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Surfactant proteins (SPs) participate in the physiological and pathophysiological regulation of sepsis-
induced acute lung injury. Lipopolysaccharide (LPS), a Gram-negative bacterial outer membrane
component, is one of the major causes of septic shock. This study was designed to evaluate the effects of
LPS on the regulation of SP-A and SP-D gene expressions in human alveolar epithelial A549 cells. Exposure
of A549 cells to LPS increased SP-A mRNA synthesis in concentration and time-dependent manners with-
out affecting SP-D mRNA production. LPS selectively enhanced translocation of transcription factor c-jun
from the cytoplasm to nuclei, but not nuclear factor kappa-B. In parallel, the DNA-binding activity of AP-1
was increased by LPS. Pretreatment of A549 cells with SP600125, an inhibitor of c-Jun N-terminal kinase,
decreased c-Jun translocation, and significantly ameliorated LPS-induced SP-A mRNA production. Levels
of toll-like receptor (TLR2) mRNA in A549 cells were time-dependently induced following LPS treatment.
Application of TLR2 small interference (si)RNA into A549 cells significantly knocked-down the translation
of this receptor, and simultaneously alleviated LPS-induced SP-A synthesis. Taken together, this study
has shown that LPS selectively induces SP-A gene expression possibly through TLR2-mediated activation

of c-Jun in human alveolar epithelial A549 cells.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Gram-negative septicemia, a complication from acute pul-
monary infection, can lead to organ dysfunction or hypoperfusion
abnormalities (Angus et al.,2001; Cazzola et al.,2004). Lipopolysac-
charide (LPS), a Gram-negative bacterial outer membrane com-
ponent, has been reported as one of the major causes of septic
shock (Raetz et al., 1991; Welbourn and Yong, 1992). During
pulmonary infection, surfactant proteins (SPs) participate in the
physiological and pathophysiological regulation of sepsis-induced
acute lung injury (Mendelson, 2000). In human lung, the LPS-
induced acute pulmonary inflammation causes rapid changes in
the composition of the surfactant pool and the resident cell popu-
lation (Mendelson, 2000; Rooney, 2001). Pulmonary alveolar type
Il epithelial cells, located in the corners of the alveoli, have highly
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specialized functions for synthesizing, secreting, and reutilizing
surfactants (Rooney, 2001). The critical function of pulmonary sur-
factants, a complex surface-active lipoprotein, is to reduce surface
tension at the alveolar air-liquid interface, thereby preventing alve-
olar collapse upon expiration and allowing for normal breathing
(Clements and King, 1976). Alterations in the levels of surfactant
components in the lungs during inflammation are quite complex
because surfactant lipids, SP-A, and SP-D appear to be regulated
through host’s defense mechanisms (McIntosh et al., 1996; Crouch
and Wright, 2001; LeVine and Whitsett, 2001).

There are four SPs, known as SP-A, -B, -C, and -D. SP-A and
-D are hydrophilic and participate in pulmonary host defense
(Crouch, 1998; McCormack and Whitsett, 2002). By comparison,
SP-B and SP-C are hydrophobic and contribute to the adsorption
of surfactant lipids onto the surface film that lines the alveolus
(McCormack and Whitsett, 2002). Previous studies have shown that
transgenic mice with targeted disruptions of the SP-A or SP-D genes
have increased susceptibility to infection from viral and bacterial
pathogens (LeVine et al., 2000; Crouch and Wright, 2001). Levels
of SP-A and SP-D can be modulated by pathogens. In acute respi-
ratory distress syndrome associated with either Gram-positive or
-negative pneumonia, inflammatory mediator-induced lung dam-
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Table 1
Effects of lipopolysaccharide on viability of A549 cells.

