logan, UT, USA), 100 U/ml penicillin and 100 g/ml strepto-
mycin (Sigma‑Aldrich, St. Louis, MO, USA). The EC109 cells 
were transfected with Lipofectamine™ 2000 (Invitrogen 
Life Technologies, Carlsbad, CA, USA), according to the 
manufacturer's instructions, during the logarithmic growth 
phase. Subsequent experiments were performed 48‑h after 
transfection. The pcDNA3.1‑Smac vector was constructed in 
our previous work (14). In brief, Smac was amplified from the 
mRNA of human testis tissue by reverse transcription poly-
merase chain reaction (RT and PCR kits, Takara Bio, Inc., 
Dalian, China; S1000 Thermal cyclers, Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) using the following primers: 
Forward 5'‑CGGGATCCCACAATGGCGGCTCTGA‑3' and 
reverse 5'‑CCCAAGCTTGGCCCTCAATCCTCACGC‑3'. 
Then, it was digested by BamHI and HindIII (Takara Bio, Inc.) 
and inserted into pcDNA3.1 (Invitrogen Life Technologies) 
by T4 DNA ligase (Invitrogen Life Technologies). The small 
interference RNA (siRNA) and the control fragment for 
Smac RNAi were designed and synthesized by Shanghai 
GenePharma Co., Ltd. (Shanghai, China).

M TT assay. Cell viabi l ity was assessed using a 
methyl‑thiazol tetrazolium (MTT) assay. Exponentially 
growing EC109 cells were seeded into 96‑well plates at a 
density of 1x103 cells/well and incubated for 24 h at 37˚C. 
Different concentrations (0, 50, 100, 200, 400 and 800 µM) 
of indomethacin  (Sigma‑Aldrich) were then added to the 
wells and incubated at 37˚C for 24, 48 and 72 h. A total of 
10 µl sterile MTT (5 mg/ml; Sigma‑Aldrich) was added to 
each well. Following a further incubation at 37˚C for 4 h, 
the reaction was stopped by the addition of 150 µl dimethyl 
sulfoxide. After 10 min, the formazan production was deter-
mined by measurement of the spectrometric absorbance 
at a wavelength of 490 nm using an enzyme immunoassay 
analyzer (xMark™ Microplate Absorbance spectrophotom-
eter; Bio‑Rad Laboratories, Inc.).

Flow cytometry assay. The cells were plated into 24‑well plates 
at a density of 1x105 cells/well and transfected with either the 
pcDNA3.1/pcDNA3.1‑Smac or siRNA/control vectors using 
Lipofectamine™ 2000. After 48 h, indomethacin was added 
to a final concentration of 100 µM (overexpression group) 
and 400 µM (RNA interference group). The following day, 
the cells were trypsinized (Sigma‑Aldrich) and incubated 
with 5 µl propidium iodide (Invitrogen Life Technologies) 
and 5  µl  annexin V‑fluorescein isothiocyanate  (FITC; 
Invitrogen Life Technologies) for 15 min. Samples were then 
analyzed for apoptosis using a FACScan flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA).

Western blot t ing.  Fol lowing indomethacin t reat-
ment, the EC109  cells were transferred into precooled 

lysis buffer  [50  mM  Tris‑Cl (pH 7.5), 150  mM  NaCl, 
1 mM EDTA (pH 8.0), 1% Triton X‑100 and protease inhib-
itor cocktail; Roche Molecular Biochemicals, Indianapolis, 
IN, USA] and incubated for 30 min on ice. Proteins from 
different samples (30 µg protein/sample) were separated on 
12% SDS‑PAGE gels (Invitrogen Life Technologies) and 
transferred to polyvinylidene fluoride membranes (EMD 
Millipore, Billerica, MA, USA) by blotting. Subsequent to 
treatment with 5% bovine serum albumin (Shanghai Bioleaf 
Biotech Co., Ltd, Shanghai, China) at room temperature 
(25˚C) for 1  h, the membranes were incubated with the 
primary antibody overnight at 4˚C, incubated with horse-
radish peroxidase‑labeled goat anti‑rabbit immunoglobulin G 
antibody (1:5,000, sc‑45101; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) for 1 h at 25˚C, and developed using elec-
trochemiluminescence detection  (ChemiDoc MP System; 
Bio‑Rad Laboratories, Inc.). For the western blot analysis, the 
following primary antibodies were used: Rabbit monoclonal 
anti‑Smac (1:1,000; 1012‑1; Epitomics, Burlingame, CA, 
USA), rabbit polyclonal anti‑Tubulin (1:1,000; 10068‑1‑AP; 
ProteinTech Group, Inc., Chicago, IL, USA), rabbit polyclonal 
anti‑GAPDH (1:5,000; 10494‑1‑AP; ProteinTech Group, Inc.), 
rabbit monoclonal anti‑cytochrome c oxidase subunit  IV 
(COX IV; 1:1,000; 4850; Cell Signaling Technology, Inc., 
Danvers, MA, USA), rabbit polyclonal anti‑caspase‑3 
(1:1,000; ab2302; Abcam, Cambridge, MA, USA) and rabbit 
monoclonal anti‑pro‑caspase‑3 (1:1,000; ab32499; Abcam). 
Tubulin, COX IV and GAPDH were used as loading controls 
western blot analysis of cytosolic, mitochondria and total 
protein levels, respectively.

