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Abstract

Pulmonary fibrosis is characterized by lung fibroblast proliferation and collagen secretion. In lipopolysaccharide (LPS)-
induced acute lung injury (ALI), aberrant proliferation of lung fibroblasts is initiated in early disease stages, but the
underlying mechanism remains unknown. In this study, we knocked down Toll-like receptor 4 (TLR4) expression in cultured
mouse lung fibroblasts using TLR4-siRNA-lentivirus in order to investigate the effects of LPS challenge on lung fibroblast
proliferation, phosphoinositide3-kinase (PI3K)-Akt pathway activation, and phosphatase and tensin homolog (PTEN)
expression. Lung fibroblast proliferation, detected by BrdU assay, was unaffected by 1 mug/mL LPS challenge up to
24 hours, but at 72 hours, cell proliferation increased significantly. This proliferation was inhibited by siRNA-mediated TLR4
knockdown or treatment with the PI3K inhibitor, Ly294002. In addition, siRNA-mediated knockdown of TLR4 inhibited the
LPS-induced up-regulation of TLR4, down-regulation of PTEN, and activation of the PI3K-Akt pathway (overexpression of
phospho-Akt) at 72 hours, as detected by real-time PCR and Western blot analysis. Treatment with the PTEN inhibitor,
bpV(phen), led to activation of the PI3K-Akt pathway. Neither the baseline expression nor LPS-induced down-regulation of
PTEN in lung fibroblasts was influenced by PI3K activation state. PTEN inhibition was sufficient to exert the LPS effect on
lung fibroblast proliferation, and PI3K-Akt pathway inhibition could reverse this process. Collectively, these results indicate
that LPS can promote lung fibroblast proliferation via a TLR4 signaling mechanism that involves PTEN expression down-
regulation and PI3K-Akt pathway activation. Moreover, PI3K-Akt pathway activation is a downstream effect of PTEN
inhibition and plays a critical role in lung fibroblast proliferation. This mechanism could contribute to, and possibly
accelerate, pulmonary fibrosis in the early stages of ALI/ARDS.
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Introduction

Pulmonary fibrosis is characterized by aberrant proliferation

and activation of lung fibroblasts and collagen secretion that

results in excessive extracellular matrix (ECM) deposition [1,2].

The process of pulmonary fibrosis can be stimulated by pathogen

infection, wherein the host cells recognize and respond to

pathogen-associated molecular patterns (PAMPs). One of the

most well characterized PAMPs is the lipopolysaccharide (LPS)

component of the outer membrane of Gram-negative bacteria.

LPS exerts its biological effects on the host by binding to Toll-like

receptor 4 (TLR4), a pattern recognition receptor (PPR) that is

widely distributed among lung parenchyma cells, including

macrophages, epithelial cells, and fibroblasts. Our previous studies

have shown that LPS plays an important role in the development

of acute lung injury (ALI), acute respiratory distress syndrome

(ARDS), and pulmonary fibrosis, through activation of TLR4 and

its downstream intracellular signal transduction pathways [3,4]. In

addition, our study and those by others have also determined that

focal aggregation of lung fibroblasts occurs prior to formation of

fibrosis [5], implying that aberrant proliferation of fibroblasts takes

place in the early stages of ALI/ARDS. However, the mechanisms

underlying fibroblast proliferation remain unknown.

In another previous in vitro study from our lab, we determined

that LPS was able to directly induce secretion of collagen in

primary cultured mouse lung fibroblasts via TLR4-mediated

activation of the phosphoinositide3-kinase-Akt (PI3K-Akt) path-

way [6]. This finding raised the questions of whether LPS directly

affects lung fibroblast proliferation, and which factors or signaling

mechanisms are involved. Several recent studies have revealed that

the PI3K-Akt pathway is closely related to cell cycle regulation

[7,8,9]. The tumor suppressor phosphatase and tensin homolog

(PTEN) acts to dephosphorylate phosphatidylinositol (3,4,5)-

trisphosphate (PIP3), resulting in inhibition of the PI3K-Akt

pathway. Low expression of PTEN and activation of the PI3K-Akt

pathway have been found in lung fibroblasts from patients with
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idiopathic pulmonary fibrosis (IPF) [10,11]; thus, we inferred that

LPS may promote lung fibroblast proliferation by down-regulating

PTEN expression and activating the PI3K-Akt pathway in the

early stages of ALI/ARDS.

