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Abstract. Epigallocatechin-3-gallate (EGCG), the major poly-
phenol of green tea, has been shown to inhibit proliferation in 
various types of tumors. However, few studies concerning the 
role and mechanism of EGCG in esophageal squamous cell 
carcinoma are available. Therefore, the antitumor mechanism 
of EGCG needs to be investigated. The present study aimed to 
examine the antitumor effect of EGCG on the human esophageal 
squamous cell carcinoma cell lines, Eca-109 and Te-1, in vitro 
and in vivo. Cell viability was assessed using the MTT assay 
and tumor formation and growth in murine xenograft models 
with or without EGCG treatment. Cell cycle analysis and levels 
of reactive oxygen species (ROS) were detected using flow 
cytometry. Apoptosis was measured by Annexin/propidium 
iodide staining. Caspase-3 cleavage and vascular endothelial 
growth factor (VEGF) expression were detected using western 
blot analysis and immunohistochemistry in tumor cell lines 
and tumor xenografts, respectively. The results showed that 
EGCG inhibited proliferation in the Eca-109 and Te-1 cells 
in a time- and dose-dependent manner. Tumor cells were 
arrested in the G1 phase and apoptosis was accompanied by 
ROS production and caspase-3 cleavage. In a mouse model, 
EGCG significantly inhibited the growth of Eca-109 tumors by 

increasing the expression of cleaved-caspase-3 and decreasing 
VEGF protein levels. Taken together, the results suggest that 
EGCG inhibits proliferation and induces apoptosis through 
ROS production, caspase-3 activation, and a decrease in 
VEGF expression in vitro and in vivo. Furthermore, EGCG 
may have future clinical applications for novel approaches to 
treat esophageal squamous cell carcinoma.

Introduction

Esophageal cancer (EC) is a malignant tumor of the esophagus. 
There are two main subtypes of EC: esophageal adenocar-
cinoma (EAC) and esophageal squamous cell carcinoma 
(ESCC). EAC is common in Western countries, while ESCC is 
common in East Asia, particularly in China (1). Over 600,000 
new cases are diagnosed annually worldwide (2). ESCC is 
often locally advanced by the time patients are preovided 
with medical attention and since surgery is the only curative 
treatment option, patient survival is closely associated with the 
stage of disease (3-6). Despite improvements in diagnosis and 
treatment, the 5-year survival rate for patients with advanced 
and metastatic EC remains <20% after surgery (1).

Epigallocatechin-3-gallate (EGCG), a major polyphenolic 
constituent of green tea, has been shown to inhibit cancer 
growth and induce apoptosis in hepatocellular carcinoma, 
breast, and head and neck cancers (7-9). EGCG has been 
suggested to contribute to the effect of anticancer drugs by 
increasing cell cycle arrest, initiating apoptosis and down-
regulating the pro-angiogenic molecule, vascular endothelial 
growth factor receptor-2 (VEGFR-2) (10). Results of recent 
studies have shown that EGCG has different effects on the 
production of reactive oxygen species (ROS) for its antioxidant 
and pro-oxidant activities (10,11). Caspases are key regula-
tors of apoptosis, with caspase-3 acting as an effector (12). 
Additionally, caspase-3 was found to play a role in EGCG-
induced apoptosis for cholangiocarcinoma and laryngeal 
epidermoid carcinoma (13,14). In addition, downregulation 
of the pro-angiogenic factor, VEGF has been documented to 
inhibit lung cancer growth (15). Few reports are available on 
the effect of EGCG on esophageal squamous cell carcinoma. 
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Therefore, we examined the mechanism of EGCG by studying 
apoptosis, ROS generation, cleaved caspase-3 and VEGF 
expression in Eca-109 and Te-1 cell lines.

Materials and methods

Cell culture and reagents. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was purchased from 
Sigma (St. Louis, MO, USA). Dulbecco's modified Eagle's 
medium (DMEM) and fetal bovine serum (FBS) were purchased 
from HyClone (Logan, UT, USA). Antibodies against cleaved 
caspase-3 and VEGF were purchased from Cell Signaling 
Technology (Danvers, MA, USA) and the Proteintech Group 
(Chicago, IL, USA), respectively. Horseradish peroxidase-
labeled secondary antibodies were purchased from Sigma.

