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Mucin overproduction is a hallmark of chronic airway diseases such as chronic obstructive pulmonary
disease. In this study, we investigated the inhibition of acrolein-induced expression of mucin 5, subtypes
A and C (MUC5AC) by Changkil saponin (CKS) in A549 cells. Acrolein, a known toxin in tobacco smoke and
an endogenous mediator of oxidative stress, increases the expression of airway MUC5AC, a major com-
ponent of airway mucus. CKS, a Platycodon grandiflorum root-derived saponin, inhibited acrolein-induced
MUCS5AC expression and activity, through the suppression of NF-xB activation. CKS also repressed acro-
lein-induced phosphorylation of ERK1/2, JNK1/2, and p38MAPK, which are upstream signaling molecules
that control MUC5AC expression. In addition, the MAPK inhibitors PD98059 (ERK1/2), SP600125 (JNK1/2),
and SB203580 (p38 MAPK), and a PKC delta inhibitor (rottlerin; PKCS) inhibited acrolein-induced
MUCS5AC expression and activity. CKS repressed acrolein-induced phosphorylation of PKC3. Moreover,
a reactive oxygen species (ROS) inhibitor, N-acetylcysteine, inhibited acrolein-induced MUC5AC expres-
sion and activity through the suppression of PKC$ and MAPK activation, and CKS repressed acrolein-
induced ROS production. These results suggest that CKS suppresses acrolein-induced MUC5AC expression

by inhibiting the activation of NF-kB via ROS-PKC8-MAPK signaling.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Chronic obstructive pulmonary disease (COPD) involves airway
inflammation and constriction, and is the fourth leading cause of
mortality and morbidity worldwide (Kliber et al., 2010). Chronic
exposure to inhaled allergens such as mites, fungi, infections,
cigarette smoke, oxidants, and chlorinated irritants is a major
cause of COPD. Cigarette smoke is the most significant risk factor
for COPD and leads to structural changes during airway remodel-
ing, inflammation of the airway, and a decline of lung function
(Aoshiba and Nagai, 2004; Bracke et al., 2006).

Acrolein (CH,=CH—CHO) is a major component of cigarette
smoke and is the most reactive o,B-unsaturated aldehyde found
in the environment. Acrolein is produced by a wide variety of both
natural and synthetic processes, including the incomplete combus-
tion of organic material. The International Agency for Research on
Cancer (IARC) reported that the acrolein concentration in cigarette
smoke ranged from 3 to 220 pg/cigarette, depending on the type of
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cigarette. Inhaled acrolein induces hyperresponsiveness of bron-
chial smooth muscle (Ben-Jebria et al., 1994). Recent studies have
reported that increased acrolein levels are associated with many
diseases, including atherosclerosis, Alzheimer’s disease, and diabe-
tes, suggesting that acrolein may be involved in the pathogenesis
of these conditions (Daimon et al., 2003; Lovell et al., 2001; Uchida
et al., 1998).

Acrolein has also been reported as a biological marker of oxida-
tive stress (Kehrer and Biswal, 2000). It was shown to increase the
intracellular level of reactive oxygen species (ROS) (Park et al.,
2005; Uchida et al., 1998) in PC12 cells (Luo et al., 2005), bronchial
epithelial cells (Nardini et al., 2002), and umbilical vein endothelial
cells (Park et al., 2005). ROS-mediated cell damage is an important
etiological factor in the pathogenesis of chronic inflammatory air-
way disease (Leopold and Loscalzo, 2005) and contributes to mucin
production in the airway epithelium.

Mucin is a complex dilute aqueous solution of lipids, glycocon-
jugates, and proteins. Airway mucus forms a protective barrier be-
tween the respiratory tract epithelium and the environment. At
least 19 mucin (MUC) genes are expressed in the human airway.
Among these, MUC1, 2, 3A, 3B, 4, 5AC, 5B, 6-9, 11-13, and 16-20
(Higuchi et al., 2004; Moniaux et al., 2001), four of which are
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gel-forming mucins (MUC2, MUC5AC, MUC5B, and MUC19), are
expressed in the lung. MUC5AC is a major respiratory mucin pres-
ent in secretions from goblet cells, and its production is enhanced
by a variety of stimuli such as neutrophil elastase (Voynow et al.,
1999), air pollutants (Longphre et al., 2000), and bacterial products
(Wang et al., 2002). The oxidants in cigarette smoke trigger mito-
gen-activated protein kinase (MAPK) signaling cascades in lung
epithelial cells (Mossman et al., 2006). Airway MUC5AC is trans-
criptionally upregulated by cigarette smoke via a process mediated
by NF-kB, which is composed of the response element binding pro-
teins p65 and p50 (Liu et al., 2009). Furthermore, PKC is involved in
the induction of MUC2 and MUC5AC over-expression in airway and
goblet cells by TNFo or bacterial components (Levine et al., 1995).

