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Abstract: Background and aims: Epigallocatechin-3-gallate (EGCG) is a natural component of green tea that has 
been shown to have inhibitory effects against the inflammation-induced onset and the development of carcinogen-
induced tumors in animal models at different organ sites, including the esophagus. This study investigates the 
effect of mixed refluxate (acid, bile acids and trypsin) on the expression of the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) signaling pathway in normal human esophageal epithelial cells (HEECs) and 
the effect of EGCG pretreatment of cells on activation of NF-κB induced by the mixed refluxate. Methods: HEECs 
were cultured in vitro and treated with varying concentrations of EGCG in the absence or presence of GER contents. 
NF-κB DNA-binding activity was examined using an electrophoretic mobility shift assay (EMSA) and intracellular lev-
els of NF-κB were evaluated using an ELISA. NF-κB reporter gene activity was measured using a luciferase reporter 
gene assay. The expression levels of NF-κB/p65, p-NFκB/p65, IκBα, p-IκBα, p-IKKα and proinflammatory cytokines, 
such as IL-6, IL-8, iNOS and COX-2 proteins, were examined using Western blot analysis. Results: Exposure of GER 
to HEECs results in a significant increase in NF-κB DNA-binding activity, intracellular levels of NF-κB and luciferase 
reporter activity compared to the control group. GER also induced the activation and nuclear translocation of NF-
κB/p65, phosphorylation of IκBα and IKKα, and upregulated the expression of NF-κB-regulated proteins IL-6, IL-8, 
COX-2 and iNOS all of which were significantly downregulated by EGCG pretreatment. Conclusions: Our data suggest 
that EGCG can suppress GER-induced NF-κB activation and can downregulate the expression of NF-κB-regulated 
proteins in HEECs.
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Introduction 

Gastroesophageal reflux disease (GERD) is 
common in Western countries, and the inci-
dence in United States alone is approximately 
7-10% [1]. A mild form of this disease may cau- 
se no apparent mucosal damage, but chronic 
GERD can lead to severe lesions, erosion, 
ulceration, stricture formation and Barrett’s 
esophagus (BE), a precancerous lesion that 
could potentially develop into esophageal ade-
nocarcinoma [2]. Bile and acid are major con-
stituents of the gastroesophagealrefluxate 
(GER) [3], and this mixture is closely associated 
with tumor progression [4]. Therefore, it is 
important to understand the molecular and cel-
lular mechanisms of esophageal mucosal inju-

ry and the effects of the refluxate on the patho-
genesis of GERD. There is a strong relationship 
between inflammation and cancer, and now, it 
is recognized that the tumor microenvironment 
is largely orchestrated by inflammatory cells 
and contributes to the neoplastic process by 
promoting cell proliferation, survival and migra-
tion [5]. Exposure to the carcinogens present in 
the GER contents can cause structural and 
functional changes in the esophageal squa-
mous epithelium, including abnormal prolifera-
tion and differentiation of these cells, BE and 
Barrett’s-related adenocarcinoma (BAA).

NF-κB is recognized as a key transcription fac-
tor involved in initiating and regulating inflam-
matory responses. NF-κB activity is regulated 
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by the cytoplasmic degradation of a related 
inhibitory protein known as IκBα. Once IκBα is 
inactivated and the Rel proteins are phosphory-
lated, the NF-κB dimers relocate to the nucleus 
[6]. The activated NF-κB binds to specific target 
sites in the nucleus and regulates the expres-
sion of genes related to inflammation, immune 
responses and cell survival [7]. Recently, both 
esophageal cell lines and biopsy cultures 
showed that GER contents can induce the 
expression of NF-κB dependent genes [8].

Epigallocatechin-3-gallate (EGCG), the major 
polyphenol found in green tea, is reported to 
have antioxidant, anti-inflammatory, anti-muta-
genic, anti-angiogenic and chemopreventive 
effects [9-13]. The mechanisms used to des- 
cribe EGCG’s anti-tumor activity include the 
induction of detoxifying enzymes, inhibition of 
the activation of carcinogens and inhibition of 
signaling pathways that control cell prolifera-
tion and tumor growth [14]. Although there is 
extensive literature describing the inhibitory 
effects of EGCG, most of these studies were 
conducted in models in which the esophageal 
carcinogenesis was already well established. It 
is well known that esophageal tumors result in 
irreversible structural and functional damage 
to several tissues and organs. Therefore, it is 
necessary to investigate the effects of EGCG 
on healthy esophageal cells, which are exposed 
to GER contents, and assess the resulting 
effects that are involved in esophageal carci- 
nogenesis. 