LPS (ng/ml) Cell viability, OD values at 550 nm
1h 6h 16h 24h
0 0.62 + 0.05 0.79 £ 0.05 0.58 £40.03 0.73 £ 0.03
1 0.59 + 0.07 0.84 + 0.02 0.60 + 0.02 0.71 + 0.02
10 0.60 + 0.07 0.82 + 0.02 0.63 + 0.03 0.83 £ 0.05
100 0.55 £ 0.15 0.75 £ 0.02 0.60 + 0.02 0.78 £ 0.01
1000 0.72 + 0.08 073 + 0.03 0.57 + 0.03 0.54 + 0.01°

A549 cells were exposed to 1ng/ml, 10ng/ml, 100ng/ml, and 1000 ng/ml

lipopolysaccharide (LPS) for 1h, 6h, 16 h, and 24 h, respectively. Cell viability was

analyzed using a colorimetric method. Each value represents mean + SEM for n=6.
" Values significantly differ from the respective control, p <0.05.

age reduces the amounts of SP-A in the bronchiolar lavage fluid
(Gunther et al., 1996, 2001). Regulation of SP gene expression
by pathogens is involved via signal-transducing events. Toll-like
receptor 2 (TLR2), which is a type I transmembrane protein with
extracellular domains comprised largely of leucine-rich repeats
and intracellular signaling domains, can be expressed in alveolar
epithelial type II cells and macrophages (Droemann et al., 2003).
TLR2 can transduce pathogen-triggered signals to regulate cer-
tain inflammation-related gene expressions through the activation
of transcription factors (Ransone and Verma, 1990; Shaulian and
Karin, 2002). Activator protein-1 (AP-1) and nuclear factor-kappa
B (NFkB) are two typical transcription factors that have responded
to TLR2-mediated signals and participated in the regulation of cell
proliferation, differentiation, and death (Angel and Karin, 1991;
Jochum et al., 2001; Shaulian and Karin, 2002).
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SP-A is known to play a central role in surfactant homeosta-
sis and function (Blau et al., 1994). George et al. (2003) reported
that repeat exposure to inhaled endotoxin increased the whole lung
SP-A gene expression, whereas SP-A protein levels in lung lavage
fluid decreased (George et al., 2003). Pulmonary alveolar epithelial
type II cells are the major sources of SP-A production and secre-
tion (Rooney, 2001). However, the effects of LPS on the regulation
of SPs gene expressions in alveolar type II epithelial cells are not
well known. Therefore, this study was designed to evaluate the
effects of LPS on the regulation of SP-A and SP-D gene expressions
and its possible mechanisms using human lung carcinoma type Il
epithelium-like A549 cells as the experimental model.

2. Materials and methods

2.1. Cell culture and drug treatment

Human lung carcinoma type II epithelium-like A549 cells, purchased from the
American Type Culture Collection (Rockville, MD, USA), were grown in DMEM/Ham'’s
F-12 culture medium (Sigma Chemical, St. Louis, MO, USA) with 10% (v/v) heat-
inactivated fetal calf serum, 100 U/ml penicillin, 2 mM L-glutamine, and 100 p.g/ml
streptomycin in 75 cm? culture flasks at 37 °C in a humidified atmosphere 5% CO,.
LPS, purchased from Sigma, was dissolved in dimethyl sulfoxide (DMSO) and son-
icated to disperse large LPS aggregates as described (Kitchens et al., 2001). The
concentration of DMSO in the medium was kept to less than 0.1% to avoid toxic-
ity of this solvent to A549 cells. SP600125, an inhibitor of c-Jun N-terminal kinase,
was purchased from Sigma, dissolved in DMSO, and pretreated for 1 h before LPS
administration. Control cells received DMSO only.