Platycodi radix, the root of Platycodon grandiflorum (Campanul-
aceae family), has been used as a traditional oriental medicine for
the treatment of bronchitis, asthma, pulmonary tuberculosis, and
inflammation, in addition to its use as a sedative (Lee, 1973). In
previous studies, Changkil (CK), an aqueous extract of the roots
of 20-year-old P. grandiflorum plants, prevented hypercholesterol-
emia and hyperlipidemia (Kim et al., 1995). Recently, it was shown
that P. grandiflorum root-derived saponin (Changkil saponin; CKS)
has protective effects against acetaminophen- and carbon tetra-
chloride-induced hepatotoxicity (Lee et al., 2001; Lee and Jeong,
2002) and can inhibit anaphylactic reactions, IgE-mediated allergic
responses in mast cells (Han et al., 2009), and TNFa-induced
expression of adhesion molecules in human endothelial ECV 304
cells (Kim et al., 2006). In addition, we reported that CK inhibits
ovalbumin-induced airway inflammation in a murine model of
asthma (Choi et al., 2009).

In the present study, we examined the inhibitory effect of CKS
on acrolein-induced MUC5AC expression and NF-kB-mediated sig-
naling in a human lung carcinoma cell line. We demonstrate that
CKS represses acrolein-induced MUC5AC expression by inhibiting
NF-kB activation via the ROS-PKC5-MAPK signaling pathway in
A549 cells.

2. Materials and methods
2.1. Chemicals

Acrolein, N-acetyl-cysteine (NAC), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diph-
enyltetrazoliumbromide (MTT) were obtained from Sigma Chemical Co. (St. Louis,
MO); lactate dehydrogenase (LDH), from Roche (Indianapolis, IN); RPMI1640, fetal
bovine serum (FBS), sodium pyruvate, and penicillin-streptomycin, from Gibco
BRL (Grand Island, NY); the luciferase assay system, from Promega (Madison,
WI); and LipofectAMINE 2000 and 5-(and-6)-chloromethyl-2’,7'-dichlorodihydro-
fluorescein diacetate acetyl ester (CM-H,DCFDA), from Invitrogen (San Diego,
CA). PD98059, SP600125, SB203580, rottlerin, JSH-23 and phospho-PKC& antibody
were obtained from Calbiochem (La Jolla, CA). Mucin 5AC (45M1), NF-xB p65,
IkBa, lamin B1, and B-actin (C4) antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). Primary antibodies against phospho-ERKI/2, phospho-JNK1/2,
and phospho-p38 MAPK, and HRP-linked anti-rabbit IgG secondary antibody were
purchased from Cell Signaling Technologies (Beverly, MA). Peroxidase-conjugated
goat anti-mouse IgG and peroxidase-conjugated streptavidin were from Jackson
ImmunoResearch Laboratories, Inc. (Baltimore Pike, PA). TMB substrate reagent
was obtained from BD Biosciences (San Diego, CA), and the enhanced chemilumi-
nescence system and polyvinylidene difluoride (PVDF) membranes were obtained
from Amersham Pharmacia Biotech (Piscataway, NJ). Polymerase chain reaction
(PCR) oligonucleotide primers were custom synthesized by Bioneer Co. (Daejeon,
Korea).

2.2. Preparation of CKS

CKS refers to an aqueous extract obtained from 20-year-old roots of P. grandiflo-
rum, supplied by Jang Saeng Doraji Co., Jinju, South Korea. The composition of P.
grandiflorum root has been reported elsewhere (Kim et al., 1995). CK and CKS were
prepared as previously described (Lee et al., 2001, 2004; Lee and Jeong, 2002). CK
was subjected to column chromatography over amberlite XAD-2, Diaion MCI Gel
HP20, or Kogel BG4600. Saccharides and amino acids were eluted from the column
with water, and then CKS was obtained by elution with methanol (Tada et al., 1975).

2.3. Cell culture

The A549 human lung carcinoma cell line was obtained from the American Type
Culture Collection (Manassas, VA). The cells were cultured in RPMI 1640 supple-
mented with 10% FBS and penicillin/streptomycin, at 37 °C in a humidified chamber
with 5% CO,. To avoid the interference of growth factor in serum, A549 cells were
serum-starved for 24 h and then stimulated with CKS or acrolein.

2.4. Measurement of cell cytotoxicity

A549 cells were plated at a density of 5 x 10 cells/500 pl in 48-well plates, and
cell viability was determined by MTT and LDH leakage assays. After incubation, the
cells were treated with MTT solution (final concentration, 1 mg/ml) for 1 h. The
dark blue formazan crystals formed in intact cells were solubilized with DMSO,
and the absorbance at 570 nm was measured with a microplate reader (Thermo
Electron Co., Waltham, MA). The level of LDH release was measured in the superna-
tants using a colorimetric test based on the level of NADH. CKS did not interfere
with the absorbance measurements at the wavelengths used in these assays.

