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INTRODUCTION

Mucus plays an important role in protecting the human airway 
from external environment. Mucins are highly glycosylated pro-
teins that are the major components of mucus, and which are 
responsible for its viscoelastic properties [1]. Mucins are subdi-
vided into secretory and membrane associated forms [2]. Among 

the mucins, MUC5AC, MUC5B, and MUC8 are representative 
secretory mucin genes in the human airway [3]. In the airway 
inflammatory diseases, such as asthma and bronchitis, airway 
mucins are produced and secreted in increased quantities. Fur-
thermore, excessive mucus may become more densely packed 
and can lead to airway closure [4].
  Phorbol 12-myristate 13-acetate (PMA), a protein kinase C 
activator, has been used as an inflammatory stimulant to express 
mucin genes in airway epithelial cells: PMA has been reported to 
up-regulate MUC5B expression via matrix metalloproteinase-9 
(MMP-9) in airway epithelial cells [5,6]. Epigallocatechin-3-gal-
late (EGCG) is the major component of green tea extract. The 
various functions of EGCG include reduction of cholesterol and 
antioxidant activity, which prevents cellular injury due to oxida-
tive stress [7-9]. Recently, several studies reported the anti-aller-
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gic or anti-inflammatory effect of EGCG: EGCG can counteract 
allergic asthma-like reaction by modulating nitric oxide synthase 
activity [10]. EGCG regulates inflammatory cell migration by 
suppressing MMP-9 production and reactive oxygen species gen-
eration [11]. However, the precise mechanism of action about 
anti-inflammatory effect of EGCG has not been fully defined.
  Therefore, this study aimed to investigate the effect and the 
brief signaling pathway of EGCG on PMA-induced MUC5B ex-
pression in human airway epithelial cells.

MATERIALS AND METHODS

Materials
EGCG and PMA were obtained from Sigma-Aldrich (St Louis, 
MO, USA). Mucin-producing human NCI-H292 airway epitheli-
al cells were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA). RPMI 1640 medium and Trizol were 
obtained from Invitrogen (Carlsbad, CA, USA). Real-time poly-
merase chain reaction (PCR) kits were obtained from Roche Ap-
plied Science (Mannheim, Germany). Fetal bovine serum (FBS) 
was obtained from Hyclone Laboratories (Logan, UT, USA). Pri-
mary antibody and anti-goat or anti-mouse horseradish peroxi-
dase (HRP)-conjugated secondary antibody of MUC5B, mono-
clonal human MMP-9 antibody, and β-actin were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Extracellular 
signal related kinase 1/2 (ERK1/2), phospho-ERK1/2, p38, and 
phospho-p38 antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA). SB203580, a specific inhibitor 
for p38 mitogen-activated protein kinase (MAPK), was purchased 
from Biomol (Plymouth Meeting, PA, USA). MMP-9 I (MMP-9 
inhibitor), a specific inhibitor for MMP-9, was purchased from 
Calbiochem (Frankfurt, Germany).

Cell culture and treatment 
NCI-H292 airway epithelial cells were cultured in RPMI 1640 
medium supplemented with 2 mM L-glutamine, 100 U/mL pen-
icillin, 100 μg/mL streptomycin, and 10% FBS. The cells were 
grown at 37°C in 5% CO2 fully humidified air. When confluent, 
the cells were incubated in RPMI 1640 medium containing 0.5% 
FBS for 24 hours. The cells were then rinsed with serum-free 
RPMI 1640 medium and exposed to the indicated concentrations 
of EGCG for 1 hour after pretreatment with PMA. This study 
was approved by the institutional review board at the Yeungnam 
University Medical Center.

Real-time PCR analysis of MUC5B and MMP-9 mRNA  
expression
Real-time PCR was performed with the LC Fast Start DNA Mas-
ter SYBR Green kit (Roche Applied Science) using 0.5 µL of 
cDNA, corresponding to 25 ng of total RNA in a 10 µL final 
volume, 2.5 mM MgCl2 and 0.5 µM of each primer (final con-

centration). Quantitative PCR was performed using a LightCy-
cler (Roche Applied Science) for 45 cycles at 95°C for 10 sec-
onds, specific annealing temperature for 5 seconds and 72°C for 
10 seconds. Data were normalized to glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH). Amplification specificity was 
evaluated using melting curve, following the manufacturer’s in-
structions (Roche Applied Science). Primer sequences and con-
ditions were used according to previously published studies of 
MUC5B, MMP-9, and GAPDH [6,12].

