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Abstract Alveolar type II epithelial cells can regulate

immune responses to sepsis-induced acute lung injury.

Lipopolysaccharide (LPS), an outer membrane component

of Gram-negative bacteria, can cause septic shock. This

study was designed to evaluate the cytotoxic effects of LPS

on human alveolar epithelial A549 cells and its possible

molecular mechanisms. Exposure of A549 cells to LPS

decreased cell viability in concentration- and time-depen-

dent manners. In parallel, LPS concentration- and time-

dependently induced apoptosis of A549 cells. Meanwhile,

LPS only at a high concentration of 10 lg/ml caused

mildly necrotic insults to A549 cells. In terms of the

mechanism, exposure of A549 cells to LPS increased the

levels of cellular nitric oxide and reactive oxygen species

(ROS). Pretreatment with N-acetylcysteine (NAC), an

antioxidant, significantly lowered LPS-caused enhance-

ment of intracellular ROS in A549 cells and simulta-

neously attenuated the apoptotic insults. Sequentially,

treatment of A549 cells with LPS caused significant

decreases in the mitochondrial membrane potential and

biosynthesis of adenosine triphosphate. In succession, LPS

triggered the release of cytochrome c from the mitochon-

dria to the cytoplasm. Activities of caspase-9 and caspase-6

were subsequently augmented following LPS administra-

tion. Consequently, exposure of A549 cells induced DNA

fragmentation in a time-dependent manner. Pretreatment of

A549 cells with NAC significantly ameliorated LPS-caused

alterations in caspase-9 activation and DNA damage.

Therefore, this study shows that LPS specifically induces

apoptotic insults to human alveolar epithelial cells through

ROS-mediated activation of the intrinsic mitochondrion–

cytochrome c-caspase protease mechanism.
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Introduction

Sepsis induced by Gram-negative bacteria is a common

complication of acute pulmonary infections and can lead to

organ dysfunction or hypoperfusion abnormalities (Angus

et al. 2001; Cazzola et al. 2004). Lipopolysaccharide

(LPS), an outer membrane component of Gram-negative
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bacteria, is one of the major causes of septic shock (Raetz

et al. 1991; Welbourn and Yong 1992). Pulmonary alveolar

type II epithelial cells, located in the corners of the alveoli,

play crucial roles in physiological and pathophysiological

regulation of septic shock and acute lung injury by spe-

cifically synthesizing, secreting, and reutilizing surfactants

(Mendelson 2000; Rooney 2001). Pulmonary surfactants

have critical functions of reducing surface tension at the

alveolar air–liquid interface, thereby preventing alveolar

collapse upon expiration and allowing normal breathing

(Clements and Avery 1998). In response to bacterial

infection, levels of surfactant components in the lungs can

be altered through a host’s defense mechanism (LeVine

et al. 2000; Crouch and Wright 2001). Our previous study

showed that LPS regulates surfactant protein-A biosyn-

thesis in human alveolar epithelial A549 cells through a

toll-like receptor-2-dependent pathway (Chuang et al.

2009). Vernooy et al. (2001) reported that intratracheal

instillation of a high dose of LPS in mice directly caused

the death of bronchial epithelial cells. Thus, LPS may have

biphasic effects on affecting the activity and function of

alveolar type II epithelial cells.

Apoptosis is an energy-dependent type of programmed

cell death (Fiers et al. 1999). A variety of intrinsic and

extrinsic factors are involved in regulating cell apoptosis

(Goyal 2001; Chen et al. 2007; Ferrari et al. 2009).

Reactive oxygen species (ROS) are apoptotic factors that

can cause oxidative stress and subsequent cell apoptosis

(Tai et al. 2007; Pellegrini and Baldari 2009). As an

ROS, nitric oxide (NO) was implicated as an effector for

death regulation (Wu et al. 2007; Cherng et al. 2008).