The H9c2 rat cardiomyocyte cell line and Eca-109 and 
Te-1 human esophageal squamous cell carcinoma cell lines 
were purchased from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). Human foreskin fibroblast 
cells were a kind gift from Dr Ming Zhang (Department of 
Cardiovascular Medicine, The Second Affiliated Hospital 
of Xi'an Jiaotong University). Cell lines were cultured in 
DMEM-H medium supplemented with 10% FBS and 1% 
(100 U/ml) penicillin/streptomycin (Sigma-Aldrich Co.). The 
culture medium was changed every two days. Upon reaching 
80-90% confluency, the cells were passaged and tested for 
logarithmic growth.

MTT assay. To assess the effect of EGCG on cell growth, 
H9c2 rat cardiomyocytes, HFF, Eca-109 and Te-1 cells 
(1x104 cells/well) were inoculated into a 96-well microtiter 
plate and cultured for 24 h. The cells were treated with various 
concentrations of EGCG (25, 50, 100, 200 and 400 µM) 
or vehicle control (DMSO). After 24 and 48 h of incuba-
tion, 20 µl 5 mg/ml MTT was added to each well for 4 h of 
incubation. The absorbance was measured at 490 nm using a 
multi-channel microplate reader (BD Biosciences, San Jose, 
CA, USA). The inhibition rate of cell growth was determined 
using the formula: (OD value for control group - OD value of 
experimental group)/OD value of the control group x 100%. 
The IC50 value for EGCG was determined using GraphPad 
Prism software (version 5.0).

Cell cycle analysis. Cell cycle distribution was analyzed by 
flow cytometry using propidium iodide (PI) DNA staining as 
previously described with modifications (16). Briefly, Eca-109 
and Te-1 were treated with 256 and 162 µM EGCG (IC50) 
value, respectively, for 24 h in serum-free DMEM. The cells 
were collected, washed with phosphate-buffered saline (PBS), 
centrifuged at 1,000 rpm for 5 min, and fixed in 5 ml of 70% 
ice-cold ethanol for 24 h at 4˚C. After washing, the pellets 
were resuspended in 2.5 µl of ribonuclease A solution (final 
concentration of 50 µg/ml) and incubated at 37˚C for 30 min. 
Cell suspensions received 5 µl PI (final concentration of 50 µg/
ml), were protected from light, and incubated at room tempera-
ture for 30 min. Flow cytometric analysis of DNA content was 
carried out using the FACSCalibur system (BD Biosciences).

Annexin V-FITC/PI staining. To analyze the effect of 
EGCG on apoptotic cell death, Annexin V-FITC/PI staining 

was performed as previously described and modified (17). 
Briefly, the cells were treated with EGCG (IC50) value for 
24 h in serum-free DMEM and gently washed three times 
in PBS. The cells were collected, centrifuged at 1,000 rpm 
for 5 min, and washed with PBS. A cell density of 5x105 was 
resuspended in 500 µl 1X binding buffer and stained with 
5 µl Annexin V-FITC and 10 µl PI staining solution. The cell 
suspension was covered and incubated for 15 min at room 
temperature. The experiments were performed three times and 
analyzed using the FACSCalibur system.

ROS production. Eca-109 and Te-1 cells (2x105 cells/well) 
were seeded into a 6-well plate and treated with EGCG 
(IC50) value in serum-free DMEM for 24 h. After 24 h, cells 
(5x105 cells/ml) were resuspended in serum-free DMEM and 
labeled with 1 ml DCFH-DA dye (1 µg/µl) for 20 min with 
continuous agitation. FACS (BD Co.) analysis detected the 
oxidative burst (hydrogen peroxide).

Western blotting. Immunoblot analysis was performed 
as described and modified (18). Eca-109 and Te-1 cells 
(1x105 cells/ml) were treated with or without EGCG for 24 h. 
Cell lysates (20 µg protein) were separated by SDS-PAGE, 
transferred to polyvinylidene difluoride membranes (Millipore, 
Bedford, MA, USA), and blocked. The following primary 
antibodies were applied overnight at 4˚C: cleaved caspase-3 
(1:1,000) and VEGF (1:1,000). Anti-rabbit secondary anti-
bodies (1:5,000) were incubated for 2 h at room temperature.