2.2. Assay of cell viability
Cell viability was determined using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay as described previously (Cherngetal.,
2008). Briefly, A549 cells (1 x 104 cells/well) were seeded overnight in 96-well tissue
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Fig. 1. Effects of lipopolysaccharide (LPS) on surfactant protein-A (SP-A) mRNA production in A549 cells. Exposure of A549 cells to 1 wg/ml, 10 wg/ml, 100 wg/ml, and
1000 pg/ml of LPS for 6h (A and B), or to 1 pg/ml of LPS for 1h, 6h, and 24 h (C and D). Total RNA was prepared for RT-PCR analysis of SP-A mRNA (A and C, top panels).
Amounts of 32M mRNA were quantified as the internal controls (A and C, bottom panels). These DNA bands were quantified and statistically analyzed (B and D). Each value
represents the mean + SEM for n=6. The symbol, *, indicates that a value significantly (p <0.05) differed from the control groups. M, DNA 100 bp marker.
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culture plates. After drug treatment, A549 cells were cultured in a new medium
containing 0.5 mg/ml MTT for a further 3 h. The blue formazan products in A549 cells
were dissolved in DMSO and spectrophotometrically measured at a wavelength of
550 nm.

2.3. Reverse-transcription polymerase chain reaction (RT-PCR) analyses

Messenger (m)RNAs from A549 cells exposed to LPS were prepared for
RT-PCR analyses of SP-A, SP-D, and 32M mRNA. The gene accession number of
SP-A, SP-D, and 32M are NM 001098668.1, NM 003019.4, and NM 004048.2,
respectively. Oligonucleotides for PCR analyses of SP-A, SP-D, and 32M mRNA
were designed and synthesized by Clontech Laboratories (Palo Alto, CA, USA). The
oligonucleotide sequences of the upstream and downstream primers for these
mRNA analyses were respectively 5-TGAAAGGGAGTTCTAGCATCTCACAGA-3’
and 5-ACATATGCCTATGTAGGCCTGACTGAG-3’ for SP-A, 5-
AACCATTTACGGAGGCACAG-3' and 5-CTCTCCTGTGGGGTAGGTGA-3' for SP-D,
and 5'-GTCTACATGTCTCGATCCCACTTA A-3’ and 5'-GGTCTTTCTCTCTCATCGCGCTC-
3’ for 32M. The amounts of total RNA used to synthesize SP-A, SP-D, and 32M cDNA
were 200 ng, 200 ng and 50 ng, respectively. PCR was performed as 5 min at 95°C,
32 cycles of 95°C for 1 min, 50°C for 1 min, and 72°C for 2 min, and followed by
72°C for 7 min. The PCR products were loaded onto a 1.8% agarose gel containing
0.1 pg/ml ethidium bromide and electrophoretically separated. DNA bands were
visualized and photographed under UV-light exposure. The length of PCR products
of SP-A, SP-D, and 32M were 298 bp, 176 bp, and 335 bp, respectively. Amounts of
32M mRNA were analyzed as the internal control because its expression has been
shown not to be affected by LPS (Reddy and Wilkie, 2000). The intensities of the DNA
bands in the agarose gel were quantified with the aid of the UVIDOCMW version
99.03 digital imaging system (Uvtec, Cambridge, UK) as described previously (Lee
et al,, 2009b).

2.4. Extraction of nuclear proteins and immunodetection

The amounts of nuclear transcription factors were quantified following a previ-
ously described method (Wu et al., 2009). Briefly, after drug treatment, A549 cells
were harvested and reacted on ice with ice-cold cytoplasmic extraction, reagent
I and II (Pierce, Rockford, IL, USA), for 10 min and 1 min, respectively. The cell
lysates were then centrifuged at 15,000 x g for 5 min. The nuclear pellet fraction was
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reacted on ice with ice-cold nuclear extraction reagent (Pierce) for 40 min. The mix-
tures were then centrifuged at 15,000 x g for 10 min, and the supernatant (nuclear
extract) fraction was collected. Protein concentrations were quantified by a bicin-
chonic acid protein assay kit (Pierce). Nuclear proteins (50 jg/well) were subjected
to sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membranes. The percentage of the PAGE gels was 12%. After
blocking, nuclear c-Jun and NFkB were immunodetected using rabbit polyclonal
antibody against mouse c-Jun and NFkB (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), respectively. The total c-Jun and NFkB were immunodetected as the internal
standard. Intensities of the immunoreactive bands were determined using a digital
imaging system (UVtec).