We used the knowledge and model system from our previous

research to investigate this new hypothesis. Specifically, we

knocked down TLR4 expression in cultured mouse lung

fibroblasts using lentivirus-based RNA interference (RNAi), and

then systematically evaluated the effect of LPS challenge on lung

fibroblast proliferation, PTEN expression, and TLR4-mediated

PI3K-Akt pathway activation.

Materials and Methods

Ethics statement
This study was approved by the Animal Care and Use

Committee of the Shanghai Jiaotong University School of

Medicine. All procedures were carried out in accordance with

the guidelines for animal care published by the United States’

National Institutes of Health (NIH) for animal care (Guide for the

Care and Use of Laboratory Animals, Department of Health and

Human Services, NIH Publication No. 86-23, revised 1985).

Primary cultures of mouse lung fibroblasts
Lung fibroblasts were isolated from a C57/BL6 mouse, as

described in our previous study [6]. Briefly, an eight-week-old

mouse (Shanghai SLAC Laboratory Animal Co. Ltd., China) was

sacrificed by decapitation. Lung tissues were promptly excised,

washed with phosphate buffered saline (PBS), and cut to 1 mm3-

sized tissue masses. Tissues were then distributed evenly along the

bottom of culture plates and covered with Dulbecco’s Modified

Eagle’s Medium (DMEM) containing 10% calf serum (Gibco,

USA). The plates were cultured at 37uC in a humidified 5% CO2

incubator (Labotect, Germany), and DMEM was changed every

three days. When the cultures reached 80% confluence, adherent

cells were detached by exposure to 0.25% trypsin for five minutes,

and then passaged at a 1:4 dilution. Cells grew to a typical fusiform

shape after four generations. Fibroblasts were characterized as

previously described [12], and then used from passages five and

seven.

Construction and identification of RNAi lentivirus vector
targeting the TLR4 gene

A TLR4-specific RNAi lentivirus vector (TLR4-siRNA-lentivi-

rus) was constructed and verified by the Shanghai GeneChem Co.

Ltd. (China), as described in our previous study [6].

Experimental design and treatment
Purified mouse lung fibroblasts in DMEM containing 10% calf

serum were seeded into 96-well plates and grown in a humidified

atmosphere containing 5% CO2. When ,60% confluence was

reached, the medium was replaced with serum-free medium and

the cultures were incubated for an additional 24 hours at 37uC in

5% CO2. Finally, the serum-free medium was replaced with

DMEM containing 10% calf serum and the cells were divided

among several groups for various experimental manipulations, as

detailed below:

To inhibit expression of TLR4 mRNA in lung fibroblasts,

TLR4-siRNA-lentivirus was added to cells at a concentration of

16108 TU/mL for 48 hours. Negative controls were established

by adding the same doses of negative control-siRNA-lentivirus

containing scrambled nonfunctional RNAi sequences. To inhibit

activation of the PI3K-Akt pathway, the PI3K inhibitor Ly294002

(CST, USA) was added to cells at a concentration of 50 mmol/L

and incubated for one hour. To inhibit activation of PTEN, cells

were exposed to PTEN inhibitor (1 mM bpV(phen); Alexis, USA)

for 0.5 hour. To investigate the effect of LPS challenge on lung

fibroblast proliferation, purified LPS (derived from O55:B5 E. coli;

Sigma, USA) was added to cells at a concentration of 1 mg/mL

and incubated for 72 hours (or the time indicated in the figures).

Experiments were performed three times in each group. Cells were

collected for measurements at 72 hours (or the time indicated in

the figures) after LPS stimulation. Cell proliferation was assessed

by the BrdU assay. The mRNA and protein expression of TLR4,

PTEN, and phosphorylated Akt were examined by real-time PCR

or Western blot analysis, respectively.

Cell proliferation assay
To evaluate lung fibroblast proliferation after different treat-

ments, quantification of DNA synthesis, a direct indication of cell

proliferation, was assessed by the BrdU cell proliferation assay, as

previously described [11]. Briefly, prior to harvesting, cells were

incubated with BrdU for four hours. Anti-BrdU antibody was

applied as an immuno-stain, according to the manufacturer’s

instructions (CST). DNA synthesis was quantified by the

magnitude of absorbance (optical density, OD) at 450 nm, which

was proportional to the quantity of BrdU incorporated into cells.