Mice and xenograft models. Male BALB/c (nu-nu) athymic 
nude mice (4-5 weeks of age) were purchased from the Shanghai 
Silaike Laboratory Animal Company, Ltd. (Shanghai, China). 
The mice were maintained at Xi'an Jiatong University in compli-
ance with the Institutional Animal Care and Use Committee 
(IACUC) regulations. For subcutaneous implantation, Eca-109 
cells (2x106) were suspended in serum-free DMEM mixed 
with equal parts of Matrigel (BD Biosciences, San Diego, CA, 
USA) and subcutaneously injected into the flank of nude mice 
(n=30). Engrafted mice received weekly visual inspections and 
palpitations until tumors reached 50 mm3 in size. Xenografts 
were randomly divided into the EGCG- and PBS-treated 
groups. Experimental mice received intraperitoneal injections 
of EGCG (10 mg/kg) once a day for two weeks while control 
mice were injected with 200 µl PBS (19). The tumor volume 
was measured using a caliper and calculated using the formula: 
(width in mm)2 x (length in mm)/2. The mice were sacrificed 
by cervical dislocation. Subcutaneous tumors, liver, lung and 
kidney tissues were harvested, fixed in 4% paraformaldehyde, 
and embedded in paraffin. Paraffin sections (4-µm) were histo-
pathologically evaluated.

Immunohistochemical and histological analyses. Immuno-
histochemistry was performed as described and modified (20). 
Antigen retrieval of serial sections was conducted with a 3-min 
microwave treatment in 10 mM sodium citrate buffer (pH 6.0). 
The sections were incubated with primary antibodies against 
cleaved caspase-3 (1:100) and VEGF (1:100). The sections were 
then incubated with biotinylated anti-rabbit antibodies (1:100) 
at 37˚C for 30 min, followed by a 30-min exposure to strepta-
vidin-horseradish peroxidase (1:200), and counterstained with 
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hematoxylin. Optical density was analyzed with Image-Pro 
Plus software (version 6.0). Hematoxylin and eosin (H&E) 
staining was used to evaluate normal liver, lung and kidney 
tissues.

Statistical analysis. A one-way ANOVA and Dunnett's t-test 
were used to analyze the significant differences between treat-
ment groups. Statistical analysis was performed using SPSS 
(version 17.0). The results are expressed as means ± SD. P<0.05 
was considered to indicate a statistically significant result.

Results

EGCG inhibits cell growth in a time- and dose-dependent 
manner. In order to ascertain the capability of EGCG to 
inhibit cell growth, we studied the effect of EGCG treatment 
on Eca-109 and Te-1 cells compared with normal rat cardio-
myocytes and HFF cells. The results revealed that, 24 and 48 h 
treatment with EGCG selectively inhibited the growth of the 
Eca-109 and Te-1 cells in a time- and dose-dependent manner 
when the concentration was >25 µM. For Te-1 cells EGCG 
inhibition of cell growth was more effective at 48 h post-
treatment than that at 24 h when the concentration remained 
unchanged. For Eca-109 cells it appeared that the effect of 
EGCG was more effective at 48 h post-treatment when the 
concentration was >200 µM. The estimated IC50 value for rat 
H9c2 cardiomyocytes, HFF, Eca-109 and Te-1 cell lines was 
995, 1,584, 256 and 162 µM, respectively (Fig. 1).

EGCG arrests Eca-109 and Te-1 cells in the G1 phase. We 
analyzed the DNA content of Eca-109 and Te-1 cells treated 
with the EGCG IC50 value for 24 h. FACS analysis showed 
a significant increase in the percentage of Eca-109 (from 

44.49±3.32 to 58.45±7.78%) and Te-1 cells (from 39.69±4.23 
to 53.66±3.87%) in the G1 phase compared to control-treated 
cells. Furthermore, there was a decrease in the percentage 
of Eca-109 cells (from 27.29±4.21 to 12.73±2.89%) and Te-1 
cells (from 27±2.67 to 11.14±3.06%) in the G2/M phase. These 
results demonstrated that EGCG can arrest Eca-109 and Te-1 
cells at the G1 checkpoint of the cell cycle (Fig. 2).

EGCG induces apoptosis in Eca-109 and Te-1 cells. 
Annexin V-FITC/PI-labeled cells were treated with EGCG 
and analyzed by FACS to determine the apoptotic rate. 
Twenty-four hours of treatment with EGCG significantly 
increased the percentage of apoptotic Eca-109 cells (6.13±1.65 
to 32.23±7.23%) and Te-1 cells (8.22±2.78 to 27.7±9.35%). The 
results indicated that EGCG had an obvious effect on inducing 
apoptosis (Fig. 3).

EGCG induces ROS production in Eca-109 and Te-1 cells. 
Since we observed that EGCG induces apoptosis, we exam-
ined the production of ROS in Eca-109 and Te-1 cells treated 
with an EGCG IC50 value for 24 h. Using the ROS-sensitive 
probe, DCFH-DA, we found that the fluorescent intensity was 
significantly increased in Eca-109 and Te-1 cells compared to 
the control-treated cells (Fig. 4).