2.5. Immunoblotting analyses of TLR2, SP-A, and B-actin

Protein analyses were carried out according to a previously described method
(Chang et al., 2009). After drug treatment, cell lysates were prepared in an ice-
cold radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCI (pH 7.2), 0.1%
SDS, 1% Triton X-100, 1% sodium deoxycholate, 0.15M NacCl, and 1mM EDTA).
To avoid the degradation of cytosolic proteins by proteinases, a mixture of 1 mM
phenyl methyl sulfonyl fluoride, 1 mM sodium orthovanadate, and 5 pg/ml leu-
peptin was added to the RIPA buffer. Protein concentrations were quantified using
a bicinchonic acid protein assay kit (Pierce). Proteins (50 pg/well) were subjected
to SDS-PAGE, and transferred to nitrocellulose membranes. The percentage of
the PAGE gels was 12%. Immunodetections of TLR2 and SP-A were carried out
using goat and rabbit polyclonal antibodies against mouse TLR2 and SP-A, respec-
tively (Santa Cruz Biotechnology). Cellular (3-actin protein was immunodetected
using a mouse monoclonal antibody against mouse (-actin (Sigma) as the inter-
nal standard. These protein bands were quantified using a digital imaging system
(UVtec).

2.6. AP-1 reporter assay

AP-1 luciferase reporter plasmids (Sratagene, La Jolla, CA, USA) and pUC18 con-
trol plasmids were transfected into A549 cells using a FuGene 6 transfection reagent
(Roche Diagnostics, Mannheim, Germany) as described previously (Lee et al., 2009a).
After transfection, A549 cells were exposed to LPS. Then, cells were harvested. The
luciferase activity in cell lysates was measured using a dual luciferase assay sys-
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Fig. 2. Effects of lipopolysaccharide (LPS) on surfactant protein-D (SP-D) mRNA production in A549 cells. Exposure of A549 cells to 1ng/ml, 10 ng/ml, 100 ng/ml, and
1000 ng/ml of LPS for 6 h (A and B), or to 1 ng/ml of LPS for 1h, 6h, and 24 h (C and D). Total RNA was prepared for RT-PCR analysis of SP-D mRNA (A and C, top panels).
Amounts of 32M mRNA were quantified as the internal controls (A and C, bottom panels). These DNA bands were quantified and statistically analyzed (B and D). Each value
represents the mean & SEM for n=6. The symbol, *, indicates that a value significantly (p <0.05) differed from the respective control groups. M, DNA 100 bp marker.
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tem (Promega, Madison, WI, USA). Briefly, after dispensing 100 wl of the Luciferase
Assay Reagent (Promega) into luminometer tubes, the cell lysates (20 1) were added
into the tubes and vortexed briefly. The luminometer was programmed to per-
form a 2-s measurement delay followed by a 10-s measurement read for luciferase
activity.

2.7. TLR2 knockdown

Translation of TLR2 mRNA in A549 cells was knocked-down using an RNA inter-
ference (RNAi) method following a previously described small interfering (si)RNA
transfection protocol provided by Santa Cruz Biotechnology (Wu et al., 2008). TLR2
siRNA is a pool of three target-specific 20-25-nt siRNAs designed to knock-down
TLR2's expression. Briefly, after culturing A549 cells in antibiotic-free DMEM/Ham’s
F-12 medium at 37°C in a humidified atmosphere of 5% CO, for 24 h, the siRNA
duplex solution, which was diluted in siRNA transfection medium (Santa Cruz
Biotechnology), was added to the A549 cells. After transfection for 24 h, the medium
was replaced with normal DMEM/Ham’s medium, and the A549 cells were treated
with LPS.

2.8. Statistical analysis
Statistical differences were considered significant when the p value of Duncan’s

multiple-range test was <0.05. Statistical analysis between groups over time was
carried out by a two-way analysis of variance (ANOVA).

