
weight of the solids in brewed green tea. Major tea catechins 
are (-)-epigallocatechin-3-gallate (EGCG), (-)-epicatechin 
(EC), (-)-epigallocatechin (EGC), and (-)-epicatechin-3-
gallate (ECG). EGCG is the most abundant catechin in green 
tea.3-7 Accumulating evidence has shown that EGCG may 
possess anti-oxidative and anti-inflammatory properties that 
may affect the pathogenesis of chronic diseases including 
atherosclerosis and prostatic cancer.3-7

IBD, including Crohn’s disease and ulcerative colitis, are 
chronically relapsing disorders of the intestine. Their patho-
genic mechanism has been proposed to be a dysregulatory 
immune response to luminal or epithelial antigens, such as 
gut microflora, and is characterized by the overproduction 
of pro-inflammatory mediators including cytokines, che-
mokines, enzymes, and adhesion molecules in the inflamed 
intestinal mucosa.8-12

Adhesion molecules mediate the binding and movement 
of leukocytes to tissue components and play a critical role in 
facilitating the immune response at the inflammation site.13-17 
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INTRODUCTION

Tea, derived from the leaves of Camellia sinensis , is one of 
the most widely consumed beverages in the world. The most 
commonly consumed types of tea are green, oolong, and 
black, and the differences between these types of tea lie in the 
fermentation process of C. sinensis .1,2 Green tea is the best 
studied for its health benefits, including its chemopreventive 
effect and cancer treatment efficacy. These health-beneficial 
properties of green tea are mediated by its polyphenolic com-
pounds. The predominant sources of tea polyphenols are 
catechins, which constitute approximately 30-42% of the dry 
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Among the many adhesion molecules, intercellular adhesion 
molecule (ICAM)-1 and vascular cell adhesion molecule 
(VCAM)-1 are associated with a variety of inflammatory dis-
eases and conditions, including IBD.13-17 Blocking these adhe-
sion molecules by specific antibodies has been proposed as a 
therapeutic approach in IBD.18

Nuclear factor-kappa B (NF-κB) functions as a transcrip-
tion factor regulating the production of many inflammatory 
mediators, such as cytokines, chemokines, inflammatory 
enzymes, and adhesion molecules, and is one of the prime 
targets for novel anti-inflammatory therapeutics. Enhanced 
NF-κB activity is found in a large variety of tissues affected by 
inflammation, including IBD and anti-inflammatory thera-
peutic drugs have been linked to the inhibition of NF-κB ac-
tivity.19-26

 In the present study, we investigated the impact of EGCG 
on lipopolysaccharide (LPS)-induced NF-κB signaling and 
the expression of ICAM-1 and VCAM-1 in rat intestinal epi-
thelial (RIE) cells.

METHODS

1. Cell Culture and Treatment 

The RIE cell line (American Type Culture Collection CRL 
1589, Manassas, VA, USA) was cultured in Dulbecco’s Modi-
fied Eagle (DMEM) medium (Hyclone, Loan, UT, USA) 
supplemented with 10% heat-inactivated fetal bovine serum 
(FBS; Hyclone), 50 units/mL penicillin (Gibco, Grand Island, 
NY, USA), and 50 μg/mL streptomycin. EGCG (purification 
>95%) was obtained from Sigma-Aldrich (St. Louis, MO, USA) 
and stored as a 50 mM stock solution at 4oC. LPS from Esch-
erichia coli (serotype 0111:B4) was also purchased from Sig-
ma-Aldrich and dissolved in sterile, pyrogen-free phosphate-
buffered saline (PBS). Bay11-7082 (an NF-κB inhibitor) was 
obtained from Calbiochem (San Diego, CA, USA). Cells were 
pretreated with various concentrations of EGCG (0-100 μM) 
or Bay11-7082 (5 μM), after stimulation with LPS (1 μg/mL) 
for the times indicated. 

2. Cell Viability

RIE cells were plated in a 96-well plate at a density of 1×104 
cells/well and incubated in medium containing various con-
centrations of EGCG and LPS. After incubation for 24 hours, 
cell viability was determined by EZ-CyTox (water-soluble 
tetrazolium salt, WST-1) cell viability assay kit (Daeil Lab Inc, 
Seoul, Korea). After the WST-1 reagent was added for 1-2 
hours at 37oC, the absorbance was determined using a mi-
croplate reader (Infinite M200; Tecan Austria GmbH, Grödig, 
Austria) with Magellan V6 data analysis software (Tecan Aus-
tria GmbH). Triplicate wells were used for each experimental 
condition and all experiments were repeated at least three 
times.