Real-time PCR
The mRNA expression of TLR4 and PTEN was analyzed by

real-time PCR. Total RNA was isolated from cells with the

RNeasy kit using the Trizol reagent (Invitrogen, USA) and was

reverse-transcribed into cDNA with a reverse transcription kit

using M-MLV polymerase (Promega, USA). Sequence-specific

primers were: GAPDH-F: 59- TGGTGAAGGTCGGTGT-

GAAC-39, GAPDH-R: 59-GCTCCTGGAAGATGGTGATGG-

39; TLR4-F: 59-ATGGCATGGCTTACACCACC-39, TLR4-R:

59-GAGGCCAATTTTGTCTCCACA-39; PTEN-F: 59-CCA-

TAACCCACCACAGC-39, PTEN -R: 59-AGTCCGTCCCT-

TTCCAG-39. Real-time PCR was performed on the IQ5 PCR

System (Bio-Rad, USA) with an initial denaturing step at 95uC for

15 seconds, 35 cycles of denaturing at 95uC for 5 seconds, and

annealing at 55uC for 30 seconds. Relative expression of real-time

PCR products was determined by the DDCt method [13] to

normalize target gene expression to that of the housekeeping gene

(GAPDH).

Western blot analysis
Expression of TLR4, PTEN, Akt, and Ser473 phospho-Akt, was

detected by Western blotting. Cells were collected and lysed with

1x RIPA lysis Buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,

1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% sodium dodecyl

sulfate (SDS), 5 mM EDTA, 2 mM phenylmethylsulfonyl fluoride

(PMSF), 20 mg/mL aprotinin, 20 mg/mL leupeptin, 10 mg/mL

pepstanin A, 150 mM benzamidine) on ice for 10–15 minutes.

Cell debris was pelleted by centrifugation, and protein-containing

supernatants were collected. Protein quantification was performed

with the BCA method, and SDS-polyacrylamide gel electropho-

resis (PAGE) was performed. Proteins were transferred to

polyvinylfluoride membranes, probed with the appropriate

primary and secondary antibodies, and detected by the ECL+-
plusTM Western blotting system kit (Amersham, USA). Primary

antibodies (1:1000 dilution) were: mouse anti-TLR4 (ab22048;

Abcam, UK), rabbit anti-p-Akt (Phospho-Akt (Ser473), 4060;

CST), rabbit anti-Akt (4691; CST), rabbit anti-PTEN (9188;

CST), and mouse anti-GAPDH (sc-32233; Santa Cruz Biotech-

nologies, USA). Secondary antibodies (1:5000) were: goat anti-

mouse IgG (sc-2005; Santa Cruz Biotechnologies) and goat anti-
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rabbit IgG (sc-2004; Santa Cruz Biotechnologies). Immunoreac-

tivity was visualized by Perfection 3490 photo gel imaging systems

(Epson, Japan) and analyzed by Image Pro PLUS. Protein

expression was normalized to GAPDH.

Statistical analysis
All data are represented as mean 6 standard deviation (SD).

The SPSS statistical software, version 12.0, was used for mean

value comparisons of single-factor multiple samples. The homo-

geneity of variance data were analyzed with the one-factor analysis

of variance least squares difference (LSD) test, and the heteroge-

neity of variance data were analyzed with the Kruskal Wallis rank

sum test. Statistical significance was defined as p-values less than

0.05.

Results

Effect of LPS on lung fibroblast proliferation
To investigate the effect of LPS on various stages of lung

fibroblast proliferation, we employed the BrdU assay to temporally

quantify DNA synthesis in lung fibroblasts in response to LPS

challenge. Compared to the control group, the amount of DNA

synthesis in lung fibroblasts was increased significantly only at

72 hours after LPS challenge (p,0.05) (Fig. 1).