3. Results
3.1. Toxicity of LPS to A549 cells

Exposure of A549 cells to 1ng/ml, 10ng/ml, and 100 ng/ml
LPS for 1h, 6h, and 24 h, respectively, did not affect cell viabil-
ity (Table 1). Viability of A549 cells was not influenced following

treatment with 1000 ng/ml LPS for 1h, 6 h, and 16 h. Meanwhile,
when the treated time interval reached 24h, LPS at 1000 ng/ml
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caused a significant 26% decrease in viability of A549 cells
(Table 1).

3.2. Induction of SP-A mRNA by LPS

RT-PCR analysis was carried out to determine the effects of LPS
on SP-A mRNA production in A549 cells. In untreated A549 cells, SP-
A mRNA could be detected (Fig. 1A, top panel, lane 1). Exposure of
A549 cells to 1 ng/ml and 10 ng/ml LPS for 6 h induced SP-A mRNA
synthesis (lanes 2 and 3). LPS at 100 ng/ml and 1000 ng/ml also
enhanced the levels of SP-A mRNA in A549 cells, but the induc-
tion was lower than the 1ng/ml- and 10ng/ml-treated groups
(lanes 4 and 5). Amounts of 32M mRNA were determined as
the internal controls (Fig. 1A, bottom panel). These DNA bands
were quantified, analyzed, and presented in Fig. 1B. Exposure
to 1ng/ml and 10ng/ml LPS for 6h significantly induced SP-A
mRNA production by 3.2- and 3-fold, respectively. After treat-
ment with 100 ng/ml and 1000 ng/ml LPS, the induced levels of
SP-A mRNA in A549 cells were 1.9- and 2.2-fold, respectively
(Fig. 1B).

Exposure of A549 cells to 1 ng/ml LPS for 1 hinduced SP-A mRNA
synthesis (Fig. 1C, top panel, lane 1). The LPS-induced SPA mRNA
production reached a maximum at a 6-h treatment interval (lane 2).
After exposure for 24 h, LPS also induced SP-A mRNA in A549 cells,
but the induction decreased (lane 4). Amounts of 32M mRNA were
determined as the internal controls (Fig. 1C, bottom panel). These
DNA bands were quantified and analyzed (Fig. 1D). Treatment of
A549 cells with 1ng/ml LPS for 1h, 6h, and 24 h caused signifi-
cant 90%, 3-fold, and 81% increases in the levels of SP-A mRNA,
respectively (Fig. 1D).
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Fig. 3. Effects of lipopolysaccharide (LPS) on the levels of nuclear c-Jun and NFk. Exposure of A549 cells to 1 ng/ml of LPS for 1h, 2 h, and 4 h. Amounts of nuclear c-Jun
(nc-Jun) and NFkB (nNFkB) were immunodetected (A and C, top panels). Levels of total c-Jun (tc-Jun) and NFkB (tNFkB) were analyzed as the internal standards (A and C,
bottom panels). These protein bands were quantified and statistically analyzed (B and D). Each value represents the mean + SEM for n = 6. The symbol, *, indicates that a value

significantly (p < 0.05) differed from the control groups.
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3.3. LPS did not induce SP-D mRNA expression

In the control A549 cells, SP-D mRNA could be detected (Fig. 2A,
top panel, lane 1). Exposure of A549 cells to 1ng/ml, 10ng/ml,
100 ng/ml, and 1000 ng/ml LPS for 6 h did not change SP-D mRNA
production (lanes 2-5). Amounts of 32M mRNA were quantified as
the internal control (Fig. 2A, bottom panel). These DNA bands were
quantified and analyzed (Fig. 2B). Treatment of A549 cells with
1ng/ml, 10ng/ml, 100 ng/ml, and 1000 ng/ml LPS for 6 h did not
influence the levels of SP-D mRNA. After exposure to 1 ng/ml LPS
for 1h, 6 h, and 24 h, the amounts of SP-D mRNA in A549 cells were
not changed (Fig. 2C, top panel). Levels of 32M mRNA in A549 cells
were determined as the internal controls (Fig. 2C, bottom panel).
These DNA bands were quantified and analyzed (Fig. 2D). Exposure
of A549 cells to 1 ng/ml LPS for 1 h, 6 h, and 24 h did not affect SP-D
mRNA expression.