Results

Indomethacin reduces the viability of the EC109  cells. 
In order to examine the effect of indomethacin on the 
EC109 cells, an MTT assay was used initially to investigate 
the viability of EC109 cells treated with a range of concen-
trations of indomethacin (0, 50, 100, 200, 400 and 800 µM) 
for 24, 48 and 72 h. Indomethacin treatment resulted in a 
gradual reduction of the viability of the EC109 cells as the 
exposure duration and drug concentration increased, which 
indicated that the inhibitory effect of indomethacin on the 
EC109 cell survival was dose‑ and time‑dependent (Fig. 1). 
No significant change was observed in the viability of the 
EC109 cells following indomethacin treatment, for 24 h while 
prolonged exposure of the drug for 72 h resulted in significant 
cell death. Treatment with indomethacin for 48 h resulted 
in a range of EC109 cell viabilities at different concentra-
tions, between 73.58% (50 µM) and 6.57% (800 µM), with 
a linear correlation between the drug concentration and cell 
viability (Fig. 1).

Indomethacin treatment releases Smac from mitochondria 
into the cytosol and activated caspase‑3. The EC109 cells 
were treated with 200 µM indomethacin for 0, 24 or 48 h 
and the expression levels of Smac in the mitochondria and 
cytosol were analyzed by western blotting. In the absence 
of indomethacin, Smac was localized to the mitochondria, 
however, following indomethacin stimulation, Smac was 
released into the cytosol. The increase in cytosolic levels 
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of Smac correlated with the activation of caspase‑3 during 
treatment of EC109 cells with indomethacin (Fig. 2). In addi-
tion, the release of Smac and the activation of caspase‑3 were 
prominent following treatment of indomethacin for 48 h. 
Therefore, a treatment duration of 48 h was selected for the 
subsequent experiments.

Smac knockdown inhibits indomethacin‑induced apoptosis. 
To further detect the function of Smac in the EC109 cells 
treated with indomethacin, siRNA of Smac or its control 
segment was transfected into the EC109  cells for 48  h. 
Western blotting confirmed that the expression of Smac in 
the Smac‑knockdown cells was reduced compared with the 

control cells (Fig. 3A). The Smac‑knockdown EC109 cells and 
control cells were then treated with different concentrations 
of indomethacin for 48 h and the cell viability was assessed 
by MTT assay. The results identified that the viability of the 
Smac‑knockdown cells was significantly higher compared 
with the control cells following treatment with 100, 200 or 
400 µM indomethacin (P<0.05, Fig. 3B).

Following treatment with 400 µM indomethacin for 48 h, 
the Smac‑knockdown and control cells were stained with 
propidium iodide and annexin V‑FITC to assess the induction 
of apoptosis by flow cytometry. In the indomethacin‑treated 
cultures, the number of apoptotic EC109  cells in the 
Smac‑knockdown group was significantly lower compared 
with the control group (P<0.05, Fig. 4A and B). Furthermore, 
western blotting demonstrated that the expression of Smac 
in the cytosol and the activity of caspase‑3 were reduced in 
the Smac‑knockdown cells treated with indomethacin, which 
indicated that knockdown of Smac inhibited the activation of 
caspase‑3, resulting in a reduction in indomethacin‑induced 
apoptosis (Fig. 4C).