Immunoassay for MUC5B protein
MUC5B protein level was determined by an enzyme-linked im-
munosorbent assay (ELISA). Samples of cell lysates from NCI-
H292 airway epithelial cells were incubated at 40°C in wells of 
96-well plate. Plates were blocked with 2% bovine serum albu-
min and incubated with primary antibody of MUC5B diluted 
with PBS containing 0.05% Tween 20 for 1 hour. The wells were 
treated with HRP-conjugated secondary antibody of MUC5B 
into each well. After 4 hours, color was developed using 3, 3´, 5, 
5´-tetramethylbenzidine peroxidase solution and stopped with 
2N-H2SO4. Optical density measurements were obtained from 
an ELISA reader (EL800; Bio-Tek Instruments, Winooski, VT, 
USA) at 450 nm.
 
Gelatin zymography assay of MMP-9 protein activity
MMP-9 protein activity was measured by gelatin zymography. 
In brief, the supernatant of cultured NCI-H292 airway epithelial 
cells containing 10 μg of protein were mixed with 2×sodium-
dodecyl sulfate (SDS) loading buffer before being loaded into 
10% polyacrylamide gels (wt/vol) contain 0.1% (wt/vol) gelatin 
as a substrate (Biotech, Piscataway, NJ, USA). The protein was 
subjected to electrophoresis at 80 volt for 120 minutes and the 
gel was then washed with zymogram renaturing solution (Bio-
tech). The gel was incubated in zymogram developing solution 
(Biotech) for 24 hours. After incubation, the gel was stained by 
0.5% Coomassie Blue R-250 (Bio-Rad Lab., Hercules, CA, USA) 
and destained in 30% methanol and 5% acetic acid solution, 
and then rinsed to visualize digested bands in the gelatin matrix. 
The gels were photographed and the averages of band intensity 
were measured using commercially available imaging software 
(Scion Co., Frederick, MD, USA).

Western blot analysis of p38 MAPK, ERK1/2 MAPK, and 
MMP-9
Samples of cell from NCI-H292 airway epithelial cells were seed
ed 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 preparation 
was then clarified by centrifugation, and the supernatant was 
saved as a whole-cell lysate. Proteins (20 µg) were separated us-
ing 10% reducing SDS–polyacrylamide gel electrophoresis and 
electroblotted onto a nitrocellulose membrane. The membrane 
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was blocked with 5% nonfat dry milk, followed by incubation 
with the indicated primary antibody of p38, ERK1/2, or human 
monoclonal MMP-9 antibody for 4 hours. Subsequently, the 
membrane was incubated for 1 hour with secondary antibody 
of p38, ERK1/2, or human monoclonal MMP-9 antibody conju-
gated to HRP, and developed using an enhanced chemilumines-
cence kit (Perkin Elmer Life Sciences). Bands were detected af-
ter exposure to X-ray film for 10 seconds. 

Statistical analysis
Statistical analysis was performed using SPSS ver. 12.0 (SPSS, 
Chicago, IL, USA). The mean for each of the obtained quantita-
tive values was calculated. Comparisons were made using the 
Student’s t-test. For all tests, a P-value<0.05 was considered 
statistically significant.

RESULTS

The effect of EGCG on PMA-induced MUC5B expression
To investigate the effect of EGCG on PMA-induced MUC5B 
expression, NCI-H292 airway epithelial cells were incubated 

with PMA (10 nM) in the absence or presence (10, 50, and 100 
μM) of EGCG. The results of real-time PCR and ELISA showed 
that PMA induced MUC5B mRNA expression and protein pro-
duction, which were significantly decreased by pretreatment with 
EGCG (Fig. 1).

The effect of EGCG on PMA-induced phosphorylation of p38 
MAPK
To investigate the MAPK signaling pathway of PMA-induced 
MUC5B expression, NCI-H292 airway epithelial cells were in-
cubated with PMA (10 nM) and phosphorylation of ERK1/2 
and p38 MAPK were analyzed by Western blot. As time elapsed, 
phosphorylation of p38 MAPK was significantly increased: phos-
phorylation of p38 MAPK peaked at 20 minutes after treatment 
with PMA, but phosphorylation of ERK1/2 did not increase (Fig. 
2A). To investigate the effect of EGCG on PMA-induced phos-