3.4. LPS selectively activated c-Jun

To determine the mechanism of LPS-induced SP-A gene expres-
sion, the translocation of c-Jun and NFkB from the cytoplasm to
nuclei was analyzed using immunodetection (Fig. 3). After expo-
sure of A549 cells to 1ng/ml LPS for 1h, the levels of nuclear
c-Jun were enhanced (Fig. 3A, top panel, lane 2). After 2- and 4-h
treatment, LPS caused more translocation of c-Jun from the cyto-
plasm to nuclei (lanes 3 and 4). Amounts of total c-Jun in A549
cells were immunodetected as the internal control (Fig. 3A, bottom
panel). These immunoreactive bands were quantified and analyzed
(Fig. 3B). Treatment of A549 cells with 1 ng/ml LPS for 1 h, 2 h, and
4 h caused significant 45%, 2.2-fold, and 56% increases in the levels
of nuclear c-Jun.

Exposure of A549 cells to 1 ng/ml LPS for 1h, 2h, and 4h did
not affect the levels of nuclear NFkB (Fig. 3C, top panel). Amounts
of total NFkB in A549 cells were immunodetected as the internal
control (Fig. 3C, bottom panel). These protein bands were quantified
and analyzed (Fig. 3D). The data reveal that treatment of A549 cells
with LPS for 1h, 2h, and 4h did not change the levels of nuclear
NFkB in A549 cells.

3.5. c-Jun activation involved in LPS-induced SP-A gene
expression

Results by a reporter gene assay revealed that treatment of A549
cells with 1 ng/ml LPS for 1 h caused a 4-fold increase in the DNA-
binding activity of AP-1 (Fig. 4A). After exposure for 6 h and 24 h,
LPS significantly enhanced the DNA-binding activity of AP-1 by
8- and 8.7-fold, respectively. SP600125, an inhibitor of c-Jun N-
terminal kinase, was applied into A549 cells to evaluate the roles
of c-Jun in LPS-induced SP-A gene expression (Fig. 4B and C). Expo-
sure of A549 cells to LPS induced SP-A mRNA production (Fig. 4B,
top panel, lane 2). Alone treatment with SP600125 did not affect
SP-A mRNA synthesis (lane 3). However, pretreatment of A549
cells with SP600125 could inhibit LPS-induced SP-A mRNA pro-
duction (lane 4). Amounts of $2M mRNA were determined as the
internal control (Fig. 4B, bottom panel). These DNA bands were
quantified and analyzed (Fig. 4C). Exposure of A549 cells to 1 ng/ml
LPS for 6h significantly induced SP-A mRNA production by 2.5-
fold. SP600125 did not influence the basal levels of SP-A mRNA in
A549 cells. Meanwhile, pretreatment of A549 cells with SP600125
for 1h completely alleviated LPS-induced SP-A mRNA synthesis
(Fig. 4C).

3.6. TLR2 participating in LPS-induced SP-A gene expression

In untreated A549 cells, TLR2 mRNA could be detected (Fig. 5A,
top panel, lane 1). Exposure of A549 cells to 1ng/ml LPS for
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Fig. 4. Roles of AP-1 in lipopolysaccharide (LPS)-induced surfactant protein-A (SP-
A) mRNA expression. A549 cells were exposed to 1 ng/ml LPS for 1 h, 6 h,and 24 h. An
AP-1 reporter gene assay was carried out using AP-1 luciferase reporter plasmids
(A). A549 cells were pretreated with 30 pg/ml SP600125, an inhibitor of c-Jun N-
terminal kinase, for 1h, and then exposed to 1 ng/ml LPS for another 6 h. Total RNA
was prepared for RT-PCR analysis of SP-A mRNA (B, top panel). Amounts of 32M
mRNA were quantified as the internal controls (bottom panel). These DNA bands
were quantified and statistically analyzed (C). Each value represents the mean + SEM
for n=6. The symbol, *, indicates that a value significantly (p <0.05) differed from
the control groups. C, control; M, DNA 100 bp marker.