Expression of TLR4 in lung fibroblasts and its effect on
lung fibroblast proliferation

To investigate TLR4 expression in lung fibroblasts and its effect

on lung fibroblast proliferation, TLR4 mRNA was knocked down

in lung fibroblasts by transfecting TLR4-siRNA-lentivirus. Real-

time PCR and Western blot analysis were used to detect TLR4

mRNA and protein expression, respectively, in lung fibroblasts at

72 hours after LPS challenge. The BrdU assay was used to

quantify DNA synthesis in TLR4-siRNA-lentivirus-transfected

lung fibroblasts. TLR4 mRNA and protein expression in lung

fibroblasts increased significantly at 72 hours after LPS challenge

(Fig. 2A, B). TLR4 mRNA and protein expression were reduced in

lung fibroblasts after TLR4-siRNA-lentivirus transfection, regard-

less of whether LPS challenge was performed, which indicated a

nearly complete inhibitory effect. BrdU assay showed that,

compared to unchallenged cells, DNA synthesis increased

Figure 1. Effect of LPS on lung fibroblast proliferation. DNA
synthesis in lung fibroblasts was detected by BrdU assay after LPS
challenge at 0, 6, 24, and 72 hours. * p,0.05 for percentage of OD450

absorbance compared to the control group at the same time point.
Columns represent mean values (n = 3) and error bars represent SD.
doi:10.1371/journal.pone.0035926.g001

Figure 2. Expression of TLR4 in lung fibroblasts and its effect
on lung fibroblast proliferation. TLR4 mRNA (A, real-time PCR) and
protein (B, Western blot) expression in lung fibroblasts at 72 hours after
1 mg/mL LPS challenge. Effect of siRNA-mediated knockdown of TLR4
(16108 TU/mL for 48 hours) on lung fibroblast proliferation (C, BrdU
assay). * p,0.05 vs. negative control group (Column 2); { p,0.05 vs.
positive control group (Column 3). Columns represent mean values and
error bars represent SD. Blots are representative of three independent
experiments.
doi:10.1371/journal.pone.0035926.g002
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significantly in lung fibroblasts at 72 hours after LPS challenge

(Fig. 2C). However, no differences were observed when the cells

were transfected with the TLR4-siRNA-lentivirus.

Expression of PTEN in lung fibroblasts after LPS challenge
or PI3K inhibition

Real-time PCR and Western blot analysis showed that PTEN

mRNA and protein expression was decreased significantly in lung

fibroblasts at 72 hours after LPS challenge (Fig. 3A, C). However,

no difference was observed after TLR4-siRNA-lentivirus transfec-

tion. To elucidate whether PTEN expression is regulated by PI3K

activation, LPS-induced inhibition of PTEN expression was

investigated in the presence of PI3K inhibitor Ly294002.

Ly294002 treatment had no effect on PTEN expression in either

normal lung fibroblasts or LPS-challenged lung fibroblasts (Fig. 3B,

D).

Effect of PI3K-Akt pathway and PTEN on lung fibroblast
proliferation

PI3K-Akt pathway activation in lung fibroblasts in response to

LPS challenge was assessed by Western blot measurement of the

Akt phosphorylation product, Ser473 phospho-Akt. PI3K-Akt

pathway activation was also used to evaluate the suppression

efficiency of PTEN inhibitor bpV(phen) in lung fibroblasts, as

described previously [14]. Seventy-two hours after LPS challenge,

the BrdU assay was used to quantify DNA synthesis in bpV(phen)

and/or Ly294002-treated lung fibroblasts. Compared to unchal-

lenged cells, LPS-challenged lung fibroblasts showed significantly

increased phospho-Akt at 72 hours (Fig. 4A). However, TLR4-

siRNA-lentivirus transfection had no effect on phospho-Akt

expression, either with or without LPS challenge. Phospho-Akt

expression was reduced in all Ly294002-treated lung fibroblasts,

regardless of whether the cells had been challenged with LPS,

which indicated a nearly perfect inhibitory effect. Since the

Figure 3. Expression of PTEN in lung fibroblasts after LPS challenge or PI3K inhibition. PTEN mRNA (A and B, real-time PCR) and protein
(C and D, Western blot) expression in lung fibroblasts at 72 hours after 1 mg/mL LPS challenge (A, C) or PI3K-Akt pathway inhibition (B, D). siRNA-
mediated knockdown of TLR4 (16108 TU/mL for 48 hours) was used to assess the effect of TLR4 on PTEN expression in lung fibroblasts. Ly294002
(50 mmol/L for one hour) was applied to determine whether PTEN expression is regulated by PI3K activation. * p,0.05 vs. positive control group (A
and C, Column 3). * p,0.05 vs. negative control group (B and D, Column 1); { p,0.05 vs. positive control group (Column 2). Columns represent mean
values and error bars represent SD. Blots are representative of three independent experiments.
doi:10.1371/journal.pone.0035926.g003
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bpV(phen) inhibitory effect on PTEN activation was dose-