Previous studies showed that exposure to LPS stimulated

NO overproduction and eventually led to cell apoptosis

(Waak et al. 2009; Lee et al. 2010). Mitochondria are

energy-producing organelles. Maintenance of the mito-

chondrial membrane potential is critical to adenosine

triphosphate (ATP) synthesis (Chang et al. 2009).

Depolarization of the mitochondrial membrane potential

increases the release of apoptotic factors such as cyto-

chrome (Cyt) c from the mitochondria to the cytoplasm,

which leads to apoptotic insults (Saikumar et al. 1998;

Ho et al. 2009; Chen et al. 2010). After interacting with

apoptotic protease-activating factor-1, Cyt c elicits cas-

cade activation of caspase-9, caspase-3, and caspase-6,

ultimately inducing DNA damage and cell apoptosis

(Goyal 2001; Kagan et al. 2004; Lee et al. 2009).

Alveolar type II epithelial cells can control septic shock-

induced acute lung injury (Mendelson 2000; Rooney

2001). However, the cytotoxic effects of LPS on alveolar

epithelial cells are still little known. Thus, in this study,

we attempted to evaluate the toxic effects of LPS on

human lung carcinoma type II epithelial-like A549 cells

and the possible mechanisms.

Materials and methods

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 Dulbecco’s modi-

fied Eagle’s medium (DMEM)/Ham’s F-12 culture med-

ium (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 lg/ml streptomycin in 75-cm2

culture flasks at 37�C in a humidified atmosphere with 5%

CO2. LPS, purchased from Merck (Stanton, NJ, USA), was

dissolved in dimethyl sulfoxide (DMSO) and sonicated

to disperse large LPS aggregates as described before

(Kitchens et al. 2001). The concentration of DMSO in the

medium never exceeded 0.1% to avoid toxicity of this

solvent to A549 cells. N-acetylcysteine (NAC), an antiox-

idant, was purchased from Sigma, dissolved in DMSO, and

pretreated for 1 h before LPS administration. Control cells

received DMSO only.

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 (Cherng et al. 2008).

Briefly, A549 cells (1 9 104 cells per well) were seeded

overnight in 96-well tissue culture plates. After drug treat-

ment, A549 cells were cultured in new medium containing

0.5 mg/ml MTT for a further 3 h. The blue formazan prod-

ucts in A549 cells were dissolved in DMSO and spectro-

photometrically measured at a wavelength of 550 nm.

Quantification of apoptotic cells

Apoptotic cells were determined by detecting cells which

were arrested at the sub-G1 stage according to the method of

Lee et al. (2009). After drug treatment, the harvested A549

cells were fixed with cold 80% ethanol, then incubated with

3.75 mM sodium citrate, 0.1% Triton X-100, and 30 lg/ml

RNase A, and resuspended in 20 lg/ml propidium iodide.

Stained nuclei were analyzed by flow cytometry (FACS

Calibur, Becton–Dickinson, San Jose, CA, USA).

Assay of necrotic cells

Necrotic cells were quantified using a photometric immu-

noassay according to the standard protocol of the cell death

detection kit (Roche Applied Sciences, Nonnenwald,

Penzberg, Germany) as described previously (Chen et al.

2005a, b). Briefly, A549 cells (1 9 105 cells) were seeded

in 96-well tissue culture plates overnight. After LPS
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administration, cell lysates and culture medium were col-

lected, and necrotic cells were immunodetected using

mouse monoclonal antibodies (mAbs) against histone.

After the antibody reaction and washing, the colorimetric

product was measured at 405 nm against the substrate

solution as a blank.

Quantification of NO

Amounts of NO in A549 cells were determined according

to the technical bulletin of the Bioxytech NO assay kit

(OXIS International, Portland, OR, USA) as described

previously (Lee et al. 2010). In this kit, nitrate reductase

is provided to reduce nitrate to nitrite so total nitrite in

the culture medium is detected. After exposure to LPS, the

culture medium of A549 cells was centrifuged. The

supernatant fractions were collected and reacted with

nitrate reductase. Following a reaction of the supernatant

with sulfanilamide and N-1-napthylethylenediamine, a

colorimetric azo compound was formed and quantified

using an Anthos 2010 microplate photometer (Anthos

Labtec Instruments, Lagerhausstrasse, Wals/Salzburg,

Austria). To avoid interruption of the detection of nitrite by

acidity, pH values of the culture medium were monitored

in our preliminary study.