Fig. 1. The effect of EGCG on PMA-induced MUC5B expression. To 
investigate the effect of EGCG on PMA-induced MUC5B expression, 
NCI-H292 airway epithelial cells were incubated with PMA in the ab-
sence or presence of EGCG. (A) Real-time PCR and (B) ELISA show
ed that PMA induced MUC5B mRNA expression and protein pro-
duction, which were significantly decreased by pretreatment with 
EGCG. EGCG, epigallocatechin-3-gallate; ELISA, enzyme-linked 
immunosorbent assay; PCR, polymerase chain reaction; PMA, phor-
bol 12-myristate 13-acetate. *P<0.05 compared with zero value. 
**P<0.05 compared with PMA alone.
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Fig. 2. The effect of EGCG on PMA-induced phosphorylation of p38 
MAPK. To investigate the MAPK signaling pathway of PMA-induced 
MUC5B expression, NCI-H292 airway epithelial cells were incubat-
ed with PMA in the absence or presence of EGCG and phosphory-
lation of ERK1/2 and p38 MAPK were analyzed by Western blot. (A) 
As time elapsed, phosphorylation of p38 MAPK was significantly in-
creased: phosphorylation of p38 MAPK peaked at 20 minutes after 
treatment with PMA, but phosphorylation of ERK1/2 did not increase. 
(B) EGCG significantly decreased PMA-induced phosphorylation of 
p38 MAPK. EGCG, epigallocatechin-3-gallate; ERK1/2, extracellular 
signal related kinase 1/2; MAPK, mitogen-activated protein kinase; 
PMA, phorbol 12-myristate 13-acetate. *P<0.05 compared with zero 
value. **P<0.05 compared with PMA alone.
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phorylation of p38 MAPK, NCI-H292 airway epithelial cells 
were pretreated with EGCG (10, 50, and 100 μM) for 1 hour 
before being exposed to PMA (10 nM). The result of Western 
blot showed that EGCG significantly decreased PMA-induced 
phosphorylation of p38 MAPK (Fig. 2B). 

The effect of EGCG on PMA-induced MMP-9 expression
To investigate the signaling pathway associated with MMP-9, 
NCI-H292 airway epithelial cells were incubated with PMA (10 
nM) in the absence or presence (50 and 100 μM) of EGCG. The 
result of real-time PCR showed that PMA induced MMP-9 mRNA 
expression and EGCG significantly decreased PMA-induced 
MMP-9 mRNA expression (Fig. 3A). The result of gelatin zy-
mography showed that EGCG inhibited PMA-induced MMP-9 
protein activity (Fig. 3B). To investigate the correlation between 
MMP-9 and p38 MAPK, the cells were pretreated with SB203580 
as a p38 MAPK inhibitor (10 and 20 μM) for 1 hour before be-
ing exposed to PMA (10 nM). The result of real-time PCR showed 
that SB203580 significantly decreased PMA-induced MMP-9 
mRNA expression (Fig. 3C).

The signaling pathway of EGCG on PMA-induced MUC5B 
expression
To investigate the brief signaling pathway of EGCG on PMA-in-
duced MUC5B expression, NCI-H292 airway epithelial cells 

Fig. 3. The effect of EGCG on PMA-induced MMP-9 expression. To 
investigate the signaling pathway associated with MMP-9, NCI-H292 
airway epithelial cells were incubated with PMA in the absence or 
presence of EGCG. (A) Real-time PCR showed that PMA induced 
MMP-9 mRNA expression and EGCG significantly decreased PMA-
induced MMP-9 mRNA expression. (B) Gelatin zymography showed 
that EGCG inhibited PMA-induced MMP-9 protein activity. To investi-
gate the correlation between MMP-9 and p38 MAPK, NCI-H292 air-
way epithelial cells were pretreated with SB203580 before being ex-
posed to PMA. (C) Real-time PCR showed that SB203580 signifi-
cantly decreased PMA-induced MMP-9 mRNA expression. EGCG, 
epigallocatechin-3-gallate; MAPK, mitogen-activated protein kinase; 
MMP-9, matrix metalloproteinase-9; PCR, polymerase chain reac-
tion; PMA, phorbol 12-myristate 13-acetate. *P<0.05 compared with 
zero value. **P<0.05 compared with PMA alone.
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Fig. 4. The signaling pathway of EGCG on PMA-induced MUC5B 
expression. To investigate the brief signaling pathway of EGCG on 
PMA-induced MUC5B expression, NCI-H292 airway epithelial cells 
were pretreated with SB203580 as a p38 MAPK inhibitor or MMP-9 I 
as a MMP-9 inhibitor before being exposed to PMA. Real-time PCR 
showed that SB203580 and MMP-9 I significantly decreased PMA-
induced MUC5B mRNA expression. EGCG, epigallocatechin-3-gal-
late; MAPK, mitogen-activated protein kinase; MMP-9 I, matrix me-
talloproteinase-9 inhibitor; PCR, polymerase chain reaction; PMA, 
phorbol 12-myristate 13-acetate. *P<0.05 compared with zero val-
ue. **P<0.05 compared with PMA alone.
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Fig. 5. The schematic signaling pathway of EGCG on PMA-induced 
MUC5B expression. EGCG can down-regulate PMA-induced MUC
5B expression, which is associated with p38 MAPK dependent MMP-
9 signaling pathway. PMA, phorbol 12-myristate 13-acetate; EGCG, 
epigallocatechin-3-gallate; MAPK, mitogen-activated protein kinase; 
MMP-9, matrix metalloproteinase-9.

were pretreated with SB203580 as a p38 MAPK inhibitor (20 
μM) or MMP-9 I as a MMP-9 I (5 nM) for 1 hour before being 
exposed to PMA (10 nM). The result of real-time PCR showed 
that SB203580 and MMP-9 I significantly decreased PMA-in-
duced MUC5B mRNA expression (Fig. 4).