2.5. Semi-quantitative RT-PCR

Total RNA was extracted from A549 cells using RNAiso reagent (Takara, Kyoto,
Japan) and stored at —80 °C. The RNA was reverse transcribed to form cDNA, which
was used as a template for the polymerase chain reaction (PCR), performed using a
Takara thermal cycler (Takara, Seoul, Korea) according to the manufacturer’s
instructions. The primer sets for PCR amplification were as follows: MUC5AC for-
ward (5-CGA CAA CTA CTT CTG CGG TGC-3') and reverse (5-GCA CTC ATC CTT
CCT GTC GTT-3'); and GAPDH forward (5'-ACC ACA GTC CAT GCC ATC AC-3') and
reverse (5-TCC ACC ACC TGT TGC TGT-3"). The PCR conditions for MUC5AC ampli-
fication were 38 cycles of 94 °C for 30s, 60 °C for 30 s, and 72 °C for 30's; the con-
ditions for GAPDH were 30 cycles of 94 °C for 1 min, 54 °C for 1 min, and 72 °C for
1 min. The amplified products were resolved by electrophoresis in 1.5% agarose
gels, stained with ethidium bromide, and imaged using a gel documentation system
(UVP, Cambridge, UK).

2.6. MUC5AC protein measurement by ELISA

MUC5AC protein levels were measured by enzyme-linked immunosorbent as-
say (ELISA) as previously reported (Song et al., 2007). Briefly, culture supernatant
(50 pl/well) was added to 96-well ELISA plates and dried at 44 °C. The plates were
washed three times with phosphate-buffered saline (PBS) and blocked in 2% bovine
serum albumin (BSA) for 1 h, followed by incubation with 50 pul of anti-mucin 5AC
(45M1) antibody (1:100 dilution) for 1 h. The plates were washed, peroxidase-con-
jugated goat anti-mouse IgG (1:2500 dilution in PBS containing 15% FBS) was added
to the wells (100 pl/well), and the plate was incubated for 4 h. Peroxidase-conju-
gated streptavidin was added (100 pl/well), followed by the addition of TMB as a
chromogen. Immunoreactive proteins were detected by measuring the absorbance
at 450 nm using a microplate reader (Thermo Electron Co., Waltham, MA). The re-
sults are expressed as a percentage of the baseline control.

2.7. Western blot analysis

After treatment, the cells were washed with cold PBS and lysed on ice for
30 min in 100 pl of lysis buffer (120 mM NacCl, 40 mM Tris, pH 8, 0.1% NP40), fol-
lowed by centrifugation at 13,000xg for 20 min. Lysate samples (50 pg of protein)
were electrophoresed in 10% SDS polyacrylamide gels and transferred to PVDF
membranes. The membranes were blocked in 5% non-fat dry milk at room temper-
ature for 1h, incubated with the indicated primary antibodies for 2 h, and then
incubated with the appropriate HRP-conjugated secondary antibodies for 1 h.
Immunoreactive proteins were detected by enhanced chemiluminescence. Band
intensity was quantified by densitometry using Image ] program (Image Processing
and Analysis in Java, NIH, USA). Quantitation of protein activation and expression
levels was expressed as relative folds compared to control group.