Overexpression of Smac enhances indomethacin‑induced 
apoptosis. The EC109  cells were transfected with either 
pcDNA3.1 or pcDNA3.1‑Smac for 48 h and western blotting 
confirmed that the overexpression of Smac was successful 
(Fig. 5A). Tthe cell viability was detected by MTT following 
treatment with different concentrations of indomethacin. 
Overexpression of Smac was found to reduce the viability 
of EC109 following treatment with 50, 100, 200  or 
400 µM indomethacin (P<0.05, Fig. 5B). Furthermore, flow 
cytometric analysis indicated that the apoptotic rates of the 
Smac‑overexpressed EC109 cells were significantly higher 
compared with the control group following treatment with 

Figure 1. Indomethacin reduces the viability of EC109 cells. The EC109 cells 
were treated with indomethacin at various concentrations for 24, 48 and 72 h, 
and cell viability was determined using an MTT assay. Data are presented as 
the mean ± standard deviation. *P<0.05.

Figure 2. Smac is released from the mitochondria into the cytosol and 
caspase‑3 is activated following treatment with indomethacin. The expres-
sion levels of Smac in the mitochondria and cytosol, and the expression of 
caspase‑3 in the total protein, were examined by western blot analysis fol-
lowing treatment with 200 µM indomethacin for 24 or 48 h. COX IV, tubulin 
and GAPDH were used as loading controls. COX IV, cytochrome c oxidase 
subunit IV.

Figure 3. Knockdown of Smac inhibits the reduction of cell viability by indo-
methacin. (A) Smac was downregulated in the EC109 cells. Protein expression 
was evaluated by western blot analysis in theEC109 cells following transfec-
tion with Smac or control siRNA for 48 h. (B) Cell viability was detected using 
an MTT assay following treatment of the Smac‑downregulated EC109 cells 
with different concentrations of indomethacin for 48 h. Values are presented as 
the mean ± standard deviation (*P<0.05, vs. contol). Smac, second mitochon-
dria‑derived activator of capsase; siRNA, short interference RNA.

  A

  B
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Figure 4. Smac‑knockdown inhibits indomethacin‑induced apoptosis. (A) EC109 cells were either untreated or exposed for 48 h to 400 µM indomethacin 
following transfection with Smac or control siRNA for 48 h. Annexin V/PI staining was used for the detection of apoptosis. (B) Apoptotic rates are presented 
as the mean ± standard deviation (*P<0.05, vs. control). (C) Expression levels of Smac in the cytosol and caspase‑3 were detected by western blot analysis. 
Smac, second mitochondria‑derived activator of capsase; COX IV, cytochrome c oxidase subunit IV; PI, propidium iodide; siRNA, short interference RNA.

  A

  B   C

Figure 5. Overexpression of Smac promoted the reduction of cell viability by indomethacin. (A) Smac was overexpressed in the EC109 cells. Protein expression 
was evaluated by western blotting in the EC109 cells following transfection with the pcDNA3.1‑Smac or pcDNA3.1 for 48 h. (B) Cell viability was detected 
by MTT assay following treatment of the Smac overexpressed EC109 cells with different concentrations of indomethacin for 48 h. (*P<0.05, vs. control). Smac, 
second mitochondria‑derived activator of capsase.

  A   B
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100 µM indomethacin (P<0.05, Fig. 6A and B). Finally, western 
blotting demonstrated that the increased apoptotic rate in the 
Smac‑overexpressing EC109 cells was due to increased levels 
of cytosolic Smac and caspase‑3 activation (Fig. 6C).

Discussion

NSAIDs are a group of drugs with antipyretic, analgesic, 
anti‑inflammatory and anti‑rheumatic properties (15). In addi-
tion, previous epidemiological surveys and preliminary clinical 
studies have indicated that the long‑term use of NSAIDs may 
reduce the risk of colon, stomach, breast, prostate and lung cancer 

and other types of malignant tumor (16‑20). Several studies 
have demonstrated that NSAIDs may inhibit tumor growth by 
inhibiting the expression and activity of cyclooxygenase (COX), 
inducing apoptosis and suppressing angiogenesis  (21,22). 
Kohli et al (9) reported that the NSAID‑induced apoptosis in 
colon cancer cells was dependent on the pro‑apoptotic factor, 
Smac, as knockout or RNA interference of the Smac gene in 
colon cancer cells significantly reduced the apoptosis induced 
by NSAIDs. Increasing evidence suggests that the use of 
NSAIDs also significantly reduces the risk of esophageal cancer, 
although the mechanism by which NSAIDs inhibit esophageal 
cancer growth remain to be elucidated (23,24).