In this study, we investigated the relationships 
between the activated NF-κB induced by GER 
contents and the anti-inflammatory effect of 
EGCG in human esophageal epithelial cells 
(HEECs). Additionally, the non-malignant HEECs 
used in this study provide clear evidence  
of specific molecular mechanisms involved in  
GER -induced esophageal carcinogenesis.

Materials and methods

Antibodies and reagents

Chenodeoxycholic acid (CDCA) and EGCG 
(>98% pure) were obtained from Wako Pure 
Chemical Industries (Osaka, Japan). Trypsin 
(1:250) was obtained from Gibco (Rockville, 
MD, USA). IκBα, p-IκBα (Ser32/36), IKKα, 
NF-κB/p65, p-NFκB/p65 (Ser536) antibodies 

were purchased from Cell Signaling Technology 
(Beverly, MA, USA). IL-6, IL-8, COX-2 and iNOS 
antibodies were purchased from KeyGENBio- 
TECH Co. Ltd (Nanjing, China).

Cell culture

HEECs were purchased from American Type 
Culture Collection (Manassas, VA, USA). HEECs 
were cultured in RPMI-1640 medium obtained 
from Gibco (Rockville, MD, USA) and supple-
mented with 10% fetal bovine serum, 100  
μg/mL streptomycin and 100 U/mL penicillin  
G, which were purchased from Invitrogen 
(Carlsbad, CA, USA). Cells were harvested with 
0.05% trypsin and maintained at 37°C in an 
environment containing 5% CO2.

Cell treatments

A solution of EGCG dissolved in 1X PBS was 
used for this study. Cells (80-90% confluent) 
were treated with various concentrations of 
EGCG (5, 10, 20 µM) at 37°C for 4 h in RPMI-
1640 medium following which, the media was 
removed, the cells were washed with PBS and 
treated with GER contents (including acid, 
CDCA, and trypsin) for 12 h and harvested. The 
acidic culture conditions (pH 6.5), the CDCA 
concentration (200 µmol/L), and the trypsin 
concentration (10 U/mL) were recommended 
by Kawabe et al. [15].

Preparation of total cell lysate

After the treatment of HEECs with EGCG, GER 
or both, the culture medium was aspirated, and 
cells were washed thrice with PBS. The cells 
were incubated in 0.4 ml ice-cold lysis buffer 
(150 mM NaCl, 100 mM Na3VO4, 50 mM Tris-
HCl, 20 mM NaF, 1 mM PMSF (pH 7.4), 1 mM 
EDTA, 1 mM EGTA, 1% Triton X-100 and 0.5% 
NP-40) containing freshly added protease 
inhibitor cocktail (Cell Signaling Technology, 
Beverly, MA, USA). The cells were centrifuged 
for 20 min (12,000 g) at 4°C, and the superna-
tant (total cell lysate) was collected and stored 
at -80°C. The protein concentration was deter-
mined using the BCA protein assay kit (Pierce, 
Rockford, IL, USA).

Preparation of cytosolic and nuclear lysates

Following the treatment of HEECs with EGCG, 
GER contents or both, the culture medium was 
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aspirated, and the cells were washed thrice 
with PBS. The cells were incubated in 0.4 ml 
ice-cold lysis buffer (10 mM KCl, 10 mM HEPES 
(pH 7.9), 1 mM PMSF, 1 mM DTT, 0.1 mM EDTA 
and 0.1 mM EGTA) containing freshly added 
protease inhibitor cocktail for 20 min, following 
which 12.5 µl of 10% NP-40 was added and the 
contents were mixed. The cells were centri-
fuged at 13,000 g for 2 min at 4°C. The super-
natant (cytosolic lysate) was collected and 
stored at -80°C. The pellet (nuclear lysate) was 
resuspended in 50 µl of ice-cold nuclear extrac-
tion buffer (20 mM HEPES (pH 7.9), 1 mM 
PMSF, 1 mM DTT, 1 mM EDTA, 1 mM EGTA and 
0.4 M NaCl) containing freshly added protease 
inhibitor cocktail for 40 min with intermittent 
mixing. The tubes were centrifuged at 13,000 g 
for 6 min at 4°C. The supernatant (nuclear 
extract) was collected and stored at -80°C. The 
protein concentration was determined using 