2.8. Transient transfection and luciferase activity assay

The 3.7-kb 5’ flanking region of the human MUC5AC gene in a luciferase repor-
ter vector pGL4 was amplified from human genomic DNA through PCR as already
described (Li et al., 1998; Wang et al., 2002). The DNA sequence of MUC5AC-wt pro-
moter was confirmed by dideoxynucleotide sequencing. Deletional mutants (MU-
C5AC-NF-kB mt and MUC5AC-AP-1 mt) of the 5'-flanking region DNA were
obtained by combining restriction digestion of the upstream region of the gene
and PCR amplification (Li et al., 1998; Wang et al., 2002). The restriction DNA frag-
ments or PCR-amplified fragments were ligated into a luciferase reporter gene. For
transient transfections, A549 cells were seeded at 5 x 10* cells/500 pl/well in a 48-
well plate. At 70-80% confluence, the cells were washed with PBS and incubated
with RPMI 1640 without serum or antibiotics for 3 h. The cells were then transfec-
ted with the MUC5AC, MUC5AC-NF-kB mt, MUC5AC-AP-1 mt, NF-xB (5'-
GGGGACTTTCC-3'), (n=5), or AP-1 (5-TGACTAA-3'), (n=7) reporter vector
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Fig. 1. Effects of CKS on acrolein-induced MUC5AC expression in A549 cells. (A) Cells were treated with 0, 0.5, 1, 2, and 4 pg/ml CKS for 24 h in serum-free medium. Cell
cytotoxicity was assessed by MTT and LDH assays. (B) Following 24-h serum starvation, the cells were exposed to 30 nM acrolein for 0, 2, 4, 8, 12, or 24 h, or to 0, 0.01, 0.1, 1,
10, and 30 nM acrolein for 4 h. The cells were lysed, and total RNA was analyzed by semi-quantitative RT-PCR. (C) MUC5AC protein levels in the culture supernatants were
measured by ELISA. (D) After 24-h serum starvation, the cells were incubated with CKS for 24 h, and then acrolein was added for 4 h. The cells were lysed, and total RNA was
analyzed by semi-quantitative RT-PCR. (E) After 24-h serum starvation, the cells were incubated with CKS for 24 h, and then acrolein was added for 4 h. MUC5AC protein
levels in the culture supernatants were measured by ELISA. (F) Cells were transfected with MUC5AC-Luc reporter plasmid. Cells were pretreated with CKS (0.5-2 pg/ml) for
24 h and subsequently treated with 30 nM acrolein for 4 h, and the relative luciferase activity in cell extracts was determined. The results are expressed as means + S.E.M. of
three independent experiments. *P < 0.05, versus the control group. *P < 0.05, versus the acrolein-treated group.
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Fig. 2. Effects of CKS on acrolein-induced luciferase activity in A549 cells. (A) A549 cells were transfected with MUC5AC-Luc, MUC5AC-NF-kB mt-Luc, or MUC5AC-AP-1 mt-
Luc reporter plasmids. (B) Cells were transfected with reporter plasmids containing tandem elements for NF-xB or AP-1 binding sites. Cells were pretreated with CKS (2 pg/
ml) for 24 h and subsequently treated with 30 nM acrolein for 4 h, and the relative luciferase activity in cell extracts was determined. (C) Cells were pretreated with CKS (0.5-
2 pg/ml) for 1 h and subsequently treated with 30 nM acrolein for 1 h. Nuclear extracts were subjected to SDS-PAGE, followed by Western blot analysis with anti-NF-kB p65
antibody. (D) Cells were pretreated with CKS (0.5-2 pg/ml) for 1 h and treated with 30 nM acrolein for 1 h. Whole-cell extracts were subjected to SDS-PAGE, followed by
Western blot analysis with anti-phospho-NF-kB p65 and anti-IkBa antibodies. The results are expressed as means * S.E.M. of three independent experiments. *P < 0.05,

versus the control group. *P < 0.05, versus the acrolein-treated group.

(1 pg; Stratagene, La Jolla, CA) and a p-galactosidase reporter vector (0.5 pg) using
LipofectAMINE 2000 reagent according to the manufacturer’s protocol. After 5 h,
the medium was replaced with basal medium. The cells were incubated with CKS
for 24 h, then acrolein was added, and the cells were incubated for another 4 h.
After incubation, the cells were lysed, and luciferase activity was measured using
a luminometer (Thermo Electron Co.). Luciferase activity was normalized to B-
galactosidase activity in the cell lysates and expressed as an average of three inde-
pendent experiments.

2.9. Measurement of intracellular ROS production

A fluorescent probe, CM-H,DCFDA, was used to determine the intracellular gen-
eration of ROS by acrolein, as previously described (Kim et al., 2006). Briefly, the cells
in 48-well plates were pretreated with CKS for 24 h, the supernatant was removed,
and the cells were incubated with 25 pM DCFDA for 30 min. Then, the cells were
stimulated with acrolein for 30 min. Intracellular ROS was detected as the fluores-
cence at excitation and emission wavelengths of 485 and 530 nm, respectively,
and was measured using a fluorescence spectrophotometer (Biotek, Winooski, VT).

2.10. Statistical analyses

All experiments were performed in triplicate. The results are expressed as
means + S.E.M. Statistical significance was determined by one-way analysis of var-
iance (ANOVA) followed by the Tukey-Kramer multiple comparisons test. A signif-
icant value was defined as P < 0.05.

3. Results

3.1. Inhibitory effects of CKS on acrolein-stimulated MUC5AC mRNA
and protein levels

The MUC5AC gene expression is regulated by epidermal growth
factor (EGF) in the lung. MUC5AC mRNA expression was increased
after ligand binding to the EGF receptor and activation of the MAPK
cascade (Takeyama et al., 2000). EGF signaling may be involved in
mucin production in lung adenocarcinoma as well as normal goblet
cells. To avoid the interference of growth factor in serum, A549
cells were cultured in RPMI1640 medium without FBS. For serum
deprivation, confluent cells were washed twice with PBS and cul-
tured in RPMI1640 without FBS for 24 h. We first determined the
concentration dependence of the cytotoxic effects of CKS for 24 h
in A549 cells using the MTT and LDH assays (Fig. 1A). CKS at con-
centrations lower than 4 pg/ml had no cytotoxic effect on the cells
and CKS at 8 pg/ml showed about a 25% decreases in cell viability
(Fig. 1A). Thus, CKS had no significant cytotoxicity in A549 cells at
these concentrations.

