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Background: The variety of beneficial effects of green tea has been reported. Epigallocatechin-3-gallate (EGCG) is a major com-

ponent of green tea extract. The biological activity of EGCG includes anti-allergic and anti-inflammatory activities. However, the

precise effect of EGCG on the allergic airway inflammation has not been fully defined.

Methodology: In lung tissues of an asthma model-mouse, and nasal epithelial cells of patients with allergic rhinitis, the effect and

brief signaling pathway of EGCG on MUC5B expression were investigated using real-time polymerase chain reaction, immunohis-

tochemical, and immunoblot analysis.

Results: In the asthma model-mouse, mucus production, MUC5B expression, p38 mitogen-activated protein kinase (MAPK) and

matrix metalloprotease (MMP)-9 expression of the asthma group were significantly higher than in the control group. Extracellular

signal related kinase (ERK)1/2 MAPK expression did not change. Mucus production, MUC5B expression, p38 MAPK expression, and

MMP-9 expression of the asthma + EGCG group were significantly lower than in the asthma group. In the nasal epithelial cells of
patients with allergic rhinitis, EGCG significantly decreased phorbol 12-myristate 13-acetate (PMA)-induced MUC5B and MMP-9

expression.

Conclusion: These results suggest that EGCG reduces mucin expression in the asthma model-mouse and nasal epithelial cells of

patients with allergic inflammation.
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Introduction

Overproduction of mucus plays an important pathophysiologic
factor in allergic airway inflammations, such as asthma and
allergic rhinitis. The excessive mucus at respiratory tracts causes
inflammation by bacterial infection. Furthermore, the mucus
may become more densely packed and can lead to airway
closure ™. About 2% of mucus is comprised about of mucins.
Mucins are highly glycosylated proteins which are responsible
for viscoelastic properties of mucus ?. Mucins are subdivided

into secretory and membrane associated forms ®. Among the
mucins, MUC5AC, MUC5B, and MUCS8 are representative secre-
tory mucin genes in the human airway . In the allergic airway
inflammation, airway mucins are produced and secreted in

increased quantities .

Epigallocatechin-3-gallate (EGCG), a major component of green
tea extract, has various functions including reduction of choles-
terol and antioxidant activity, which prevents cellular injury due
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to oxidative stress *7). Recently, several studies have reported
the anti-inflammatory or anti-allergic effect of EGCG: EGCG can
counteract allergic asthma-like reaction in sensitized guinea
pigs by modulating nitric oxide synthase activity ®. EGCG increa-
ses inflammatory cell migration by suppressing matrix metal-
loprotease (MMP)-9 production and reactive oxygen species
(ROS) generation in the murine model of asthma ©. However,
the precise mechanism of action about anti-inflammatory and
allergic effects of EGCG has not been totally defined. In our
previous study on mucin-producing human NCI-H292 airway
epithelial cells, the results revealed that EGCG down-regulates
phorbol 12-myristate 13-acetate (PMA)-induced MUC5B gene
expression: p38 mitogen-activated protein kinase (MAPK) and
MMP-9 may be an important mediator of PMA-induced MUC5B
expression 9, In the present study, we aim to determine the
effect and the brief signaling pathway of EGCG in the asthma
model-mouse and the nasal epithelial cells of patients with al-
lergic rhinitis.

Materials and methods

Materials

EGCG, ovalbumin (OVA), and PMA were obtained from Sigma-
Aldrich (St Louis, MO, USA). RPMI 1640 medium and Trizol were
obtained from Invitrogen (Carlsbad, CA, USA). Real-time polyme-
rase chain reaction (PCR) kits were obtained from Roche Applied
Science (Mannheim, Germany). Fetal bovine serum (FBS) was
obtained from Hyclone Laboratories (Logan, UT, USA). Primary
antibody and anti-goat or anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibody of MUC5B, monoclonal
human MMP-9 antibody, and B-actin were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Extracellular signal
related kinase 1/2 (ERK1/2) and p38 antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA). Aluminum
hydroxide was obtained from Pierce Biotechnology (Rockford,
IL, USA).