independent (Fig. 4B), the 1 mM concentration was selected for

all subsequent analysis. Both LPS challenge and bpV(phen)

treatment led to significantly increased DNA synthesis in lung

fibroblasts, as compared to unchallenged cells (Fig. 4C). However,

these effects could be reduced or even be reversed by Ly294002

treatment.

Discussion

Aberrant proliferation of lung fibroblasts has been detected in

bleomycin-induced lung fibrosis [15], patients with IPF [11], and

LPS-induced ALI and pulmonary fibrosis [4]. Similarly, LPS-

challenged C57BL/6 mice presented with cell proliferation in the

airways [16]. It is generally accepted that lung fibroblasts develop

the property of aberrant proliferation under certain pathological

conditions, but the underlying mechanism remains poorly

understood. Our present study revealed that LPS can directly

induce lung fibroblast proliferation through TLR4 signaling and

downstream activation of the PI3K-Akt pathway. Moreover, our

results indicated that LPS-activated TLR4 signaling may lead to

down-regulation of PTEN, effectively supporting the cell prolifer-

ation process.

Recent studies have provided evidence that TLR4 is expressed

on lung fibroblasts [6,17]; however, there is considerable

controversy about the effect of LPS challenge on fibroblast

proliferation. Yang et al. reported that LPS is able to significantly

stimulate human skin fibroblast proliferation after more than six

days of incubation [18]. Similar results were obtained from

cultured human small intestinal lamina propria fibroblasts [19],

adventitial fibroblasts [20,21], 3T6 fibroblasts [22], human

periodontal ligament fibroblasts (HPLF) [23], and lamina propria

fibroblasts [24]. Human gingival fibroblasts and rat embryo

fibroblasts, however, yielded opposite results [25,26,27,28]. Zhang

et al. demonstrated that LPS can have a dose-dependent inhibitory

effect on fibroblast proliferation at 24 hours after LPS challenge

[29]. In our present study, LPS challenge of primary cultured

mouse lung fibroblasts had no effect on proliferation for up to

24 hours; however, unlike the results from Zhang et al., the lung

fibroblasts in our study underwent significant proliferation at

72 hours after LPS challenge. This time point coincides with the

period in our previous study when lung fibroblast proliferation and

activation were observed in the animal model of LPS-induced ALI

and pulmonary fibrosis [4]. Previous clinical research also

indicated that lung fibroblast collagen secretion occurred in early

stage ALI/ARDS [30]. Therefore, we conclude that LPS can

directly promote lung fibroblast proliferation under certain

pathophysiologic conditions. It is possible that distinct fibroblast

subpopulations [31] or different experimental strategies [32,33]

may account for the inconsistent results reported in the literature.

Subsequent studies should be carried out to elucidate the detailed

mechanisms through which LPS exerts its effects on the lung

Figure 4. Effect of PI3K-Akt pathway activation and PTEN
expression on lung fibroblast proliferation. Activation of PI3K-Akt
pathway (A, Western blot) in lung fibroblasts at 72 hours after 1 mg/mL
LPS challenge, as detected by expression of Ser473 phospho-Akt.
siRNA-mediated TLR4 knockdown (16108 TU/mL for 48 hours) was used
to assess the effect of TLR4 on PI3K-Akt pathway activation. PI3K
inhibitor Ly294002 (50 mmol/L for one hour) was used to assess the
effect of PI3K-Akt pathway on lung fibroblast proliferation. * p,0.05 vs.