Quantification of intracellular ROS

Levels of intracellular ROS were quantified to determine the

oxidative stress to A549 cells in response to LPS stimulation

according to a previously described method (Chang et al.

2010). Briefly, 5 9 105 A549 cells were cultured in 12-well

tissue culture plates overnight, and then co-treated with LPS

and 20,70-dichlorofluorescin diacetate, an ROS-sensitive dye.

After drug treatment, A549 cells were harvested and sus-

pended in 19 phosphate-buffered saline (PBS) (0.14 M

NaCl, 2.6 mM KCl, 8 mM Na2HPO4, and 1.5 mM

KH2PO4). Relative fluorescence intensities in A549 cells

were quantified using a flow cytometer (Becton–Dickinson).

Quantification of the mitochondrial membrane potential

The mitochondrial membrane potential was determined

following a previously described method (Chang et al.

2006). Briefly, A549 cells (5 9 105) were seeded in

12-well tissue culture plates overnight, and then treated

with LPS. After drug administration, A549 cells were

harvested and incubated with 3,30-dihexyloxacarbocyanine

(DiOC6), a positively charged dye, at 37�C for 30 min in a

humidified atmosphere with 5% CO2. After washing and

centrifugation, cell pellets were suspended in 19PBS.

Intracellular fluorescent intensities were analyzed using a

flow cytometer (Becton–Dickinson).

Assay of cellular ATP levels

Levels of cellular ATP in A549 cells were determined by a

bioluminescence assay, which was based on luciferase’s

requirement for ATP in producing a light emission,

according to the protocol of Molecular Probes’ ATP Deter-

mination kit (Molecular Probes, Eugene, OR, USA) as

described previously (Chang et al. 2009). The luminent light

(560 nm) emitted by the luciferase-mediated reaction

of ATP and luciferin was detected by a WALLAC

VICTORTM
2 1420 multilabel counter (Welch Allyn, Turku,

Finland).

Immunoblotting analyses of cytosolic Cyt c and b-actin

Protein analyses were carried out according to a previously

described method (Chen et al. 2009). After drug treatment,

cytosolic proteins were prepared in an ice-cold radioim-

munoprecipitation assay (RIPA) buffer (25 mM Tris–HCl

(pH 7.2), 0.1% SDS, 1% Triton X-100, 1% sodium

deoxycholate, 0.15 M NaCl, and 1 mM EDTA). To avoid

degradation of the cytosolic proteins by proteinases, a

mixture of 1 mM phenyl methyl sulfonyl fluoride, 1 mM

sodium orthovanadate, and 5 lg/ml leupeptin was added to

the RIPA buffer. Protein concentrations were quantified

using a bicinchonic acid protein assay kit (Pierce, Rockford,

IL, USA). Proteins (50 lg/well) were subjected to sodium

dodecylsulfate polyacrylamide gel electrophoresis (SDS–

PAGE) and transferred to nitrocellulose membranes.

Immunodetection of Cyt c was carried out using a mouse

mAb against human Cyt c (Transduction Laboratories,

Lexington, KY, USA). Cellular b-actin protein was

immunodetected using a mouse mAb against mouse b-actin

(Sigma) as the internal standard. These protein bands

were quantified using a digital imaging system (UVtec,

Cambridge, UK).