EGCG exhibits differing effects on cleaved caspase-3 and 
VEGF expression. We assessed the effects of EGCG on the 
expression of cleaved caspase-3 and VEGF by western blot-
ting. Cleaved caspase-3 levels were significantly increased in 
Eca-109 and Te-1 cells after 24 h of treatment with the EGCG 
IC50 value while VEGF expression was decreased significantly 
(Fig. 5). The results suggested that EGCG can simultaneously 
increase cleaved caspase-3 and decrease VEGF protein levels.

Figure 1. EGCG inhibits cell growth. Rat cardiomyocytes, human foreskin fibroblasts (HFF), Eca-109 and Te-1 cells were treated with increasing doses 
of EGCG (25, 50, 100, 200 and 400 µM) for 24 and 48 h. The experiments were performed three times with five replicates in each, *p<0.05. EGCG, 
epigallocatechin-3-gallate.
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EGCG inhibits tumor growth in vivo. To expand the in vitro 
studies, we tested the effects of EGCG on tumor growth 
in vivo. Eca-109 EC cells were subcutaneously implanted in the 
flank of nude mice for two weeks (Fig. 6). Tumor tissues were 
processed and analyzed by immunohistochemistry for cleaved 
caspase-3 and VEGF proteins (Fig. 7). Consistent with the 
in vitro data, we confirmed that EGCG significantly inhibited 
tumor growth by increasing caspase-3 cleavage and decreasing 
VEGF protein expression. Furthermore, H&E staining showed 
that EGCG was non-toxic to normal tissues (Fig. 8).

Discussion

In the present study, we have demonstrated that EGCG is able 
to inhibit the growth of malignant Eca-109 and Te-1 esopha-
geal cancer cells in vitro and in vivo. Eca-109 and Te-1 cells 
were arrested in the G1 phase of the cell cycle and underwent 
apoptotic cell death following exposure to EGCG. ROS 
production was increased in Eca-109 and Te-1 cells in vitro. 
The same effect has been reported in in vitro studies on human 

cervical cancer and hepatocellular carcinoma (21,22). EGCG-
treated xenograft models demonstrated reduced tumor growth, 
an increased expression of cleaved caspase-3, and decreased 
VEGF protein levels. The results suggest that EGCG effec-
tively inhibits esophageal squamous cell carcinoma by 
inducing apoptosis and caspase-3 expression and suppressing 
VEGF expression.

Conflicting results have been reported regarding cell cycle 
arrest by EGCG. Findings of a recent study showed that EGCG 
induced cell cycle arrest in G2/M phase in the epithelioid 
malignant mesothelioma-derived REN cells (18). Ma et al (23) 
reported that poorly differentiated AGS gastric cancer cells 
were arrested at S phase by EGCG. Thakur et al (24) demon-
strated that HCT116 colon cancer cells were arrested at 
G1 phase. In the present study, we observed that Eca-109 and 
Te-1 cells were arrested at G1 phase.

EGCG acts as an antioxidant (25), and possesses signifi-
cant pro-oxidant activity (26). Reactive oxygen species (ROS) 
were reported to be responsible for EGCG-induced apoptosis 
in mesothelioma (27) and EGCG-induced ROS production 
in endometrial carcinoma cells (28). However, ROS were not 
involved in EGCG-induced apoptosis in human laryngeal 
epidermoid carcinoma (Hep2) cells (14), although EGCG 

Figure 2. EGCG arrests Eca-109 and Te-1 cells in the G1 phase. (A and C) 
Eca-109 and Te-1 cells treated with PBS control. (B) Eca-109 and (D) Te-1 
cells treated with EGCG for 24 h. (E and F) Graphical representation of the 
percentage of cells in the G1, G2/M and S phases of the cell cycle. The first 
peak contains cells with diploid DNA at G1. The cells in the second peak with 
double PI-fluorescence intensity are tetraploid at G2. The area between the 
two peaks shows cells in the S phase. The results suggest that EGCG-treated 
Eca-109 and Te-1 cells were prominently arrested at the G1 phase of the cell 
cycle, *p<0.05. Representative histograms are shown. EGCG, epigallocate-
chin-3-gallate.