1h induced TLR2 mRNA production (lane 2). After treating for
6h and 24h, the levels of TLR2 mRNA in A549 cells were
induced by LPS (lanes 3 and 4). Amounts of 32M mRNA in A549
cells were determined as the internal control (Fig. 5A, bottom
panel). These DNA bands were quantified and analyzed (Fig. 5B).
Exposure of A549 cells to LPS for 1h, 6h, and 24h caused sig-
nificant 48%, 2.4-fold, and 52% increases in the levels of TLR2
mRNA.

Translation of TLR2 was knocked-down by RNA interference to
evaluate the role of this membrane receptor in LPS-induced SP-A
gene expression (Fig. 5C and D). Application of TLR2 siRNA into
A549 cells for 24h and 48 h decreased the levels of this recep-
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Fig. 5. Effects of lipopolysaccharide (LPS) on toll-like receptor 2 (TLR2) mRNA production, and the role of TLR2 in LPS-enhanced surfactant protein-A (SP-A). A549 cells were
treated with 1 ng/ml LPS for 1h, 6h, and 24 h (A). Total RNA was prepared for RT-PCR analysis of TLR2 mRNA (top panel). Amounts of 2M mRNA were quantified as the
internal controls (bottom panel). These DNA bands were quantified and statistically analyzed (B). A549 cells were exposed to TLR2 small interference (si)RNA, LPS, and a
combination of TLR2 siRNA and LPS for 24 h (C). Amounts of SP-A in A549 cells were immunodetected (top panel). Levels of 3-actin were determined as the internal controls
(bottom panel). These protein bands were quantified and statistically analyzed (D). Each value represents the mean + SEM for n=6. The symbol, *, indicates that a value
significantly (p < 0.05) differed from the control groups. C, control; M, DNA 100 bp marker.

tor in a time-dependent manner (data not shown). Treatment of
A549 cells with LPS increased SP-A synthesis (Fig. 5C, top panel,
lane 2). Application of TLR2 siRNA into A549 cells did not affect
SP-A production (lane 3). Meanwhile, application of TLR2 siRNA
decreased LPS-enhanced SP-A production (lane 4). Amounts of (3-
actin in A549 cells were immunodetected as the internal control
(Fig. 5C, bottom panel). These immunorelated protein bands were
quantified and analyzed (Fig. 5D). Exposure of A549 cells to LPS sig-
nificantly increased the levels of SP-A by 79%. Co-treatment with
TLR2 siRNA and LPS completely ameliorated LPS-enhanced SP-A
production (Fig. 5D).

4. Discussion

This study has shown that LPS at a clinically relevant concen-
tration of 1ng/ml induces SP-A gene expression in human lung
carcinoma type II epithelium-like A549 cells. The concentrations
of LPS used in in vitro and in vivo studies were about 1 pg/ml and
1 mg/kg body weight, respectively (Millar and Thiemermann, 1997;
Wau et al., 2008). Bysani et al. (1990) reported that the plasma con-
centration of LPS in a patient with fatal Klebsiella pneumoniae sepsis
was 25 ng/ml (Bysani et al., 1990). In this study, we demonstrated
that LPS even at 1ng/ml could induce SP-A mRNA and protein
expression. LPS selectively induces SP-A expression in A549 cells.
This result is similar to a previous study, which showed that SP-A is
a better indicator than SP-D for detecting the severity of the acute
lung injury and its clinical outcome (Dulkerian et al., 1996; Cheng et

al., 2003). Decreases in alveolar SP-A have been reported in patients
with bacterial pneumonia (Baughman et al., 1993; Gunther et al.,
1996). Therefore, induction of SP-A in pulmonary type Il epithelial
cells by LPS at a clinically relevant concentration may be used as
an indicator in response to the process of endotoxin-caused septic
shock and acute lung injury.