3. Western Blotting

The cells were exposed to LPS (1 μg/mL) in the absence or 
presence of EGCG pretreatment (50-100 μM). Subsequently, 
following 10 or 30 minutes of incubation at 37oC, cells were 
washed twice with cold PBS and lysed with RIPA buffer (1 
M Tris-HCl, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA) 
with 1 mM phenylmethylsulfonyl fluoride (PMSF), HaltTM 
phosphatase inhibitor, and HaltTM protease inhibitor cocktail 
(Thermo, Rockford, IL, USA) for 15 min at 4oC. Lysates were 
cleared by centrifuging at 14,000 g for 20 minutes at 4oC. The 
protein concentrations of the cell lysates were determined us-
ing the BCATM protein assay (Thermo). Equivalent amounts 
of protein were separated by 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
phoretically transferred to a polyvinyl difluoride membrane 
(Millipore, Billerica, MA, USA). Primary antibodies were used 
as described by the respective manufacturer: polyclonal anti-
inhibitor of kappa B alpha (IκB-α) (Cell Signaling, Danvers, 
MA, USA) and polyclonal anti-glyceraldehyde phosphate 
dehydrogenase (GAPDH; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). After washing three times with Tris-buffered 
saline and Tween 20, membranes were incubated with 
secondary horseradish peroxidase (HRP)-conjugated anti-
mouse IgG for 1 hour. After washing, the blots were detected 
using a chemiluminescent (enhanced chemiluminescence) 
HRP substrate (Millipore) using an image reader (Ras-4000; 
Fujifilm, Tokyo, Japan). 

4. Reverse Transcription-polymerase Chain Reaction

Total RNA was isolated using the Trizol reagent (Invitro-
gen, Carlsbad, CA, USA) following the instructions provided 
by the manufacturer. The quantity and purity of total RNA 
were determined by measuring the optical density using 
Nanodrop. RT was carried out using 1 μg total RNA using 
Moloney murine leukemia virus reverse transcriptase (In-
vitrogen) and RNAsin (Takara, Japan) for first-strand cDNA 
synthesis. PCR amplification of cDNA was performed using 
gene-specific primers and the GoTaq® DNA polymerase 
(Promega, Madison, WI, USA). The following specific primers 
were used: ICAM-1 5’- GACCCCAAGGAGATCACATTCAC-
3’/5’-GTCCAGTTCCCCAAGCAGTCC-3’; VCAM-1 5’-CAGA-
GATTCAATTCAGTGGCC-3’/5’-GAGCAGGTCAGGTTCA-
CAGG-3’; GAPDH 5’-ACCACAGTCCATGCCATCAC-3’/5’-
TCCACCACCCTGTTGCTGTA-3’.

5. Immunofluorescence

The cells were plated in an 8-chamber slide (Nalge Nunc 
International, Rochester, NY, USA). The cells were exposed 
to LPS (1 μg/mL) for 10 minutes in the absence or presence 
of 100 μM EGCG pretreatment. Subsequently, cells were 
washed with PBS and fixed with 4% formaldehyde in RT. 
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Next, cells were permeabilized using PBS containing 0.25% 
Triton X-100 and blocked with PBS containing 1% bovine se-
rum albumin and 10% FBS. Cells were subjected to staining 
with polyclonal anti-NF-κB antibody (Santa Cruz Biotechnol-
ogy) overnight at 4oC. NF-κB in cells was visualized with Al-
exa488 (green)-conjugated secondary antibody (Invitrogen). 
Coverslips were mounted in ProLong Gold antifade reagent 
containing 4’,6-diamidino-2-phenylindole (Invitrogen) and 
analyzed using fluorescent microscopy.