negative control group (Column 2); { p,0.05 vs. positive control group
(Column 3). Activation of PI3K-Akt pathway in lung fibroblasts (B,
Western blot), as detected by expression of Ser473 phospho-Akt after
treatment with different concentrations of PTEN inhibitor bpV(phen) for
0.5 hour. * p,0.05 vs. negative control group (Column 1). DNA
synthesis (C, BrdU assay) in LPS-challenged lung fibroblasts after
bpV(phen) (1 mM for 0.5 hour) and/or Ly294002 (50 mmol/L for one
hour) treatment. * p,0.05 vs. negative control group (Column 1); {

p,0.05 vs. positive control group (Column 2). Columns represent mean
values and error bars represent SD. Blots are representative of three
independent experiments.
doi:10.1371/journal.pone.0035926.g004
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fibroblast cell cycle under different physiological and experimental

conditions.

TLR4 is an important LPS-specific receptor that is widely

distributed among pulmonary cells. LPS-mediated activation of

the TLR4 signaling pathway involves several key pathways

associated with ALI/ARDS and pulmonary fibrosis, including

the PI3K-Akt pathways [34]. Previous studies have shown that

activation of TLR4 signaling, including downstream activation of

the PI3K-Akt pathway, is strongly correlated to pulmonary cell

cycle regulation [35,36]. Furthermore, the PI3K-Akt pathway has

been shown to mediate radiation-stimulated proliferation of

normal human lung fibroblasts [7] and hypoxia-induced adven-

titial fibroblast proliferation [8], and to inhibit endothelin (ET)-1-

induced fibroblast apoptosis [37]. The present study revealed that

LPS-induced aberrant proliferation of lung fibroblasts is accom-

panied by overexpression of TLR4 and Akt phosphorylation,

indicating activation of the PI3K-Akt pathway. This finding partly

agrees with the results reported by Kim et al. [7], and those from

our previous study [4,6]. siRNA-mediated TLR4 knockdown and

PI3K inhibition by Ly294002 effectively blocked LPS-induced

lung fibroblast proliferation, suggesting that LPS can promote lung

fibroblast proliferation via overexpression of TLR4 and activation

of the PI3K-Akt pathway.

In addition, our study also detected down-regulation of PTEN

expression in lung fibroblasts after LPS challenge. This effect was

inhibited by siRNA-knockdown of TLR4, suggesting that LPS-

induced activation of TLR4 signaling could inhibit expression of

PTEN in lung fibroblasts. The encoded PTEN protein is a tumor

suppressor with phosphatase-like activities that can modulate the

PI3K pathway by catalyzing degradation of PI3K-generated PIP3.

In this manner, PTEN restrains cell proliferation through

inhibiting downstream functions of the PI3K-Akt pathway

[38,39]. PTEN is robustly expressed in normal lung fibroblasts,

where it is believed to prevent aberrant proliferation and

activation during injury repair [40]; indeed, aberrant fibroblast

proliferation and activation in IPF patients was accompanied by

low expression of PTEN and activation of the PI3K-Akt pathway

[10,11]. Thus, it is possible that a deficiency in PTEN expression

could result in a more durable fibroproliferative response and

pathological fibrosis. In our study, we found that the PI3K-Akt

pathway is activated and PTEN expression is simultaneously

suppressed in response to LPS challenge. In addition, it was

determined that the PI3K-Akt pathway activation is downstream

of PTEN inhibition, and that the PI3K-Akt pathway represents a

key mechanism of the lung fibroblast proliferation process.

Therefore, LPS-induced TLR4 signaling may activate the PI3K-

Akt pathway by down-regulating PTEN expression in lung

fibroblasts. Since the regulatory effect of PTEN on the PI3K-

Akt pathway is also closely related to its extent of dephosphor-

ylation and phosphatase activity, further investigation should be

carried out to elucidate the role that PTEN plays in LPS-induced

lung fibroblast proliferation.

In conclusion, our study provides evidence that LPS can

promote lung fibroblast proliferation via TLR4 signaling, perhaps

accelerating pulmonary fibrosis in the early stages of ALI/ARDS.

Furthermore, TLR4-induced down-regulation of PTEN expres-

sion and activation of the PI3K-Akt pathway are involved in this

process.

Author Contributions

Conceived and designed the experiments: ZYH XRW. Performed the

experiments: ZYH YG YXD WL YMC SPX. Analyzed the data: XYZ JD.