Acrolein, a potent inducer of MUC5AC activation, was used to
induce MUC5AC mRNA and protein expression (Deshmukh et al.,
2005; Pokharel et al., 2008). The time and concentration appropri-
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Fig. 3. Effects of CKS on the acrolein-induced activation of NF-kB. (A) Following 24-
h serum starvation, cells were treated with CKS and/or JSH-23 for 1h, and then
acrolein was added for 4 h. The cells were lysed, and total RNA was analyzed by
semi-quantitative RT-PCR. (B) MUC5AC protein levels in the culture supernatants
were measured by ELISA. (C) Cells were transfected with MUC5AC-Luc reporter
plasmids. Cells were pretreated with CKS (0.5-2 pg/ml) for 24 h and subsequently
treated with 30 nM acrolein for 4 h, and the relative luciferase activity in cell
extracts was determined. (D) Cells were transfected with reporter plasmids
containing tandem elements for NF-kB binding sites. Cells were pretreated with
CKS (0.5-2 pg/ml) for 24 h and subsequently treated with 30 nM acrolein for 4 h,
and the relative luciferase activity in cell extracts was determined. The results are
expressed as means + S.E.M. of three independent experiments. *P < 0.05, versus the
control group. *P < 0.05, versus the acrolein-treated group.

ate for investigating acrolein induction of MUC5AC were initially
determined. Acrolein stimulated rapid, transient, and concentra-
tion-dependent increases in MUC5AC mRNA and protein levels in
A549 cells. The levels were elevated at 2 h and maximal at 4 h,
after which the levels decreased (Fig. 1B and C). We then examined
the inhibition of acrolein-induced MUC5AC expression by CKS. Pre-
treatment of A549 cells with CKS decreased the acrolein-induced
MUC5AC mRNA and protein expression, in a concentration-depen-
dent manner (Fig. 1D and E). The effect of CKS on MUC5AC pro-
moter activity was investigated in cells transiently transfected
with a luciferase reporter gene linked to the MUC5AC promoter se-
quence. As shown in Fig. 1F, luciferase expression was activated by
up to 2.4-fold in cells treated with acrolein compared with un-
treated cells. Pretreatment of the cells with CKS decreased the
acrolein-induced luciferase activity, in a concentration-dependent
manner. Treatment with CKS alone has no effect the basal expres-
sion of MUC5AC, basal level of MUC5AC and MUC5AC promoter
activity. These results suggest that CKS inhibits MUC5AC expres-
sion at the transcriptional level and that the MUC5AC promoter
contain a CKS-responsive element.

3.2. Inhibitory effects of CKS on acrolein-stimulated AP-1 and NF-xB
activities

MUCS5AC gene expression is regulated at the transcriptional le-
vel through interactions of the AP-1 and NF-kB binding sequences
in the MUC5AC gene promoter (Kato et al., 2006). Treatment with
acrolein is known to enhance MUC5AC mRNA and protein expres-

sion through the activation of NF-xB and AP-1 (Pokharel et al.,
2008). To investigate the roles of these transcription factors in reg-
ulating MUC5AC gene expression, A549 cells were transiently
transfected with a reporter gene construct containing the wild-
type MUC5AC promoter, a NF-kB site-mutated promoter, or an
AP-1 site-mutated promoter. Treatment of the cells with CKS in
the presence of acrolein decreased the transcription of the reporter
gene in the construct harboring the AP-1 site mutation, but had no
effect on the reporter activity of the construct with the NF-kB site
mutation, suggesting that NF-kB is the target of CKS (Fig. 2A). The
luciferase activity in cells transfected with the wild-type NF-kB re-
porter was significantly reduced by treatment with CKS, whereas
CKS had no significant effect on the luciferase activity of cells
transfected with a reporter vector containing tandem AP-1 binding
sites (Fig. 2B).

3.3. Inhibitory effects of CKS on acrolein-stimulated MUC5AC
activation through the suppression of acrolein-stimulated NF-xB
activity

A549 cells were incubated with different concentrations of CKS
in the presence of acrolein for 1 h, and nuclear extracts were eval-
uated by Western blot analysis. As shown in Fig. 2C, CKS reduced
the acrolein-induced nuclear translocation of NF-kB p65, in a con-
centration-dependent manner. Measurements of NF-kB p65 phos-
phorylation and IxkBo degradation in whole-cell extracts revealed
that CKS reduced the acrolein-induced phosphorylation of NF-xB
p65 and degradation of IkBot (Fig. 2D). We used a selective NF-
KB activation inhibitor, JSH-23 (Hwang et al., 2010), to determine
whether NF-xB activation is involved in acrolein-induced MUC5AC
expression in A549 cells. Cells pretreated with JSH-23 (20 nM) for
1 h were stimulated with 30 nM acrolein for 4 h in the presence or
absence of CKS (2 pg/ml). Treatment with JSH-23 inhibited the
acrolein-induced MUC5AC mRNA and protein expression, and pro-
moter activity (Fig. 3A-C). In addition, JSH-23 inhibited the acro-
lein-induced NF-«B activity (Fig. 3D). JSH-23 alone did not alter
cell viability or expression of MUC5AC mRNA, protein expression,
promoter activity, and NF-kB activity in control treated cells (data
not shown).