Asthma model-mouse

BALB/c mice, 6-weeks-old and weighing 20 g, were purchased
from Jung Ang Lab. Animal (Seoul, South Korea). They were
housed in the animal unit of College of Medicine at Yeungnam
University in a temperature and moisture controlled room under
aregulated 12 hours light/dark cycle. Mice were subjected to

an adaptation period of one week and were divided into three
groups for experiment: normal control, asthma, and asthma +
EGCG. The mice were cared and treated in accordance with the
guidelines for the care and use of laboratory animals provided
by Yeungnam University. This study was approved by the institu-
tional review board at the Yeungnam University Medical Center.

OVA sensitization, challenge, and administration of EGCG
On days 0 and 14, the mice were sensitized with an intraperito-

neal injection of 20 pg of OVA and 2 mg of aluminum hydroxide
dissolved in 0.2 mL of phosphate buffered saline (PBS). On days
28-30, the mice were challenged through the airway with aero-
sol of 1% OVA dissolved in PBS for 1 hour. EGCG (10 mg/kg/day)
was administered intraperitoneally once daily on days 21-25.
Negative control mice were treated intraperitoneally with PBS
once daily on days 21-25. The mice were sacrificed on day 31.

Histologic studies of mucus and immunohistochemical ana-
lysis of MUC5B protein

Forty eight hours after the last OVA challenge, the lungs were
removed from the mice. The lung tissues were fixed in 10% for-
malin, embedded in paraffin, and sectioned to a thickness of 4
MM. The sections were stained with the periodic acid Schiff (PAS)
reagent to investigate the mucus production.

Immunohistochemical analysis was performed by the avidin-
biotin-peroxidase method. Paraffin-embedded 6 uM sections
were deparaffinized and rehydrated. For immunostaining of
MUCS5B, primary, monoclonal antibody anti-MUC5B was used
followed by the proper secondary antibody. For the negative
control, non-immune serum immunoglobulin (Ig)G, instead of
primary antibody, was used. The slides were counterstained
with hematoxylin and mounted. Immunoreactivity for MUC5B
was evaluated for the intensity of staining. The results were
expressed as a scoring system that was determined by two
independent observers on blinded slides, where scores —and +
corresponded to the absence and the presence of a brown stain
of positive intensity.

Cell culture and treatment

For the primary culture of human nasal epithelial cells with al-
lergic rhinitis, mucosa of inferior turbinate was obtained from 10
patients with allergic rhinitis who underwent inferior turbinec-
tomy (five men and five women, mean age: 31.6 years). Diagno-
sis of allergic rhinitis was based on the patient’s history, physical
examination, allergen skin-prick tests, and specific IgE assay. All
patients met the standard criterion of allergic rhinitis issued by
the Allergic Rhinitis and Its Impact on Asthma guidelines. All
subjects discontinued oral and topical corticosteroid and anti-
biotic therapy for at least four weeks before surgery. The nasal
mucosal tissue was washed with PBS and immersed in dispase
(Boehringer Mannheim Biochemica, Mannheim, Germany) for
90 minutes. After the tissue was scraped off the surface of the
nasal mucosa with a scalpel, it was added to 1% PBS and filtered
through a mesh. The cells were seeded in a 24-well plate at 2.5
% 10° cells/well and were then incubated with EpilLife medium
and human keratinocyte growth supplement (5 mL/500 mL of
medium). When the cultures were confluent, the cells were ex-
posed to the indicated concentrations of EGCG for 1 hour after
pretreatment with PMA (10 nM) for 8 hours.



Real-time PCR analysis of MUC5B and MMP-9 mRNA expres-
sion

Isolation of total RNA from the cultured cells was performed
according to the manufacturer’s instructions (Roche Applied
Science). Real-time PCR was performed with the LC Fast Start
DNA Master SYBR Green kit (Roche Applied Science) using 0.5
ML of cDNA, corresponding to 25 ng of total RNA in a 10 pL final
volume, 2.5 MM MgCl2 and 0.5 uM of each primer (final concen-
tration). Quantitative PCR was performed using a LightCycler
(Roche Applied Science) for 45 cycles at 95°C for 10 seconds,
specific annealing temperature for 5 seconds and 72°C for 10
seconds. Data were normalized to glyceraldehydes-3-phosphate
dehydrogenase (GAPDH). Amplification specificity was eva-
luated using the melting curve following the manufacturer’s
instructions (Roche Applied Science). Primer sequences and
conditions used were according to previously published studies
of MUC5B, MMP-9, and GAPDH @1,