Fluorogenic substrate assay for caspase activities

The activities of caspase-9 and caspase-6 were determined

by a fluorogenic substrate assay (Wu et al. 2007). Briefly,

cell extracts were prepared by lysing A549 cells in a buffer

containing 1% Nonidet P-40, 200 mM NaCl, 20 mM Tris/

HCl (pH 7.4), 10 lg/ml leupeptin, 0.27 U/ml aprotinin, and

100 lM PMSF. Caspase-9 and caspase-6 activities were

determined by, respectively, incubating cell lysates (25 lg

total protein) with 50 lM of the fluorogenic substrates,

LEHD and VEID, in 200 ll of a cell-free system buffer

consisting of 10 mM Hepes (pH 7.4), 220 mM mannitol,

68 mM sucrose, 2 mM NaCl, 2.5 mM KH2PO4, 0.5 mM

EGTA, 2 mM�MgCl2, 5 mM pyruvate, 0.1 mM PMSF, and

1 mM dithiothreitol. Intensities of the fluorescent products

in cells were measured with a spectrofluorometer.
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Quantification of DNA fragmentation

DNA fragmentation in A549 cells was quantified to eval-

uate if LPS damaged nuclear DNA. BrdU-labeled histone-

associated DNA fragments in the cytoplasm of cell lysates

were detected according to the instructions of the cellular

DNA fragmentation enzyme-linked immunosorbent assay

(ELISA) kit (Boehringer Mannheim, Indianapolis, IN,

USA) as described previously (Chang et al. 2006). Briefly,

A549 cells (2 9 105) were subcultured in 24-well tissue

culture plates and labeled with BrdU overnight. Cells were

harvested and suspended in the culture medium. One

hundred microliters of cell suspension was added to each

well of 96-well tissue culture plates. A549 cells were

cocultured with LPS or NAC for another 8 h at 37�C in a

humidified atmosphere with 5% CO2. Amounts of BrdU-

labeled DNA in the cytoplasm were quantified using an

Anthos 2010 microplate photometer (Anthos Labtec

Instruments, Lagerhausstrasse, Wals/Salzburg, Austria) at a

wavelength of 450 nm.

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).

Results

Exposure of A549 cells to 0.1 lg/ml LPS for 24 h did not

affect cell viability (Fig. 1a). Meanwhile, when concen-

trations reached 1 and 10 lg/ml, LPS caused significant 49

and 74% decreases in the viability of A549 cells. Treat-

ment of A549 cells with 1 lg/ml LPS for 12 h did not

influence cell viability (Fig. 1b). After exposure to 1 lg/ml

LPS for 24 and 48 h, viability of A549 cells was signifi-

cantly reduced by 47 and 73%, respectively.

Exposure of A549 cells to 0.1 lg/ml LPS for 24 h did

not lead to cell apoptosis (Fig. 2a). When treatment con-

centrations reached 1 and 10 lg/ml, LPS induced apoptosis

of A549 cells by 47 and 68%, respectively. Treatment of

A549 cells with 1 lg/ml LPS for 12 h did not cause cell

apoptosis (Fig. 2b). After exposure for 24 and 48 h, LPS,

respectively, caused 53 and 72% of A549 cells to undergo

apoptosis. A necrotic analysis showed that exposure of

A549 cells to 0.5 and 1 lg/ml LPS for 24 h did not affect

cell necrosis (Fig. 2c). However, LPS at a high concen-

tration of 10 lg/ml moderately induced necrosis of A549

cells by 15%.

Treatment of A549 cells with 1 lg/ml LPS for 12 h did

not affect the biosynthesis of NO (Fig. 3a). Meanwhile,

when the treatment time intervals reached 24 and 48 h,

1 lg/ml LPS caused significant 3.8- and 4.5-fold increases

in the levels of cellular NO, respectively. In parallel,

exposure to 1 lg/ml LPS for 12 h slightly increased the

amount of intracellular ROS by 80% (Fig. 3b). After

treatment for 24 and 48 h, LPS, respectively, led to 5.8-

and 6.7-fold augmentations in the levels of intracellular

ROS. Exposure of A549 cells to 1 lg/ml LPS for 24 h

enhanced intracellular ROS levels by 6.1-fold (Fig. 3c).