Figure 6. Overexpression of Smac enhances indomethacin‑induced apoptosis. (A) EC109 cells were either untreated or were treated for 48 h with 
100 µM indomethacin following transfection with either pcDNA3.1‑Smac or pcDNA3.1 for 48 h. Annexin V/PI staining was then used to detect the rates 
of apoptosis. (B) Apoptotic rates are presented as the mean ± standard deviation (P<0.05, vs. control). (C) Expression levels of Smac in the cytosol and 
caspase‑3 were detected by western blot analysis. Smac, second mitochondria‑derived activator of capsase; COX IV, cytochrome c oxidase subunit IV; PI, 
propidium iodide.

  A

  B   C
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Indomethacin is a commonly used NSAID. It has been 
observed to induce the apoptosis of lung, head and neck cancer 
cells (25,26). In the present study, different concentrations of 
indomethacin were used to treat the EC109 cells. The cell 
viability and cell growth were significantly inhibited by indo-
methacin in a dose‑ and time‑dependent manner. Subsequently, 
western blot analysis revealed that Smac was released into the 
cytosol and caspase‑3 was activated in the EC109 cells treated 
with indomethacin. Thus, it was hypothesized that indometh-
acin induced apoptosis in the EC109 cells by activating the 
Smac‑dependent apoptotic pathway. A previous study demon-
strated that the release of Smac and cytochrome c occurred 
during sulindac‑induced apoptosis (10). Our previous study 
described a similar function of Smac in cisplatin‑induced 
apoptosis, in which Smac led to the activation of caspase‑3 
and ‑9 in lung cancercells (27).

Smac is an important protein in the mitochondrial apoptotic 
pathway. Previous studies have revealed a reduction or loss 
in the expression of Smac in various tumor tissues compared 
with their normal tissue counterparts, suggesting that Smac 
functions as a tumor suppressor gene and its abnormally low 
level of expression is associated with tumorigenesis (1,3,4). 
In addition, Smac also inhibits tumor growth by promoting 
apoptosis induced by the tumor necrosis factor‑related 
apoptosis‑inducing ligand, enhancing antitumor immune 
response, inhibiting the cell cycle and sensitizing tumor cells 
to radiotherapy or chemotherapy (28,29). Reduced expres-
sion levels of Smac have been observed in esophageal tumor 
cell lines and in tumor specimens from patients with esopha-
geal cancer (30). A lower levels of Smac expression has been 
associated with a reduced sensitivity to chemotherapy in the 
treatment of esophageal cancer (30). It has also been reported 
that the overexpression of Smac sensitizes esophageal cancer 
cells to cisplatin chemotherapy (31).

In the present study, the expression of Smac was increased 
and decreased in order to further investigate the role of 
Smac in the indomethacin‑induced apoptosis of EC109 cells. 
The results revealed that knockdown of Smac inhibited the 
indomethacin‑induced apoptosis in the EC109 cells, which 
were transfected with Smac siRNA. Western blot analysis 
demonstrated that indomethacin treatment of Smac‑knockdown 
EC109 cells reduced the cytosolic expression of Smac and 
the activation of caspase‑3. These results suggested that the 
translocation of Smac from the mitochondria to the cytosol 
was important in promoting the activation of caspase‑3 and 
the indomethacin‑induced apoptosis. To further investigate the 
effects of indomethacin‑induced apoptosis, the apoptotic rates 
and activation of caspase‑3 were measured following overex-
pression of Smac in the EC109 cells. The results were consistent 
with those of the Smac‑knockdown experiments, indicating that 
indomethacin‑induced apoptosis is dependent on and regulated 
by Smac and caspase‑3. These observations regarding the role 
of Smac in indomethacin‑induced apoptosis in EC109 cells 
provides a novel treatment strategy for esophageal cancer.

At present, Smac mimetics, which are composed of 
the last four‑eight N‑terminal residues of Smac, have been 
successfully applied in cancer treatment in the laboratory, 
and are being assessed in early clinical studies (32,33). Smac 
mimetics have also been combined with several chemothera-
peutic drugs to enhance the efficacy of chemotherapy and 

to overcome drug resistance (34‑36). However, at present, 
few studies have been performed on the combined use of 
Smac peptides and NSAIDs. NSAIDs are inexpensive and 
relatively non‑toxic compared with conventional chemo-
therapeutic drugs (37). Whether the combination of NSAIDs 
and Smac peptides is more effective compared with either 
alone in inducing apoptosis in esophageal cancer cells, with 
or without low dose chemotherapeutic agents, remains to be 
elucidated and is of interest.
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