c-Jun activation can be involved in LPS-induced SP-A expression.
After exposure to LPS, the levels of nuclear c-Jun were time-
dependently augmented. c-Jun is a critical member of transcription
factor AP-1 (Angel and Karin, 1991). In response to the stimulus,
c-Jun N-terminal kinase is an upstream kinase for phosphory-
lating AP-1 (Ransone and Verma, 1990; Angel and Karin, 1991).
Our unpublished study showed that when the activity of c-Jun N-
terminal kinase was suppressed by its specific inhibitor SP600125,
the LPS-enhanced c-Jun translocation from the cytoplasm to the
nuclei was consequently reduced. Thus, LPS possibly activates c-Jun
through the stimulation of c-Jun N-terminal kinase phosphoryla-
tion. The present results reveal that application of SP600125 into
A549 cells significantly inhibited LPS-induced SP-A mRNA produc-
tion. In the promoter region of the SP-A gene, specific DNA-binding
motifs of AP-1 can be found (Miakotina and Snyde, 2004). Jun and
Fos are two critical components for constructing AP-1 heterodimers
(Hess et al., 2004). A reporter gene assay showed that LPS time-
dependently increased the DNA-binding activity of AP-1. Therefore,
the LPS-induced SP-A gene expression may be due to the increases
in translocation and transactivation of AP-1 in A549 cells following
exposure to the endotoxin.
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The LPS-induced SP-A gene expression occurs possibly via the
TLR2-dependent pathway. Muzio et al. (2000) reported that LPS
could not induce TLR2 expression but rather, the selective stimu-
lation of TLR-3 production in dendritic cells. In human monocytes,
LPS was demonstrated to induce TLR2 expression (Flo et al., 2001).
This study further showed that LPS at a clinically relevant concen-
tration of 1 ng/ml could enhance TLR2 mRNA and protein syntheses
in human pulmonary type Il epithelium-like A549 cells. In response
to LPS stimulation, AP-1 is demonstrably activated through TLR-
dependent mechanisms (Ransone and Verma, 1990; Shaulian and
Karin, 2002). In the human lung, TLR2 is detected in alveolar type I
epithelial cells and alveolar macrophages (Droemann et al., 2003).
Thus, LPS increases the translocation of AP-1 from the cytoplasm
to nuclei, possibly through TLR2-dependent signal-transducing
events. Furthermore, application of TLR2 siRNA caused signifi-
cant downregulation in the LPS-induced SP-A protein synthesis.
Therefore, LPS induces SP-A gene expression via upregulating the
TLR2-dependent translocation of AP-1 from the cytoplasm to nuclei
and its transactivation activity.

In conclusion, this study shows that exposure of A549 cells to
LPS at clinically relevant concentrations did not affect cell viability
but selectively induced SP-A expression at protein and mRNA lev-
els without affecting SP-D synthesis. In parallel with increases in
SP-A expression, LPS increased the translocation of c-Jun from the
cytoplasm to the nuclei and the transactivation activity of AP-1.
Treatment of A549 cells with SP600125, an inhibitor of c-Jun N-
terminal kinase, ameliorated LPS-induced SP-A mRNA production.
Exposure to LPS time-dependently induced TLR2 mRNA synthesis.
Application of TLR2 siRNA decreased translation of this mem-
brane receptor, and simultaneously alleviated LPS-enhanced TLR2
production. Therefore, we suggest that LPS selectively induces SP-
A gene expression in pulmonary epithelial A549 cells possibly
through a TLR2-dependent activation of c-Jun.
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