3.4. Inhibitory effects of CKS on acrolein-stimulated MAPK

MAPK signaling is an important upstream regulator of MUC5AC
expression and NF-xB signaling (Gensch et al., 2004). We therefore
investigated the effects of CKS on EKR1/2, JNK1/2, and p38 MAPK
activities. Fig. 4A demonstrates that pretreatment of A549 cells
with CKS for 1h prior to the addition of acrolein decreased the
acrolein-induced activation of EKR1/2, JNK1/2, and p38 MAPK. Fur-
thermore, pretreatment with the specific kinase inhibitors
PD98059 (ERK1/2), SP600125 (JNK1/2), and SB203580 (p38 MAPK)
decreased the acrolein-induced MUC5AC mRNA and protein
expression and the acrolein-induced luciferase reporter activity
(Fig. 4B-D). In addition, MAPK inhibitor inhibited the acrolein-in-
duced NF-kB activity (Fig. 4E). MAPK inhibitor alone did not alter
cell viability or expression of MUC5AC mRNA, protein expression,
promoter activity, and NF-kB activity in control treated cells (data
not shown).

3.5. Inhibitory effects of CKS on acrolein-stimulated PKCS

Acrolein activates PKCS within 10 min, and the activation grad-
ually decreases 30 min after stimulation (Park et al., 2007). Pre-
treatment of A549 cells with CKS for 1 h prior to the addition of
acrolein decreased the acrolein-induced activation of PKCS
(Fig. 5A). In addition, treatment with the PKCS inhibitor rottlerin
decreased the acrolein-induced MUC5AC mRNA and protein
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Fig. 4. Effects of CKS on the acrolein-induced activation of MAPK signaling. (A) Cells were pretreated with CKS for 1 h and subsequently stimulated with acrolein in the
presence of CKS in serum-free medium for 10 min. Phosphorylation levels of ERK1/2, JNK1/2, and p38 MAPK were determined by Western blot analysis. (B) Cells were
pretreated for 1 h with the MAPK inhibitors PD98059 (PD; ERK1/2), SP600125 (SP; JNK1/2) and SB203580 (SB; p38 MAPK), followed by acrolein stimulation for 4 h. The cells
were lysed, and total RNA was analyzed by semi-quantitative RT-PCR. (C) MUC5AC protein levels in the culture supernatants were measured by ELISA. (D) Cells were
transfected with MUC5AC-Luc reporter plasmids. Cells were pretreated with MAPK inhibitors for 1 h and subsequently treated with 30 nM acrolein for 4 h, and the relative
luciferase activity in cell extracts was determined. The results are expressed as means * S.E.M. of three independent experiments. #P < 0.05, versus the control group. *P < 0.05,
versus the acrolein-treated group. (E) Effects of MAPK inhibitor on NF-kB activation. Cells were transfected with NF-kB-Luc reporter plasmids. Cells were pretreated with
MAPK inhibitors for 1 h and subsequently treated with 30 nM acrolein for 4 h, and the relative luciferase activity in cell extracts was determined. The results are expressed as
means + S.E.M. of three independent experiments. #P < 0.05, versus the control group. *P < 0.05, versus the acrolein-treated group.

expression and the acrolein-induced luciferase reporter activity
(Fig. 5B-D). We further evaluated the inhibitory effect of rottlerin
on the MAPK pathway. As seen in Fig. 5E, rottlerin inhibited the
acrolein-induced phosphorylation of ERK1/2, JNK1/2, and p38
MAPK. In addition, PKCS inhibitor rottlerin inhibited the acrolein-
induced NF-xB activity (Fig. 5F).

PKC5 inhibitor alone did not alter cell viability or expression of
MUC5AC mRNA, protein expression, promoter activity, MAPK
activity, and NF-kB activity in control treated cells (data not
shown).

3.6. Inhibitory effects of CKS on acrolein-stimulated ROS production

Cigarette smoke has been shown to stimulate ROS production in
lung epithelial cells (Lemjabbar et al., 2003), and ROS play an
important role in the activation of MAPK signaling (Ranganna
et al,, 2002). CKS inhibited the acrolein-induced ROS production
in A549 cells, in a concentration-dependent manner (Fig. 6A).
Moreover, pretreatment of A549 cells with the ROS inhibitor N-
acetylcysteine (NAC) inhibited the acrolein-induced MUC5AC
mRNA and protein expression (Fig. 6B and C), acrolein-induced

luciferase reporter activity (Fig. 6D), and acrolein-induced phos-
phorylation of PKCS, ERK1/2, JNK1/2, and p38 MAPK (Fig. 6E). In
addition, ROS inhibitor NAC inhibited the acrolein-induced NF-«xB
activity (Fig. 6F). ROS inhibitor alone did not alter cell viability or
expression of MUC5AC mRNA, protein expression, promoter activ-
ity, MAPK activity, and NF-kB activity in control treated cells (data
not shown).