6. Electrophoretic Mobility Shift Assay (EMSA)

Nuclear proteins were prepared as previously described.27 
The treated cells were washed twice with PBS and resus-
pended in lysis buffer (10 mM HEPES [pH 7.9], 0.5 mM KCl, 
1.5 mM MgCl2, 0.5 mM DTT, 0.2 mM PMSF). Cells were 
left on ice for 5 minutes and centrifuged at 12,000×g for 5 
minutes. The resulting pellet was resuspended in high salt 
buffer (20 mM HEPES [pH 7.9], 25% glycerol, 1.5 mM MgCl2, 
0.8 M KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) and 
centrifuged at 12,000×g for 20 minutes. The supernatant was 
collected as the nuclear extract and the protein concentra-
tion was estimated using the BCATM protein assay (Thermo). 
The nuclear extracts were stored at -70oC. NF-κB DNA bind-
ing activity was determined by EMSA. Briefly, the double-
stranded oligonucleotide containing the NF-κB binding site 
(5’-AGCTTGAGGGGACTTTCCCAGGC-3’) was end-labeled 
with [γ-32P] labeled ATP and 5 U of T4 nucleotide kinase at 
37oC for 10 minutes. The nuclear extract (10 μg) was incu-
bated for 20 minutes at room temperature with 0.5 pM of the 
radio-labeled oligonucleotide and 250 ng of poly (dl•dC) in 
a buffer (5% glycerol, 1 mM EDTA, 1 mM DTT) in a final vol-
ume of 20 μL. After incubation for 20 minutes, samples were 
loaded on native 6% polyacrylamide gel in 0.5% Tris-borate-
EDTA buffer and run at 100 V for 30 minutes. The gel was 
dried, exposed to X-ray film overnight at -80oC, and then de-
veloped using a Kodak X Film (Kodak, Rochester, NY, USA). 
For quantitative analysis of the results, the density of each 
band was estimated using MultiGauge software (Fujifilm). 
The obtained density value was normalized with respect to 
that obtained under controlled conditions.

RESULTS

1. Impact of EGCG or LPS on the Viability of RIE Cells

In order to study the effect of EGCG on cell viability, the 
cells were exposed to different concentrations of EGCG (0-
100 μM) or LPS (0.5-1.0 μg/mL) for 24 hours. EGCG treat-
ment or LPS stimulation did not affect cell viability in RIE 
cells at the concentrations tested (Fig. 1).

2. EGCG Inhibits LPS-induced ICAM-1 and VCAM-1 
Expressions in RIE Cells

To examine whether EGCG could inhibit the LPS-induced 
expression of adhesion molecules in RIE cells, the cells 
were pretreated with 100 μM EGCG for 1 hour prior to 1- or 
4-hours stimulation with 1 μg/mL LPS. The mRNA expres-
sion of LPS-induced inflammatory adhesion molecules 
was measured by RT-PCR and densitometry. LPS-induced 
ICAM-1 and VCAM-1 mRNA expression was significantly 
suppressed in the presence of EGCG (P<0.05) in RIE cells as 
determined by RT-PCR (Fig. 2A) and densitometry (Fig. 2B).

3. EGCG Inhibits LPS-induced NF-κB DNA-binding 
Activity in RIE Cells

To evaluate the effect of EGCG treatment on LPS-induced 
NF-κB DNA-binding activity, nuclear extracts were prepared 
and EMSA was performed. RIE cells were pretreated with 
EGCG (100 μM) for 24 hours, and then stimulated with LPS 
(1 μg/mL) for the indicated periods. Pretreatment of RIE cells 
with EGCG markedly suppressed LPS-induced NF-κB DNA-
binding activity (Fig. 3).

4. EGCG Inhibits LPS-induced IκBα Degradation and 
NF-κB Nuclear Translocation in RIE Cells 

To determine whether the inhibition of LPS-induced NF-κB 
activation was due to reduced IκBα degradation, cells were 
pretreated with EGCG for 1 hour, before they were exposed to 1 

Fig. 1. Impact of epigallocatechin-3-gallate (EGCG) or lipopolysac-
charide (LPS) on the viability of rat intestinal epithelial (RIE) cells. In 
order to study the effect of EGCG on cell viability, the cells were ex-
posed to variable concentrations (0-100 μM) of EGCG with or without 
or LPS (1 μg/mL) for 24 hours. No significant cytotoxicity of EGCG or 
LPS was observed under the experimental conditions. OD, optical den-
sity.
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μg/mL LPS for 30 minutes. The effect of EGCG on IκBα de-
gradation was determined by western blot analysis. EGCG 
treatment inhibited LPS-induced IκBα degradation in a dose-
dependent manner (Fig. 4A). The nuclear translocation of 
NF-κB upon IκBα degradation was evaluated by immuno-
fluorescence. LPS-induced NF-κB nuclear translocation was 
blocked by EGCG treatment (Fig. 4B).