Immunoassay for MUC5B protein

MUC5B protein level was determined by an enzyme-linked im-
munosorbent assay (ELISA). The sample of cell lysates from the
extracted lung tissues of asthma model-mouse was incubated
at 40°C in wells of a 96-well plate. Plates were blocked with 2%
bovine serum albumin and incubated with primary antibody
against MUC5B diluted with PBS containing 0.05% Tween 20 for
1 hour. The wells were incubated with HRP-conjugated secon-
dary antibody of MUC5B in each well. After 4 hours, color was
developed using 3, 3; 5, 5'-tetramethylbenzidine peroxidase
solution and stopped with 2N-H_SO,. Optical density measu-
rements were obtained from an ELISA reader (EL800; BIO-TEK
Instruments, Winooski, VT, USA) at 450 nm.

Western blot analysis of p38 MAPK, ERK1/2 MAPK, and
MMP-9

Samples of the extracted lung tissues from asthma model-mice
were seeded in wells of a 6-well plate and treated with EGCG.
The cells were exposed to trypsin, and formed into pellets at 700
g at 4°C and pellets were resuspended in lysis buffer. The prepa-
ration was then clarified by centrifugation, and the supernatant
was saved as a whole-cell lysate. Proteins (20 pg) were separated
using 10% reducing Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and electroblotted onto a nitrocellulose mem-
brane. The membrane was blocked with 5% nonfat dry milk,
followed by incubation with the indicated primary antibody
against p38, ERK1/2, or human monoclonal MMP-9 antibody for
4 hours. Subsequently, the membrane was incubated for 1 hour
with the proper secondary antibody conjugated to HRP, and
developed using an enhanced chemiluminescence kit (Perkin
Elmer Life Sciences). Bands were detected after exposure to x-
ray film for 10 seconds.
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Figure 1. Effect of EGCG on MUC5B mRNA expression and protein pro-
duction in the asthma model-mouse. Real-time PCR showed that MUC5B
mRNA expression of the asthma group was significantly higher than

the control group, and MUC5B mRNA expression of the asthma + EGCG
group was significantly lower than asthma group; (A). ELISA showed that
MUC5B protein production of the asthma group was significantly higher
than the control group, and MUC5B protein production of the asthma

+ EGCG group was significantly lower than the asthma group; (B). Bars
represent the averages + S.D. of three independent experiments in tripli-
cate. *p < 0.05 compared with the control, tp < 0.05 compared with the

asthma. Con, control.

Statistical analysis

Statistical analysis was performed using SPSS, version 12.0
(SPSS, Chicago, IL, USA). Data comparison was done with
Kruskal-Wallis ANOVA test, followed by the Mann-Whitney test
as a post hoc analysis. For all tests, a p-value < 0.05 was conside-
red statistically significant.

Results

EGCG decreases mucus production and MUC5B expression
in the asthma model-mouse

To investigate the effect of EGCG on MUC5B expression in the
asthma model-mouse, MUC5B mRNA expression and protein
production were analyzed by real-time PCR and ELISA. MUC5B
mMRNA expression and protein production of the asthma group
were significantly higher than the control group. MUC5B mRNA
expression and protein production of the asthma + EGCG group
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Figure 2. Effect of EGCG on mucus production in histological study of the asthma model-mouse. PAS staining of the bronchiole showed the control

group; (A), increased amount of mucus production (arrow) in the asthma group; (B), and decreased mucus production (arrow head) in the asthma +

EGCG group; (C) than in the asthma group; (B) (original magnification, x 100). Immunohistochemical staining of the bronchiole showed the control

group; (D), increased immunoreactivity for MUC5B in the asthma group; (E), and decreased immunoreactivity for MUC5B in the asthma + EGCG group;

(F) than in the asthma group; (E): immunopositive cells appeared brown (original magnification, x 100).

were significantly lower than the asthma group (Figures 1A and
B).