the BCA protein assay kit (Pierce, Rockford, IL, 
USA).

Electrophoretic mobility shift assay

The nuclear protein extracts from HEECs were 
prepared as described earlier. For the DNA 
binding assay, an end-labeled biotinylated dou-
ble-stranded NF-κB oligonucleotide (5’-AGT 
TGA GGG GAC TTT CCC AGG C-3’) was used. 
Binding reactions were conducted using the 
nonradioactive LightshiftTM chemiluminescent 
EMSA kit (Pierce, Rockford, IL, USA) according 
to the manufacturer’s directions. Reaction 
products were separated through a 6% DNA 
retardation gel (Invitrogen, Carlsbad, CA, USA) 
and transferred to a Biodyne B membrane 
(Pierce, Rockford, IL, USA). The membrane was 
exposed to X-ray film and developed using the 
Chemiluminescent Nucleic Acid Detection 
Module (Pierce, Rockford, IL, USA).

Figure 1. EGCG inhibited GER content-induced activation of NF-κB in HEECs. A. EGCG treatment of HEECs inhibits 
GER content-induced NF-κB DNA-binding activity. Cells were pretreated with various concentrations of EGCG (5-20 
μM) for 4 h and then exposed to GER contents; nuclear extracts were prepared and assayed for NF-κB transcrip-
tional activity using EMSA. The gel is representative of three experiments with similar results. B. EGCG inhibited GER 
content-induced NF-κB/p65 activity. The effect of EGCG on NF-κB/p65 was evaluated using an ELISA. The values 
are presented as the mean ± SEM. C. EGCG inhibited GER content-induced NF-κB/p65 phosphorylation, as shown 
by a decrease in nuclear NF-κB/p65 levels with a concomitant increase in the total cytosolic NF-κB/p65 levels 
in EGCG treated samples. Cytosolic and nuclear extracts were prepared for Western blot analysis. Equal protein 
loading was achieved using β-actin and laminin as loading controls. D. EGCG inhibited GER content-induced NF-
κB-dependent reporter gene expression. HEECs were seeded at a concentration of 1.0×105 cells per well in 6-well 
plates and co-transfected with an NF-κB-driven luciferase reporter construct and pSV40-β-gal plasmid. After 48 h, 
cells were treated with GER contents with or without EGCG and Luciferase activity was measured and normalized 
with respect to β-galactosidase activity. Values are presented as the mean ± SEM. GER contents: acidified media 
(pH 6.5) treated with CDCA (200 µmol/L) for a total of 12 h along with trypsin (10 U/mL) during the final hour.
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Enzyme-linked immunosorbent assay

Quantitative analysis of NF-κB/p65 activity in 
the culture media of treated cells was conduct-
ed using the NF-κBTransAM ELISA kit from Active 
Motif (Carlsbad, CA, USA). All procedures were 
performed according to the manufacturer’s 
protocol.

Western blot analysis

70 µg of protein was resolved using PAGE 
(5-10% gels), transferred to PVDF membranes 
and blocked with 5% non-fat milk in TBS (150 
mM NaCl and 20 mM Tris, pH 7.6) containing 
0.05% Tween-20. The membranes were incu-
bated overnight at 4°C with the appropriate 
monoclonal/polyclonal primary antibodies, and 
then incubated with corresponding HRP-con- 
jugated secondary antibody for 2 h. The protein 
bands were visualized using the ECL kit (Pierce, 
Rockford, IL, USA) and imaged using X-ray films.