DISCUSSION

PMA, a protein kinase C activator, has been used as an inflam-
matory stimulant to modulate various cellular events. PMA also 
plays a significant role in the induction of MUC5AC and MUC5B 
in NCI-H292 airway epithelial cells [5,6]. PMA-induced MUC5B 
expression is regulated through epidermal growth factor recep-
tor and p38-mediated transcriptional mechanism [6,13,14]. In 
this study, PMA induced MUC5B expression and phosphoryla-
tion of p38 MAPK in NCI-H292 airway epithelial cells, and 
EGCG significantly decreased PMA-induced phosphorylation of 
p38 MAPK. These results suggest that p38 MAPK plays a role in 
the signal pathway of PMA-induced MUC5B expression, and 
EGCG can down-regulate MUC5B expression in NCI-H292 air-
way epithelial cells.
  MMP-9 is a kind of collagenase that cleaves type IV collagen, 
which makes up a substantial portion of the basement mem-
brane of airways. MMP-9 plays a role in tissue remodeling in 
diseases such as asthma and bronchiectasis; increased MMP-9 
activity in bronchoalveolar lavage fluid was observed in asth-
matic patients compared to healthy subjects [15]. Several stud-
ies have demonstrated that MMP-9 mediates mucin gene ex-
pression in airway epithelial cells. Acrolein-activated MMP-9, 
leading to MUC5AC accumulation, contributes to persistent 
mucin production in chronic obstructive pulmonary disease [16]. 
Lipopolysaccharide-induced MUC5AC production may be par-
tially mediated by MMP-9 activation [12,17]. Doxycycline in-

hibits PMA-induced MUC5B expression through the MMP-9 
and p38 pathways in human airway epithelial cells [6]. In this 
study, PMA induced MMP-9 mRNA expression and SB203580 
significantly decreased PMA-induced MMP-9 mRNA expres-
sion. These results suggest that MMP-9 may be an important 
mediator of PMA-induced MUC5B expression, and p38 MAPK 
plays a role in PMA-induced MMP-9 expression. 
  For the perspective of the protective effect of EGCG on aller-
gic or inflammatory reaction in airway epithelial cells, EGCG 
can sustain endothelial nitric oxide synthase activity and main-
tain endogenous nitric oxide generation at physiological levels. 
This can counteract the activation of inducible nitric oxide syn-
thase, which releases excess nitric oxide and subsequently acti-
vates cyclooxygenase-2 to produce inflammatory prostaglandins 
[10]. In allergic or inflammatory reaction in airway epithelial 
cells, EGCG reduced the pathologic lung damage due to the 
suppression of reactive oxygen species generation through the 
inhibition of inflammatory cells migration by reducing MMP-9 
expression and also by suppressing tumor necrosis factor-α and 
interleukin-5 production [12]. And EGCG reduced inflammato-
ry cell recruitment and overall inflammatory response in airways 
and lung tissues by directly binding to the proinflammatory che-
mokines, attenuating their chemotactic abilities [18]. Presently, 
the results of this study showed that EGCG significantly decreas
ed PMA-induced MUC5B expression, phosphorylation of p38 
MAPK, and MMP-9 expression and protein activity. SB203580 
(p38 MAPK inhibitor) significantly decreased PMA-induced 
MMP-9 expression. In addition, SB203580 and MMP-9 I signifi-
cantly decreased PMA-induced MUC5B expression. These sug-
gest that EGCG can down-regulate PMA-induced MUC5B ex-
pression, which is associated with p38 MAPK dependent MMP-
9 signaling pathway (Fig. 5).
  In conclusion, the results of this study demonstrate that EGCG 
down-regulates PMA-induced MUC5B expression through the 
p38 MAPK dependent MMP-9 signaling pathway in human air-
way epithelial cells. Therefore, EGCG may have protective effect 
on the airway inflammatory diseases through the regulation of 
mucin gene expression in airway epithelial cells. And EGCG 
could be a novel therapeutic agent for controlling the airway in-
flammatory diseases.
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