EGCG decreases mucus production in histological study of
the asthma model-mouse

To confirm the effect of EGCG on mucus production and MUC5B
expression in the asthma model-mouse, a histologic study and
immunohistochemical analysis were performed. Increased
amount of mucus production was observed in the bronchioles
of the asthma group (Figure 2B), compared to the control group
(Figure 2A), and decreased mucus production in the asthma +
EGCG group (Figure 2C) than in the asthma group. In addition,
increased immunoreactivity for MUC5B was observed in the
bronchioles of the asthma group (Figure 2E), compared to the
control group (Figure 2D), and decreased immunoreactivity

for MUC5B in the asthma + EGCG group (Figure 2F) than in the
asthma group.

EGCG inhibits p38 MAPK and MMP-9 expression in the
asthma model-mouse

To investigate the brief signaling pathway associated with EGCG
in the asthma model-mouse, ERK1/2 and p38 MAPK expression
were analyzed by Western blot. p38 MAPK expression of the
asthma group was significantly higher than the control group,

and p38 MAPK expression of the asthma + EGCG group was sig-
nificantly lower than the asthma group. However, ERK1/2 MAPK
expression did not change (Figure 3A). To investigate the effect
of EGCG on MMP-9 expression in asthma model-mice, MMP-9
expression was analyzed by real-time PCR and Western blot.
MMP-9 expression was significantly higher in the asthma group
than the control group, and MMP-9 expression of the asthma

+ EGCG group was significantly lower than the asthma group
(Figures 3B and C).

EGCG inhibits MMP-9 and MUC5B expression in the nasal
epithelial cells of patients with allergic rhinitis

To evaluate the effect of EGCG on MMP-9 and MUC5B expression
in the nasal epithelial cells of patients with allergic rhinitis under
inflammatory condition, primary cultured cells was stimulated
by PMA, MUC5B and MMP-9 mRNA expression was analyzed by
real-time PCR. The result showed that PMA-induces MMP-9 and
MUC5B over-expression and this was significantly attenuated by
EGCG (Figures 4A and B).

Discussion

Allergic airway inflammations, such as asthma and allergic
rhinitis, are characterized by airway hyper-responsiveness and
mucus overproduction. The properties of mucus depend on its
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Figure 3. Effect of EGCG on p38 MAPK expression and MMP-9 expres-
sion in the asthma model-mouse. Western blot showed that p38 MAPK
expression of the asthma group was significantly higher than the control
group, and p38 MAPK expression of the asthma + EGCG group was
significantly lower than the asthma group. But, ERK1/2 MAPK expres-
sion did not change; (A). Real-time PCR showed that MMP-9 mRNA
expression of the asthma group was significantly higher than the control
group, and MMP-9 mRNA expression of the asthma + EGCG group was
significantly lower than the asthma group; (B). Western blot showed that
MMP-9 expression of the asthma group was significantly higher than
the control group, and MMP-9 expression of the asthma + EGCG group
was significantly lower than the asthma group; (C). Bars represent the
averages + S.D. of three independent experiments in triplicate. *P < 0.05
compared with the control, P < 0.05 compared with the asthma. Con,

control.
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Figure 4. Effect of EGCG on PMA-induced MMP-9 mRNA expression in
human nasal epithelial cells of patients with allergic rhinitis. Real-time
PCR showed that PMA-induced MMP-9 mRNA expression was signifi-
cantly decreased by pretreatment with EGCG; (A). PMA-induced MUC5B
expression was significantly decreased by pretreatment with EGCG; (B).
Bars represent the averages + S.D. of three independent experiments in
triplicate. *P < 0.05 compared with zero value, TP < 0.05 compared with
PMA only.

content with mucins, which are regulated by a variety of inflam-
matory mediators. PMA, a protein kinase C (PKC) activator, has
been known as an inflammatory mediator to modulate various
cellular events. PMA also plays a significant role in the induction
of mucin production in NCI-H292 cells through p38 dependent
MMP-9 signaling pathway %''3). PMA-induced MUC5B expres-
sion is regulated through epidermal growth factor receptor
(EGFR) and p38-mediated transcriptional mechanism (131,
Therefore, to evaluate the effect of EGCG on allergic rhinitis
under inflammatory condition, PMA was used as an inflamma-
tory stimulator for influencing primary cultured human nasal
epithelial cells of patients with allergic rhinitis.