Luciferase activity

HEECs (1.0×105) were plated onto 6-well plates 
and co-transfected with 6 µg NF-κB-driven 
luciferase reporter construct and 8 µg pSV40-
β-gal plasmid using Lipofectamine 2000 (In- 
vitrogen, Carlsbad, CA, USA). After 48 h of expo-
sure to the transfection mixture, cells were 
incubated in medium containing EGCG for 4 h 
and subsequently exposed to GER contents for 
12 h. The wells were washed with PBS, incu-
bated with Passive Lysis Buffer (Pierce, Ro- 
ckford, IL, USA) for 20 min on a shaker, and the 
lysates were collected. Luciferase activity was 
determined using the Reporter Luciferase 
Assay System (Promega, Madison, WI, USA) 
according to the methods provided by the man-
ufacturer and the values obtained were normal-
ized to the β-galactosidase activity (Clontech, 
Mountain View, CA, USA). 

Results

EGCG suppresses GER content-induced NF-κB 
DNA-binding activity

To exclude the possibility of DNA damage 
caused due to high concentrations of EGCG, 
the effects of EGCG on cell viability were 
assessed using the MTT assay. We found that 
EGCG pretreatment at concentrations of 5-20 
μM for 4 h had an insignificant effect on the 

viability of HEECs. The results indicate that the 
NF-κB DNA-binding activity was significantly 
enhanced after HEECs were exposed to GER 
contents (Figure 1A: lane 5). EGCG pretreat-
ment significantly inhibited GER content-
induced NF-κB DNA-binding activity of HEECs in 
a dose-dependent manner (Figure 1A: lane 6, 
7, 8). In addition, the levels of NF-κB DNA-
binding activity of cells treated with EGCG alone 
(Figure 1A: lane 2, 3, 4) were not significantly 
different from those of the untreated group 
(Figure 1A: lane 1). This indicates that the ph- 
ysiological concentrations of EGCG may not 
substantially affect the NF-κB DNA-binding 
activity.

EGCG suppresses GER content-induced phos-
phorylation and nuclear translocation of NF-
κB/p65

Western blot analysis shows that GER conten- 
ts induce NF-κB/p65 (Ser536) phosphorylation 
leading to the nuclear translocation of NF-κB/
p65. EGCG pretreatment of HEECs inhibited 
this GER content-induced NF-κB/p65 phos-
phorylation in a dose-dependent manner (Fig- 
ure 1C). In addition, there is an increase in total 
cytosolic NF-κB/p65 levels with a concomitant 
decrease in nuclear NF-κB/p65 levels in EGCG 
pretreated samples, suggesting that EGCG sup-
presses GER content-mediated NF-κB/p65 
migration from the cytosol to the nucleus 
(Figure 1C). ELISA analysis further confirmed 
this effect. The activity of nuclear NF-κB/p65 
that was induced by the GER contents was 
effectively suppressed by EGCG (Figure 1B).

EGCG suppresses GER content-induced NF-κB 
reporter activity

GER contents can activate NF-κB, which can 
lead to the transcriptional activation of NF-κB-
inducible genes. To determine whether EGCG 
could inhibit GER content-induced NF-κB pro-
moter activity, HEECs were transiently trans-
fected with the NF-κB promoter-luciferase 
reporter plasmid and were exposed to GER con-
tents in the absence and presence of EGCG. An 
increase in luciferase reporter expression was 
observed in GER content-exposed cells com-
pared to the control group (Figure 1D), suggest-
ing that NF-κB was activated. We found that 
EGCG pretreatment of HEECs not only sup-
pressed NF-κB DNA-binding activity but also 
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led to a significant decrease in GER content-
induced NF-κB promoter activity.

EGCG suppresses GER content-induced phos-
phorylation of IKKα and IκBα

A key step in NF-κB activation is the phosphory-
lation of IκBα by the IκB kinase (IKK) complex 
(IKKα, IKKβ and IKKγ/NEMO). To determine 
whether EGCG’s inhibition of NF-κB activation 
was because of its impact on IκBα degrada-
tion, the cytosolic levels of IKKα and IκBα were 
measured using immunoblotting. The results 
showed that GER content exposure led to an 
increased phosphorylation of IKKα and IκBα, 
and EGCG pretreatment of HEECs suppressed 
these phosphorylations in a dose-dependent 
manner (Figure 2). Our data indicate that pre-

treatment of HEECs with EGCG led to the inhibi-
tion of GER content-induced IKKα activation, 
phosphorylation and degradation of IκBα, and 
subsequent NF-κB activation.