4. Discussion

COPD is a major health problem with increasing global preva-
lence (Bracke et al., 2006). The majority of COPD patients display
mucus hypersecretion that blocks the airways, further aggravating
their COPD. According to the World Health Organization, 210 mil-
lion people have COPD, which is moderate to severe in approxi-
mately 40% of those individuals (Ebbert et al., 2009). Chronic
exposure to inhaled cigarette smoke, viruses, bacteria, noxious
gases, and particles is associated with COPD development (Rabe
et al., 2007). The respiratory symptoms of COPD include chronic
cough, shortness of breath, and airway mucus hypersecretion.
COPD produces more rapid deterioration of lung function in
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Fig. 5. Effects of CKS on acrolein-induced activation of PKC$ signaling pathways. (A)
Cells were pretreated with CKS for 1h and then stimulated with acrolein in the
presence of CKS in serum-free medium for 10 min. Levels of phosphorylated PKC3
were determined by Western blot analysis. (B) Cells were pretreated for 1 h with
the PKC3 inhibitor rottlerin, followed by acroelin stimulation for 4 h. The cells were
lysed, and total RNA was analyzed by semi-quantitative RT-PCR. (C) MUC5AC
protein levels in the culture supernatants were measured by ELISA. (D) Cells were
transfected with MUC5AC reporter plasmid and cultured with rottlerin and/or
acrolein for 4 h. The luciferase activity was determined in the cell extract. (E) Cells
were pretreated with rottlerin for 1 h and subsequently stimulated with acrolein in
the presence of rottlerin in serum-free medium for 10 min. Levels of phosphory-
lated ERK1/2, JNK1/2, and p38 MAPK were determined by Western blot analysis.
The results are expressed as means = S.E.M. of three independent experiments.
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Effects of PKCS inhibitor on NF-«B activation. Cells were transfected with NF-xB-
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acrolein-treated group.

smokers, with cigarette smoke being the most significant risk fac-
tor for COPD (Lokke et al., 2006). Cigarette smoke contains more
than 4000 chemicals, many of which combine to produce negative
effects in the lungs (Park et al., 2007). However, the precise mech-
anisms of cigarette smoke-mediated injury to airway epithelial
cells have not been fully elucidated. In the present study, we dem-
onstrate that acrolein, a major toxic component of cigarette smoke,
contributes to the development of airway mucus production
through the induction of MUC5AC expression. We also examined
the inhibitory effect of CKS on MUC5AC expression and its mecha-
nism in human lung carcinoma A549 cells.

Acrolein, an o, B-unsaturated aldehyde, is a ubiquitous environ-
mental pollutant. It is generated as a product of incomplete com-
bustion during forest fires, during the combustion of plastics, and
during the cooking of food. A major source of acrolein is cigarette
smoke; the burning of one cigarette generates 50-90 ppm of acro-
lein. Acrolein is also a by-product of cellular lipid peroxidation

associated with oxidative stress (Kehrer and Biswal, 2000). It is a
highly reactive electrophilic compound, can cause rapid depletion
of the antioxidant glutathione, and is able to initiate lipid peroxida-
tion (Beauchamp et al., 1985). Inhaled acrolein has been associated
with many lung diseases, including asthma and COPD (Hogg, 2001;
Samet and Cheng, 1994). Acrolein also increases MUC5AC mRNA
and protein expression in A549 cells. Here, we demonstrated that
CKS inhibits the acrolein-induced MUC5AC expression, in a con-
centration-dependent manner.

Mucin synthesis in epithelial layers is controlled via transcrip-
tional and post-transcriptional regulation (Li et al., 1998; Manna
et al., 1995). Various transcription factors such as NF-kB, AP-1,
and SP1 are involved in MUC5AC expression in airway epithelial
cells in response to various stimulants (Chen et al., 2004; Perrais
et al.,, 2002). In the present study, we showed that CKS reduces
the acrolein-induced MUC5AC expression by suppressing the tran-
scriptional activation of the MUC5AC promoter. Mutational analy-
sis of the promoter revealed that the major target of CKS was NF-
KB, a finding that was further confirmed by the use of reporter vec-
tors containing synthetic elements specific for this transcription
factor. We have previously reported that CKS inhibits TNFo- or
PMA-induced NF-kB activation and IkBa degradation in these cells
(Kim et al., 2006; Lee et al., 2008). In the present study, CKS pre-
vented the acrolein-induced translocation of NF-kB p65 to the nu-
cleus, attenuated the phosphorylation of NF-xB p65, and inhibited
the degradation of IkBa in A549 cells. Pretreatment of A549 cells
with JSH-23, a potent inhibitor of NF-kB transcriptional activation,
reduced the acrolein-induced MUC5AC RNA and protein expres-
sion. Furthermore, CKS and JSH-23 treatment of A549 cells trans-
fected with luciferase reporter vectors reduced the acrolein-
induced luciferase activity of a reporter vector containing NF-xB
binding sites and that of a reporter vector containing the MUC5AC
promoter. These results indicate that CKS inhibits the acrolein-in-
duced expression of MUC5AC in A549 cells by suppressing NF-kB
activation.