MMP-9 is a kind of collagenase that cleaves type IV collagen,
which makes up a substantial portion of the basement membra-
ne of airways. MMP-9 plays a role in tissue remodeling in disea-
ses such as asthma and bronchiectasis; increased MMP-9 activity
in bronchoalveolar lavage fluid was observed in asthmatic
patients compared to healthy subjects 7. Several studies have
demonstrated that MMP-9 mediates mucin gene expression in
airway epithelial cells. Acrolein-activated MMP-9, leading to MU-
C5AC accumulation, contributes to persistent mucin production
in chronic obstructive pulmonary disease "%, Lipopolysacchari-
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de-induced MUC5AC production may be partially mediated by
MMP-9 activation . The results of our previous study revealed
that p38 MAPK plays a role in the signaling pathway of PMA-in-
duced MUCS5B expression, and EGCG can down-regulate MUC5B
and MMP-9 expression in human NCI-H292 cells. Moreover,
MMP-9 may be an important mediator of PMA-induced MUC5B
expression, and p38 MAPK plays a role in PMA-induced MMP-9
expression in human NCI-H292 airway epithelial cells 1°.

EGCG, derived from green tea, is the most abundant bioactive
polyphenolic substance. Based on a previous safety and phar-
macokinetic study, oral administration of EGCG at a daily dose of
800 mg is safe and well tolerated in healthy human subjects. It is
likely that a daily 800 mg bolus of EGCG in humans will approxi-
mately achieve levels similar to those in sera of EGCG (10 mg/kg/
day) intraperitoneally injected mice ©%. Therefore, many animal
studies related to EGCG, including our own, were performed in
the concentration range of 3-20 mg/kg/day, which is likely to

be achieved under physiologic condition and is not expected to
cause any negative side effects #2122, Previous in vitro studies
of EGCG on airway epithelial cell, the concentration range of
10-1000 uM was used, because topical application of EGCG on
nasal mucosa might achieve the effective experimental dosage
of EGCG, allowing the use of EGCG as a therapeutic agent ©1023),
Thus, our study using the allergic nasal epithelial cell was perfor-
med with EGCG concentrations of 50 and 100 pM.

From the perspective of the protective effect of EGCG on
asthma or asthma-like reaction, EGCG can sustain endothelial
nitric oxide synthase (NOS) activity and maintain endogenous
nitric oxide (NO) generation at physiological levels in an OVA-
sensitized asthma model. This can counteract the activation

of inducible NOS, which releases excess NO and subsequently
activates cyclooxygenase-2 to produce inflammatory prosta-
glandins ©. In a toluene diisocyanate-sensitized asthma model,
EGCG reduced the pathologic lung damage due to the sup-
pression of ROS ©. In an OVA-sensitized asthma model, EGCG
reduced inflammatory cell recruitment and overall inflammatory
response in airways and lung tissues 2. But there has not been
any study on the influence of EGCG on mucin gene expression
and mucin production in allergic airway inflammations. There-

fore, the present study was performed to assess the effect of
EGCG on mucin expression in the allergic airway inflammations.
The results showed that increased amount of mucus production
in asthma group than the control group, and mucus production
was decreased in the asthma + EGCG group. MUC5B, MMP-9,
and p38 MAPK expressions were increased in the asthma group
and significantly decreased in the asthma + EGCG group. These
results suggest that EGCG down-regulates MUC5B expression

in the asthma model-mouse. To evaluate the effect of EGCG on
allergic rhinitis under inflammatory condition, primary cultured
human nasal epithelial cells of patients with allergic rhinitis
were stimulated by PMA to make an intensive inflammatory
condition. The results also demonstrate that EGCG attenuates
MUC5B and MMP-9 expression. We did not investigate the effect
of EGCG on human bronchial epithelial cells of patients with
asthma in this study. However, we expect the results of such
studies to be similar to the results in the current study. Further
studies of the effect of EGCG on allergic airway epithelial cells
should be performed.

In conclusion, the results of in vivo and in vitro studies suggest
that EGCG down-regulates MUC5B expression through the p38
MAPK dependent MMP-9 signaling pathway in allergic airway in-
flammations. Although overall signaling pathways for regulation
of the mucin genes by EGCG in allergic airway inflammations
require further confirmation, EGCG could be a novel therapeutic
agent for controlling mucin production in allergic airway inflam-
mations.
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