5. Effect of NF-κB Inhibitor on LPS-induced ICAM-1 
and VCAM-1 Expressions in RIE Cells

To examine the role of the NF-κB signaling pathway on the 
expression of adhesion molecules, we examined the effect of 
the pharmacological NF-κB inhibitor Bay11-7082 on the LPS-
induced expression of ICAM-1 and VCAM-1. Bay11-7082 and 
EGCG suppressed the LPS-induced ICAM-1 and VCAM-1 

Fig. 2. Epigallocatechin-3-gallate (EGCG) inhibits lipopolysaccharide (LPS)-induced intercellular adhesion molecule (ICAM)-1 and vascular cell 
adhesion molecule (VCAM)-1 expression in rat intestinal epithelial (RIE) cells. RIE cells were pretreated with EGCG (100 μM) for 1 hour, stimulated 
with LPS (1 μg/mL), and harvested after 1 hour. RNA was isolated using the TRIzol procedure, and 1 μg of total RNA was reverse transcribed and 
amplified using specific primers for ICAM-1, VCAM-1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Band intensities were quanti-
fied by densitometry. Results are representative of 3 independent experiments. EGCG treatment significantly reduced the LPS-induced ICAM-1 
and VCAM-1 mRNA expression in RIE cells, as determined by RT-PCR (A) and densitometry (B). *P<0.05, compared to unstimulated cells; †P<0.05, 
compared to LPS stimulation.

BA

Fig. 3. Epigallocatechin-3-gallate (EGCG) inhibits lipopolysaccharide (LPS)-induced nuclear factor kappa B (NF-κB) DNA-binding activity in rat 
intestinal epithelial (RIE) cells. An electrophoretic mobility shift assay on nuclear extracts of RIE using a consensus oligonucleotide for NF-κB 
binding was performed. The RIE cells were pretreated with EGCG (100 μM) for 1 hour, and then stimulated with LPS (1 μg/mL) for indicated 
periods, and nuclear extracts were prepared. EGCG inhibits LPS-induced NF-κB DNA-binding activity. *P<0.05, compared to unstimulated cells; 
†P<0.05, compared to LPS stimulation.

BA
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Fig. 4. Epigallocatechin-3-gallate (EGCG) 
inhibits lipopolysaccharide (LPS)-induced 
inhibitor of kappa B (IκBα) degradation 
and nuclear factor kappa B (NF-κB) nucle-
ar translocation in rat intestinal epithelial 
(RIE) cells. (A) RIE cells were pretreated for 
1 hour with EGCG (50, 100 μM), and then 
stimulated with LPS (1 μg/mL) for 30 min-
utes. Total protein was extracted, and 20 
μg of protein was subjected to SDS-PAGE 
followed by IκBα and β-tubulin western 
blotting using the enhanced chemilumi-
nescence technique. LPS-induced IκBα 
degradation was dramatically inhibited by 
coincubation with LPS and EGCG. (B) RIE 
cells were pretreated with EGCG (100 μM) 
for 1 hour, and then stimulated with LPS 
(1 μg/mL) for 30 minutes. NF-κB localiza-
tion was visualized using an anti-NF-κ
B primary antibody. Coincubation with 
LPS plus EGCG inhibited NF-κB nuclear 
translocation. Scale bar=50 μm. DAPI, 
4’,6-diamidino-2-phenylindole.

B

A

Fig. 5. Effect of nuclear factor kappa B (NF-κB) inhibitor on lipopolysaccharide (LPS)-induced intercellular adhesion molecule (ICAM)-1 and vas-
cular cell adhesion molecule (VCAM)-1 expression in rat intestinal epithelial (RIE) cells. RIE cells were pretreated with 5 μM Bay11-7082 and 100 
μM epigallocatechin-3-gallate (EGCG) for 1 hour, and then stimulated with 1 μg/mL LPS for the indicated periods. RNA was isolated using the 
TRIzol procedure, and 1 μg of total RNA was reverse transcribed and amplified using specific primers for ICAM-1, VCAM-1, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Band intensities were quantified by densitometry. Results are representative of 3 independent experi-
ments. Bay11-7082 and EGCG suppressed the LPS-induced ICAM-1 and VCAM-1 mRNA expression in RIE cells, as determined by RT-PCR (A) and 
densitometry (B). *P<0.05, compared to unstimulated cells; †P<0.05, compared to LPS stimulation.

BA
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mRNA expression in RIE cells as determined by RT-PCR (Fig. 
5A) and densitometry (Fig. 5B). These results suggest that in-
hibition of expression of adhesion molecules by EGCG may 
be caused by blocking NF-κB signaling in RIE cells.