Pretreatment with NAC, an antioxidant, for 1 h slightly

reduced basal levels of intracellular ROS. However, the

LPS-caused promotion of intracellular ROS in A549 cells

was significantly attenuated by 61% following pretreat-

ment with NAC (Fig. 3c). In comparison, exposure to NAC

alone did not influence apoptosis of A549 cells, but
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Fig. 1 Concentration- and time-dependent effects of lipopolysaccha-

ride (LPS) on the viability of A549 cells. A549 cells were exposed to

0.5, 1, and 10 lg/ml LPS for 24 h (a) or to 1 lg/ml LPS for 12, 24,

and 48 h (b). Cell viability was assayed using a colorimetric method.

Each value represents the mean ± SEM for n = 6. An asterisk
indicates that the value significantly (p \ 0.05) differs from the

control group
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significantly reduced LPS-induced cell apoptosis by 63%

(Fig. 3d).

Exposure of A549 cells to 1 lg/ml LPS for 12 h did not

alter the mitochondrial membrane potential (Fig. 4a).

Meanwhile, after treatment with LPS for 24 and 48 h, the

mitochondrial membrane potential had significantly

decreased by 42 and 53%, respectively. Treatment of A549

cells with 1 lg/ml LPS for 12 h did not change the level of

cellular ATP (Fig. 4b). Amounts of cellular ATP in A549

cells were considerably reduced by 36 and 46% following

exposure to LPS for 24 and 48 h.

Cyt c was detected in untreated A549 cells (Fig. 5a, top

panel, lane 1). Exposure of A549 cells to 1 lg/ml LPS for

12 h did not affect the level of cytosolic Cyt c (lane 2).

After treatment for 24 and 48 h, the amounts of Cyt c in the

cytoplasm of A549 cells were obviously augmented (lanes

3 and 4). Levels of b-actin were immunodetected as the

internal standard (Fig. 5a, bottom panel). These immuno-

related protein bands were quantified and analyzed

(Fig. 5b). Exposure of A549 cells to 1 lg/ml LPS for 24

and 48 h caused significant 2.1-fold and 94% increases in

the levels of Cyt c, respectively.

Exposure of A549 cells to 1 lg/ml LPS for 12 h

enhanced caspase-9 activity by 67% (Fig. 6a). Activities of

caspase-9 were significantly increased by 2.4- and 2.5-fold

following exposure to 1 lg/ml LPS for 24 and 48 h,

respectively. Sequentially, treatment of A549 cells with

1 lg/ml LPS for 12 h did not affect caspase-6 activity

(Fig. 6b). However, when the treatment time intervals

reached 24 and 48 h, LPS caused significant 3.5- and

3.4-fold increases in caspase-6 activity. Consequently,

exposure to LPS at 1 lg/ml for 12 h did not cause DNA

fragmentation in A549 cells (Fig. 6c). After exposure for

24 and 48 h, LPS drastically induced DNA fragmentation

of A549 cells by 2.4- and 3.2-fold, respectively.

Exposure of A549 cells to 1 lg/ml LPS stimulated

caspase-9 activation by 2.7-fold (Fig. 7a). Pretreatment

with NAC alone did not affect caspase-9 activity, but

caused a significant 45% reduction in this protease’s

activity. In parallel, NAC did not cause DNA damage but

significantly lessened LPS-induced DNA fragmentation by

41% (Fig. 7b).