EGCG suppresses GER content-induced activa-
tion of inflammatory markers

To determine whether EGCG could decrease 
the production of proinflammatory cytokines, 
we used Western blotting to analyze the whole 
cell extracts. The results showed that GER con-
tents exposure to HEECs led to an increased 
expression of inflammatory markers such as 
IL-6, IL-8, COX-2 and iNOS proteins. Pretreat- 
ment of HEECs with EGCG led to a significant 
inhibition of GER content-induced increase in 
the expression of these proteins (Figure 3) indi-
cating that EGCG potentially has anti-inflamma-
tory properties.

Discussion

Many studies have been conducted on esopha-
geal cancer cell lines to evaluate whether EGCG 
could reduce their viability and invasiveness. In 
our study, normal esophageal cells pretreat- 
ed with EGCG showed downregulation of GER 
content-activated NF-κB. The development of 
esophageal inflammation and cancer is associ-
ated with oxidative stress induced by reflux 
contents such as gastric acid, bile acids and 
trypsin [16]. Dvorak et al. showed that exposing 
immortalized human esophageal epithelial 
cells HET-1A to pH 2 or 4 for 1 minute led to the 
production of reactive oxygen species (ROS) 
and low pH in combination with bile acids 
induced mitochondrial oxidative stress and 
DNA damage [17, 18]. These changes may 
cause cancer. Indeed, previous studies have 
shown that mitochondrial DNA mutations fre-
quently occur in dysplastic BE and esophageal 
adenocarcinoma, probably due to oxidative 
damage [19].

Oxidative stress is closely related to the activa-
tion of several signaling pathways, including 
the NF-κB, Janus kinase/Signal Transducer and 
Activator of Transcription signal transducer and 
activator of transcription (JAK/STAT) and MAPK 
pathways, that can upregulate the expression 
of pro-survival, anti-apoptotic and angiogenic 
proteins [20, 21]. Activation of these pathways 
and expression of anti-apoptotic proteins was 
shown to be increased in BE [22-24].

Figure 2. EGCG inhibited GER content-induced phos-
phorylation of IκBα. HEECs were pretreated with vari-
ous concentrations of EGCG (5-20 μM) for 4 h and 
then exposed to GER contents. To examine the effect 
of EGCG on the expression levels of IKKα and IκBα 
proteins, cytosolic lysates were prepared for Western 
blot analysis. The gel is representative of three ex-
periments with similar results. GER contents: acidi-
fied media (pH 6.5) treated with CDCA (200 µmol/L) 
for a total of 12 h along with trypsin (10 U/mL) during 
the final hour.

Figure 3. EGCG inhibited GER content-induced ac-
tivation of inflammatory markers. HEECs were pre-
treated with various concentrations of EGCG (5-20 
μM) for 4 h and then exposed to GER contents, after 
which the cells were harvested and total cell lysates 
were prepared for Western blot analysis. The gel is 
representative of three experiments with similar re-
sults. GER contents: acidified media (pH 6.5) treated 
with CDCA (200 µmol/L) for a total of 12 h along with 
trypsin (10 U/mL) during the final hour.
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We speculate that the oxidative stress induced 
by the mixed refluxate (acid and bile acids) may 
lead to the activation of anti-apoptotic and pro-
survival pathways in BE and BAA. However, 
DNA damage in anti-apoptosis cells is danger-
ous and can result in cell mutations due to rep-
lication errors, clonal expansion of mutated 
cells and tumor progression. Acquired somatic 
mutations may be an important determining 
factor in esophageal carcinogenesis and may 
alter the signal transduction in the esophagus. 
The squamous epithelium of distal esophagus 
is frequently exposed to acid and bile acids dur-
ing a reflux episode. An analysis of the esopha-
geal aspirates of GERD patients suggests that 
bile acids are found in the esophageal aspi-
rates of 86% of the patients [25]. Therefore, it 
is necessary to develop chemopreventive strat-
egies for high-risk patients with GERD or for 
those suffering from chronic reflux.