DISCUSSION

Green tea is a product of the dried leaves of C. sinensis and 
contains high levels of polyphenols. The polyphenols present 
in green tea have potent anti-oxidant and anti-inflammatory 
properties and most of these beneficial effects are provided 
by its principal constituent catechin, EGCG.3-7

The intestinal epithelial layer is essential for the proper 
functioning of the gastrointestinal tract, and its increased 
permeability to luminal antigens such as bacteria and bac-
terial products may lead to inflammatory processes. LPS, a 
major component of the outer membrane of gram-negative 
bacteria, stimulates the over-production of oxidants, release 
of inflammatory mediators, and recruitment of immune cells 
including macrophages and neutrophil. IBD appear to result 
from the breakdown of the intestinal epithelial layer and ab-
errant immune responses against microorganisms that are 
present in the intestine.8-12 Therefore, in this study, we used 
RIE cells to characterize the impact of EGCG on LPS-induced 
NF-κB signaling and expression of adhesion molecules.

Adhesion molecules such as ICAM-1 and VCAM-1 play an 
important role in facilitating the immune response at sites of 
inflammation. Adhesion molecules are increased in inflamed 
regions of IBD.13-17 Therefore, the inhibition of these adhesion 
molecules may be an important therapeutic target to prevent 
or decrease inflammation in IBD.18 In our study, LPS-induced 
ICAM-1 and VCAM-1 mRNA expression in RIE cells was 
inhibited by EGCG treatment. These results suggest that the 
green tea polyphenol EGCG may be beneficial for the treat-
ment of IBD.

NF-κB is a transcription factor that is involved in innate 
immune and inflammatory responses by regulating the 
expression of genes encoding pro-inflammatory media-
tors including adhesion molecules. Proteins of the NF-κB 
family act as homo- and hetero-dimers of the products of 
five genes: NF-κB1 (also known as p50), NF-κB2, RelA (also 
known as p65), RelB , and c-Rel . NF-κB is present in the 
cytosol as an inactive protein complex associated with the 
inhibitory protein, IκB. The activation of the NF-κB pathway 
is initiated by the activation of the IκB kinase (IKK) complex, 
which is composed of 3 subunits: IKKα (IKK1), IKKβ (IKK2), 
and IKKγ (also known as NEMO). In the classical NF-κB 
pathway, IKK activation results in IκB phosphorylation, its 
dissociation from NF-κB, and proteosomal degradation. This 
situation enables the translocation of NF-κB into the nucleus, 
where it functions as a transcription factor of pro-inflam-
matory mediators, such as adhesion molecules, inflamma-
tory enzymes, and cytokines.19-26 Therefore, NF-κB may be 
an effective target for treating inflammation. In our study, 

EGCG inhibited LPS-induced IκBα degradation, nuclear 
translocation of NF-κB/p65, and NF-κB DNA-binding activity 
in RIE cells. Previously, EGCG has been shown to modulate 
the production of pro-inflammatory mediators by blocking 
NF-κB signaling in human colon cancer cell lines, peritoneal 
macrophages, monocytes, and murine bone marrow-derived 
macrophages.27-31 Moreover, EGCG ameliorated mucosal 
inflammation in mouse experimental colitis models.32 These 
results suggest that EGCG-mediated NF-κB inhibition is not 
cell type-specific and operates in vivo as well.

The expression of adhesion molecules is regulated by 
NF-κB, which controls the activation of the innate immune 
response and the transcription of variable pro-inflammatory 
mediators. Regulatory sites controlling the expression of 
adhesion molecules have NF-κB binding sites.33,34 Inhibition 
of NF-κB could potentially decrease the expression of adhe-
sion molecules. Bay11-7082 is a potent pharmacological 
inhibitor of LPS-induced IκBα phosphorylation and has been 
shown to modulate cell survival in various cell systems.35 In 
our study, Bay11-7082 suppressed LPS-induced ICAM-1 and 
VCAM-1 mRNA accumulation in RIE cells. Therefore, EGCG 
inhibits the expression of adhesion molecules by blocking 
NF-κB signaling in RIE cells.

In summary, LPS-induced ICAM-1 and VCAM-1 mRNA 
expression was inhibited by EGCG treatment in RIE cells. 
EGCG blocked LPS-induced NF-κB activation in RIE cells. 
An NF-κB inhibitor suppressed LPS-induced ICAM-1 and 
VCAM-1 mRNA expression in RIE cells. These results indi-
cate that EGCG inhibits LPS-induced ICAM-1 and VCAM-1 
expression by blocking NF-κB signaling in intestinal epithe-
lial cells.
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