Discussion

This study shows that LPS can induce insults to human

lung carcinoma type II epithelium-like A549 cells via an

apoptotic mechanism. Our previous study demonstrated the

suppressive effects of LPS on regulating surfactant protein-

A gene expression (Chuang et al. 2009). The present study

further showed that LPS at a high concentration of 1 lg/ml

can directly induce the death of A549 cells. In addition, our

A

B

LPS, μg/ml

A
po

pt
ot

ic
 c

el
ls

, %

0

25

50

75

100

0 0.1 1 10

*

*

A
po

pt
ot

ic
 c

el
ls

, %

0

25

50

75

100

Time, h

0 12 24 48

*

*

C

N
ec

ro
tic

 c
el

ls
, %

0

5

10

15

20

LPS, μg/ml

0 0.5 1 10

*

Fig. 2 Concentration- and time-dependent effects of lipopolysaccha-

ride (LPS) on apoptosis or necrosis of A549 cells. A549 cells were

exposed to 0.5, 1, and 10 lg/ml LPS for 24 h (a) or to 1 lg/ml of LPS

for 12, 24, and 48 h (b). After drug treatment, A549 cells were

harvested, fixed, and stained with a propidium iodide dye. Apoptotic

cells were quantified using a flow cytometer. A549 cells were treated

with 0.1, 1, and 10 lg/ml LPS for 24 h (c). Necrotic cells were

determined by a photometric immunoassay. Each value represents the

mean ± SEM for n = 6. An asterisk indicates that the value

significantly (p \ 0.05) differs from the control group
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current results reveal that LPS augmented the fraction of

A549 cells arrested at the sub-G1 phase. Cell arrest at the

sub-G1 phase and shrunken morphologies are two typical

characteristics exhibited by cells that are undergoing

apoptosis (Fiers et al. 1999; Chen et al. 2005a, b). Fur-

thermore, a necrotic analysis demonstrated that LPS only

at a very high concentration of 10 lg/ml caused slight

necrosis of A549 cells. Thus, 1 lg/ml LPS selectively

caused apoptosis of A549 cells. Sauter and Wolfensberger

(1980) reported that LPS at 1–2 lg could be lethal to the

human. Furthermore, Bysani et al. (1990) showed that

the plasma concentration of LPS in a patient with fatal

Klebsiella pneumoniae sepsis was 25 ng/ml. Thus, the

concentrations of LPS used in this study may be higher

than its circulating levels in patients with acute lung injury

or septic shock. LPS was reported to be one of the major

causes of Gram-negative bacterium-caused septic shock

and acute lung injury (Raetz et al. 1991; Welbourn and

Yong 1992). Therefore, one of the possible mechanisms

involved in LPS-induced acute lung injury during inflam-

mation may occur through triggering apoptotic insults to

alveolar type II epithelial cells.

ROS participate in LPS-induced apoptosis of A549

cells. Exposure of A549 cells to LPS time-dependently

enhanced levels of intracellular ROS. Separately, the

amounts of NO in A549 cells considerably increased fol-

lowing LPS administration. NO is an ROS (Wu et al. 2007;

Cherng et al. 2008). Our previous studies showed that

exposure of macrophages or osteoblasts to LPS with/

without inflammatory cytokines caused NO overproduction

and cellular oxidative stress (Chen et al. 2005a, b; Lee et al.

2010). Thus, augmentation of intracellular ROS in LPS-

treated A549 cells is partially attributable to the production

of NO. NAC is a well-known antioxidant (Chen et al.

2000). Pretreatment of A549 cells with NAC significantly

suppressed LPS-enhanced intracellular ROS and concur-

rently protected against apoptotic insults. ROS are crucial

apoptotic factors that can cause oxidative stress and sub-

sequent cell apoptosis (Tai et al. 2007; Pellegrini and

Baldari 2009). A previous study reported that NAC can

lessen oxidative stress-induced allergic airway inflamma-

tion (Cho et al. 2008). As a result, augmentation of intra-

cellular ROS may be one of the major factors contributing

to LPS-induced apoptotic insults to alveolar type II epi-

thelial A549 cells.