We also investigated the activation of MAPK signaling, which is
an important regulator of MUC5AC expression. Western blot anal-
ysis showed that acrolein-induced MUC5AC expression was associ-
ated with the activation of ERK1/2, JNK1/2, and p38 MAPK and that
CKS decreased the acrolein-induced activation of these kinases.
Moreover, acrolein-induced MUC5AC expression, kinase activation,
and NF-kB activation were decreased in the presence of the MAPK
inhibitors PD98059 (ERK1/2), SP600125 (JNK1/2), and SB203580
(p38 MAPK). These findings suggest that CKS regulates acrolein-in-
duced MUCS5AC expression through the suppression of the MAPK
and NF-xB pathways in A549 cells.

PKC is a serine/threonine-specific protein kinase family with at
least 10 different isoforms (Hofmann, 1997), which are categorized
into three types: classical (o, f1, 2, and vy isoforms), novel (3§, €, 1,
0, and  isoforms), and atypical (&, and /A isoforms). The classical
isoforms are calcium and PMA activated; the novel isoforms are
calcium insensitive, but are activated by PMA; and the atypical iso-
forms are both calcium and PMA inactivated (Dartt et al., 2000).
PKC activation has been suggested to be a key event in the signal-
ing cascade that leads to MUC5AC expression in human epithelial
cells (Song et al., 2007). In the current study, we showed that
acrolein induces the activation of PKC§ in A549 cells and that
CKS decreases the acrolein-induced activation of PKCS, in a concen-
tration-dependent manner. In addition, the PKC & inhibitor rott-
lerin decreased the acrolein-induced MUC5AC expression and
activity, as well as the acrolein-induced MAPK and NF-kB activa-
tion. Taken together, our results suggest that CKS inhibits the acro-
lein-activated PKCd-mediated MUC5AC expression via ERK1/2,
JNK1/2, and p38 MAPK.

Cigarette smoke leads to elevated cytoplasmic ROS, and the
smoke itself contains ROS (Pryor and Stone, 1993). ROS production
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Fig. 6. Effects of CKS on the acrolein-induced activation of ROS signaling pathways. (A) Cells were pretreated with CKS for 24 h and incubated with DCFDA for 30 min. The
medium was then removed, and the cells were stimulated with acrolein for 30 min. The fluorescence intensity of cells was measured using a FL600 fluorescence
spectrophotometer. (B) Cells were pretreated for 1 h with the ROS inhibitor NAC, followed by acroelin stimulation for 4 h. The cells were lysed, and total RNA was analyzed by
semi-quantitative RT-PCR. (C) MUC5AC protein levels in the culture supernatants were measured by ELISA. (D) Cells were transfected with MUC5AC reporter plasmid and
cultured with NAC and/or acrolein for 4 h. The luciferase activity was determined in the cell extract. (E) Cells were pretreated with NAC for 1 h and subsequently stimulated
with acrolein in the presence of rottlerin in serum-free medium for 10 min. Levels of phosphorylated PKCS, ERK1/2, JNK1/2, and p38 MAPK were determined by Western blot
analysis. The results are expressed as means + S.E.M. of three independent experiments. *P < 0.05, versus the control group. *P < 0.05, versus the acrolein-treated group. (F)
Effects of ROS inhibitor on NF-kB activation. Cells were transfected with NF-kB-Luc reporter plasmids. Cells were pretreated with ROS inhibitor for 1 h and subsequently
treated with 30 nM acrolein for 4 h, and the relative luciferase activity in cell extracts was determined. The results are expressed as means + S.E.M. of three independent
experiments. #P < 0.05, versus the control group. *P < 0.05, versus the acrolein-treated group.

is one of the early effects of cigarette-smoke exposure in lung epi-
thelial cells and plays an important role in stress-induced signal-
ing. Recent studies have reported that ROS increases MUC5AC
expression (Casalino-Matsuda et al., 2009; Shao and Nadel,
2005). Here, we showed that acrolein increases ROS production
in A549 cells and that this is inhibited in the presence of CKS, in
a concentration-dependent manner. Previously, we have reported
that CKS inhibits TNFo- or PMA-induced intracellular ROS produc-
tion (Kim et al., 2006; Lee et al., 2008). A ROS inhibitor, NAC, de-
creased acrolein-induced MUC5AC expression and activity, and
decreased acrolein-induced PKC3, MAPK and NF-xB activation.

These results indicate that the induction of ROS by acrolein leads
to the activation of MUC5AC expression.

In this study, we showed that acrolein, a known toxin in ciga-
rette smoke, stimulates the expression of MUC5AC in A549 cells
through the activation of the transcriptional factor NF-kB, MAPK
signaling via ERK1/2, JNK1/2, and p38 MAPK, PKC$ signaling, and
ROS production (Fig. 7). We also demonstrated that CKS suppresses
acrolein-induced MUC5AC expression by inhibiting the activation
of NF-xB via the ROS-PKC3-MAPK signaling pathways. Our results
suggest the potential of CKS as a therapeutic candidate for respira-
tory disease.
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