Figure 3. Flow cytometric analysis of apoptosis in human esophageal 
cancer cells. (A and C) FITC-labeled Eca-109 and Te-1 cells treated with 
PBS control. (B) Eca-109 and (D) Te-1 cells treated with EGCG for 24 h. 
(E and F) Graphical representation of the percentage of apoptotic cells. The 
results indicate that EGCG can significantly induce apoptotic cell death in 
human Eca-109 and Te-1 cells, *p<0.05. EGCG, epigallocatechin-3-gallate.
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reduced deoxynivalenol-induced ROS in HT-29 cells (29). 
In the present study, ROS were found to contribute to 
EGCG-induced apoptosis in Eca-109 and Te-1 cells.

In the present study, cleaved caspase-3 expression was 
increased by EGCG in vitro and in vivo. EGCG was reported 
to sensitize hepatocellular carcinoma HepG2 cells to apoptosis 
by increasing caspase-3 activity (7). Mitochondria play a 
crucial role in many apoptotic responses (30). Stress signals 
cause mitochondria to release cytochrome c, leading to acti-
vated caspase-3 as the critical executioner of apoptosis (31). In 

Figure 5. EGCG increases cleaved caspase-3 levels and decreases VEGF 
expression. (A) Eca-109 and Te-1 cells treated with PBS control or EGCG 
for 24 h. Western blot analysis was performed using anti-cleaved caspase-3 
and VEGF antibodies. β-actin was used as an internal control. Western blot 
analyses were repeated three times. (B) Graphical representation of optical 
densities were compared between EGCG-treated and untreated control cells, 
*p<0.05. EGCG, epigallocatechin-3-gallate; VEGF, vascular endothelial 
growth factor.

Figure 4. Flow cytometric analysis of ROS production in Eca-109 and Te-1 
cells. Reactive oxygen species (ROS) were detected using the FACScan 
system. (A and B) Blank control and Eca-109 cells treated with PBS control, 
respectively. (C) Eca-109 cells treated with an EGCG IC50 value for 24 h. 
(D and E) Blank control and Te-1 cells treated with DMSO control, (F) Te-1 
cells treated with an EGCG IC50 value for 24 h. (G and H) Graphical repre-
sentation of the fluorescent intensity of Eca-109 and Te-1 cells, respectively. 
The experiments were performed three times. The data suggest that EGCG 
can significantly induce ROS in human Eca-109 and Te-1 cells, *p<0.05. 
EGCG, epigallocatechin-3-gallate.

Figure 6. EGCG inhibits Eca-109 tumor formation in a xenograft model. 
(A) Images of mice harboring Eca-109 tumors 14 days after implantation. 
(B) Graphical representation of tumor volume in EGCG-treated (intraperito-
neal injection,10 mg/kg/day) control-treated mice. The data show that EGCG 
can significantly inhibit Eca-109 tumor formation in nude mice, *p<0.05. 
EGCG, epigallocatechin-3-gallate.
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endometrial carcinoma, high levels of ROS caused oxidative 
stress and EGCG was demonstrated to induce apoptosis by 
ROS generation and increase caspase-3 (28). Consistent with 
the findings of the aforementioned studies, the present study 
reports that EGCG-induced apoptosis in Eca-109 and Te-1 
cell lines by increasing caspase-3 activity and ROS genera-
tion. Due to cross signaling of intrinsic and extrinsic apoptotic 
pathways, more studies are required to elucidate the molecular 
mechanism involved.

The VEGF signaling pathway has been identified in the 
angiogenic process (32,33). This process is required for the 
growth of normal and tumor tissues such as esophageal carci-
nomas (34). Consistent with in vitro and in vivo results from 
the present study, EGCG has been shown to inhibit tumor 
growth by downregulating VEGF expression (35,36).

Although EGCG shows a cytoprotective effect at low 
concentrations (10-20 µM) (37), it has been reported that 
consumption of green tea-derived supplements at a high 
dose (120 mg/kg) can produce toxic effects in rodents (38). 

However, in the present study we found that EGCG showed 
no obvious toxicity in normal rat cardiomyocytes, human 
foreskin fibroblast, liver, spleen or kidney tissues of xenograft 
mice. The results may be due to a selective effect on certain 
types of cancer (39). Thus, additional investigations into 
EGCG toxicity are necessary.

In conclusion, our in vitro and in vivo studies confirmed 
the growth inhibition of human esophageal carcinoma cell 
lines, Eca-109 and Te-1 in xenograft models. EGCG arrested 
the growth of cancer cells in the G1 phase, induced apoptosis 
and ROS generation, decreased VEGF levels, and activated 
caspase-3 without affecting normal tissues.
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