LPS induces mitochondrial dysfunction and cell apop-

tosis. Mitochondria are energy-producing organelles. This

study showed that treatment of A549 cells with LPS
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Fig. 3 Time-dependent effects of lipopolysaccharide (LPS) on the

production of nitric oxide (NO) and intracellular reactive oxygen

species (ROS). A549 cells were exposed to 1 lg/ml LPS for 12, 24,

and 48 h. Levels of NO were analyzed by a Bioxytech NO assay

kit (a). Amounts of intracellular ROS in A549 cells were quantified

using flow cytometry (b). A549 cells were pretreated with 1 mM

N-acetylcysteine (NAC), an antioxidant, for 1 h, and then exposed to

1 lg/ml LPS for another 24 h (c, d). Intracellular ROS (c) and

apoptotic cells (d) were determined with the aid of a flow cytometer.

Each value represents the mean ± SEM for n = 6. An asterisk and

pound sign indicate that the values significantly (p \ 0.05) differ

from the control and LPS-treated groups, respectively
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decreased the mitochondrial membrane potential and

autonomously reduced levels of cellular ATP in a time-

dependent manner. Maintenance of the mitochondrial

membrane potential is critical to the respiratory chain

reaction and ATP synthesis (Chang et al. 2009). In con-

sequence, LPS can disrupt the mitochondrial membrane

potential and thus repress ATP synthesis in A549 cells.

A previous study reported that Bax translocation to

mitochondria from the cytoplasm can depolarize the

mitochondrial membrane (Hsu et al. 1997). Thus, LPS

decreases the mitochondrial membrane potential possibly

by stimulating Bax translocation from the cytoplasm to

mitochondria. In parallel with reducing the mitochondrial

membrane potential, this study showed that LPS signifi-

cantly increased intracellular ROS levels. ROS are

mitochondrion-related apoptotic factors (Goyal 2001). A

previous study stated that a decrease in cellular ATP syn-

thesis can induce cell apoptosis (Blom et al. 2003).

Therefore, LPS may cause mitochondrial dysfunction

through suppression of the mitochondrial membrane

potential in A549 cells and thus induce cell apoptosis.

Cyt c mediates LPS-induced apoptosis of A549 cells.

Exposure of A549 cells to LPS time-dependently aug-

mented cellular Cyt c levels. Cyt c is one of the key

mitochondrion-related apoptotic factors (Saikumar et al.

1998). Depolarization of the mitochondrial membrane

potential increases the release of apoptotic factors such as

Cyt c from mitochondria to the cytoplasm, which leads to

apoptotic insults (Saikumar et al. 1998; Ho et al. 2009;

Chen et al. 2010). In this study, we showed that LPS

decreased the mitochondrial membrane potential. Thus,

LPS can enhance Cyt c release from mitochondria to the

cytoplasm possibly through depolarization of the mito-

chondrial membrane. In an animal model of acute lung

injury, Cyt c can mediate LPS-induced cell apoptosis (Koh

et al. 2007). Furthermore, this study provides in vitro data

to further demonstrate that LPS can specifically induce

apoptotic insults to alveolar epithelial A549 cells in the
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48 h. The mitochondrial membrane potential was determined using a

flow cytometer (a). Levels of cellular ATP were measured by a

bioluminescence assay (b). Each value represents the mean ± SEM

for n = 6. An asterisk, indicates that the value significantly

(p \ 0.05) differs from the control group
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Fig. 5 Time-dependent effects of lipopolysaccharide (LPS) on the

amounts of cytochrome c (Cyt C). A549 cells were exposed to 1 lg/ml

LPS for 12, 24, and 48 h. Cytosolic proteins were prepared and

electrophoretically separated. Levels of Cyt c were immunodetected

by a mouse monoclonal antibody against human Cyt c (a, top panel).
b-actin was determined as the internal control (bottom panel). These

immunorelated protein bands were quantified and analyzed (b). Each

value represents the mean ± SEM for n = 6. An asterisk indicates

that the value significantly (p \ 0.05) differs from the control group
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course of upregulating the release of Cyt c from the

mitochondria to the cytoplasm.

Cascade activation of caspase-9 and caspase-6 is

involved in LPS-induced DNA fragmentation and cell

apoptosis. Treatment of A549 cells with LPS increased

caspase-9 activity in a time-dependent manner. After being

released from mitochondria, Cyt c can interact with cyto-

plasmic apoptotic protease-activating factor-1 to form ap-

optosomes and mediate caspase-9 activation (Kagan et al.