Pathways activated by EGCG in healthy cells, 
compared to tumor cells, create a different oxi-
dizing environment, which is conducive to the 
survival of normal cells and the destruction of 
tumor cells. Studies have shown that epithelial 
cells in skin, oral mucosa and gastrointestinal 
regions, which are in frequent contact with 
plant-derived polyphenols, are able to develop 
mechanisms to reduce the toxicity from these 
compounds [26]. However, high doses of green 
tea polyphenols in other healthy human cells 
(which lack these antitoxic mechanisms) or 
tumor cells (which may have lost these protec-
tive mechanisms) may have cytotoxic effects. 
Therefore, it is important to find an optimal 
dose of EGCG that can selectively promote the 
death of tumor cells while protecting the nor-
mal cells.

The activation of NF-κB can be induced by 
microenvironmental signals, such as acid, bile, 
hypoxia, cytokines, and genetic factors [27]. 
NF-κB activation is closely associated with an 
increase in the anti-apoptotic responses and 
the growth-promoting potential of cells leading 
to a broad spectrum of stresses, which may 
lead to a malignant transformation of the cells. 
In this study, GER content-induced NF-κB acti-
vation resulted in the NF-κB/p65 nuclear trans-
location, which was suppressed by EGCG pre-
treatment, suggesting that EGCG has the 
potential to suppress carcinogenesis induced 
by GER contents.

Cytokine-induced neutrophil accumulation ine-
sophageal inflammation induced by the reflux 
of gastroduodenal contents has been previous-
ly demonstrated [28]. Cytokines, such as IL-1, 
IL-6, IL-8 and MCP-1, may be secreted during 
this inflammatory reaction. Rafiee et al. [1]
showed that an acidic environment results in 
increased IL-6 and IL-8 release by normal 
esophageal epithelial cells. Transcriptional fac-
tors, especially those regulated by NF-κB acti-
vation, play an important role in the induction 
of cytokines, COX-2, iNOS, acute-phase pro-
teins, cell adhesion molecules and growth fac-
tors [29]. These inflammatory mediators attract 
inflammatory cells to the tissues damaged by 
GER contents and can activate other enzymes. 
The inducible isoform of nitric oxide synthase 
(iNOS) is considered more important during 
tumor progression than the other isoforms 
(eNOS and nNOS) because it is involved in 
maintaining the nitric oxide levels during inflam-
matory responses. Nitric oxide can directly 
damage DNA, inhibit the repair of damaged 
DNA, regulate transcriptional factors, enhance 
oncogene expression, block cell apoptosis and 
promote angiogenesis and is therefore associ-
ated with the processes of tumor initiation and 
development [30]. Moreover, studies have fo- 
und that a selective nitric oxide synthase inhibi-
tor prevents the progression of rat esophageal 
tumors induced by nitrosomethylbenzylamine 
[31]. Soma et al. [32] showed that GER con-
tents induced the expression of COX-2 in both 
normal and cancerous esophageal cells. Ab- 
del-Latif et al. [33] speculated that the COX-2 
expression in the esophagus may be directly 
related to the signal transduction pathways 
involved in tumor progression. Our results sh- 
ow that EGCG suppresses the activation of 
inflammatory markers (IL-6, IL-8, COX-2 and 
iNOS) induced by GER contents, suggesting 
that EGCG can prevent the formation of an 
inflammatory environment and thus, inhibit 
pathogenesis of GER contents-induced esoph-
ageal diseases.

Conclusions

In this study, we have shown that EGCG inhibits 
the GER content-mediated activation of NF-κB 
and reduces the production of inflammatory 
markers such as IL-6, IL-8, COX-2 and iNOS in 
HEECs. According to our results, long-term 
exposure to low levels of green tea derived 
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EGCG could play a chemopreventive role in 
patients with chronic GERD and in those suffer-
ing from chronic reflux. Further studies to test 
the efficacy of EGCG in animal models with 
inflammation-associated esophagus injury and 
to elucidate the mechanisms by which this nat-
ural product modulates proinflammatory signal 
transduction pathways will be conducted.
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