2004). Thus, LPS-caused increases in Cyt c release can

lead to caspase-9 activation. Consecutively, this study

demonstrated the amplification of caspase-6 activity in

LPS-treated A549 cells. After being triggered, caspase-9

has a cascade effect of promoting digestion of pro-caspase-6
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Fig. 6 Time-dependent effects of lipopolysaccharide (LPS) on the

activities of caspases-9 and -3 and DNA fragmentation. A549 cells

were exposed to 1 lg/ml LPS for 12, 24, and 48 h. Activities of

caspase-9 and caspase-6 were measured using fluorogenic substrate

assays (a, b). DNA fragmentation was quantified with a cellular DNA

fragmentation enzyme-linked immunosorbent assay kit (c). Each

value represents the mean ± SEM for n = 6. An asterisk and the

pound sign indicate that values significantly (p \ 0.05) differ from

the control and LPS-treated groups, respectively
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Fig. 7 Roles of reactive oxygen species (ROS) in lipopolysaccharide

(LPS)-caused augmentations of caspase-9 activity and DNA frag-

mentation. A549 cells were pretreated with 1 mM N-acetylcysteine

(NAC) for 1 h and then exposed to 1 lg/ml LPS for 24 h. Caspase-9

activity was assayed using a fluorogenic substrate method (a). DNA

fragmentation was quantified with a cellular DNA fragmentation

enzyme-linked immunosorbent assay kit (b). Each value represents

the mean ± SEM for n = 6. An asterisk and the pound sign indicate

that values significantly (p \ 0.05) differ from the control and LPS-

treated groups, respectively
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into activated subunits (Goyal 2001). Hence, the LPS-

caused activation of caspase-6 is due to the upstream

commencement of caspase-9 triggered by this endotoxin.

In parallel with sequential caspase activation, LPS induced

DNA fragmentation of A549 cells. Additionally, our

present results further demonstrate that pretreatment of

A549 cells with NAC lowered LPS-stimulated caspase-9

activation. Consequently, LPS-induced apoptosis of A549

cells was significantly lessened by NAC. Caspase-9-med-

iated DNA fragmentation is a distinctive step that occurs in

the intrinsic apoptotic pathway (Goyal 2001; Chen et al.

2007; Ferrari et al. 2009). Therefore, the LPS-induced

cascade activation of caspase-9 and caspase-6 is involved

in regulating apoptotic insults to alveolar type II epithelial

A549 cells.

In conclusion, this study showed that LPS can directly

damage alveolar type II epithelial A549 cells via an

apoptotic mechanism. In parallel, exposure of A549 cells to

LPS time-dependently raised the levels of cellular NO and

intracellular ROS. Meanwhile, pretreatment of A549 cells

with NAC, an antioxidant, appreciably alleviated LPS-

caused increases in oxidative stress and cell apoptosis.

Sequentially, LPS reduced the mitochondrial membrane

potential and consequent ATP synthesis. After exposure to

LPS, cytosolic Cyt c was significantly augmented in A549

cells. In succession, exposure of A549 cells to LPS caused

cascade activation of caspase-9 and caspase-6. Concur-

rently, LPS time-dependently induced DNA fragmentation.

However, pretreatment with NAC considerably attenuated

LPS-induced caspase-9 activation and DNA damage.

Therefore, according to the present data, we suggest that

LPS induces apoptotic insults to alveolar type II epithelial

A549 cells via an intrinsic mitochondrion-Cyt c-caspase

protease pathway. There are certain limitations in the

present study, including A549 cells are derived from

human lung carcinoma. The mechanisms of LPS-induced

oxidative stress and cell apoptosis in A549 cells may be

different from normal alveolar epithelial cells. Thus, we

performed translational study to evaluate the effects of LPS

on alveolar epithelial cells of animals with acute lung

injury.
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