Wrote the paper: ZYH YG XRW.

References

1. Howell DCJ, Falzon M, Bilbe N, Bottoms SE, Laurent GJ, et al. (2006)

Pulmonary fibrosis is an early feature of acute lung injury/acute respiratory
distress syndrome. Thorax 61: Ii51–Ii51.

2. Tasaka S, Ishizaka A (2005) [Pulmonary fibrosis caused by ARDS]. Nippon

Naika Gakkai Zasshi 94: 1106–1111.

3. Tian J, Wang Y, He Z, Gao Y, Rundhaug JE, et al. (2011) Hydroxyethyl Starch

(130 kD) Inhibits Toll-Like Receptor 4 Signaling Pathways in Rat Lungs

Challenged with Lipopolysaccharide. Anesth Analg 113: 112–119.

4. He Z, Zhu Y, Jiang H (2009) Inhibiting toll-like receptor 4 signaling ameliorates
pulmonary fibrosis during acute lung injury induced by lipopolysaccharide: an

experimental study. Respir Res 10: 126.

5. Churg A, Muller NL, Silva CI, Wright JL (2007) Acute exacerbation (acute lung

injury of unknown cause) in UIP and other forms of fibrotic interstitial

pneumonias. Am J Surg Pathol 31: 277–284.

6. He ZY, Zhu YS, Jiang H (2009) Toll-like receptor 4 mediates lipopolysaccha-

ride-induced collagen secretion by phosphoinositide3-kinase-akt pathway in
fibroblasts during acute lung injury. Journal of Receptors and Signal

Transduction 29: 119–125.

7. Kim CS, Kim JK, Nam SY, Yang KH, Jeong M, et al. (2007) Low-dose

radiation stimulates the proliferation of normal human lung fibroblasts via a
transient activation of Raf and Akt. Mol Cells 24: 424–430.

8. Gerasimovskaya EV, Tucker DA, Stenmark KR (2005) Activation of
phosphatidylinositol 3-kinase, Akt, and mammalian target of rapamycin is

necessary for hypoxia-induced pulmonary artery adventitial fibroblast prolifer-
ation. J Appl Physiol 98: 722–731.

9. Krick S, Hanze J, Eul B, Savai R, Seay U, et al. (2005) Hypoxia-driven
proliferation of human pulmonary artery fibroblasts: cross-talk between HIF-

1alpha and an autocrine angiotensin system. FASEB J 19: 857–859.

10. Fagone E, Conte E, Gili E, Fruciano M, Pistorio MP, et al. (2011) Resveratrol

inhibits transforming growth factor-beta-induced proliferation and differentia-
tion of ex vivo human lung fibroblasts into myofibroblasts through ERK/Akt

inhibition and PTEN restoration. Exp Lung Res 37: 162–174.

11. Xia H, Diebold D, Nho R, Perlman D, Kleidon J, et al. (2008) Pathological

integrin signaling enhances proliferation of primary lung fibroblasts from
patients with idiopathic pulmonary fibrosis. Journal of Experimental Medicine

205: 1659–1672.

12. Chen B, Polunovsky V, White J, Blazar B, Nakhleh R, et al. (1992)

Mesenchymal cells isolated after acute lung injury manifest an enhanced

proliferative phenotype. J Clin Invest 90: 1778–1785.

13. Meijerink J, Mandigers C, van de Locht L, Tonnissen E, Goodsaid F, et al.

(2001) A novel method to compensate for different amplification efficiencies
between patient DNA samples in quantitative real-time PCR. Journal of

Molecular Diagnostics 3: 55–61.

14. Lai JP, Dalton JT, Knoell DL (2007) Phosphatase and tensin homologue deleted

on chromosome ten (PTEN) as a molecular target in lung epithelial wound
repair. Br J Pharmacol 152: 1172–1184.

15. Chen X, Sun R, Hu J, Mo Z, Yang Z, et al. (2008) Attenuation of bleomycin-
induced lung fibrosis by oxymatrine is associated with regulation of fibroblast

proliferation and collagen production in primary culture. Basic Clin Pharmacol
Toxicol 103: 278–286.

16. Brass DM, Hollingsworth JW, Fessler MB, Savov JD, Maxwell AB, et al. (2007)
The IL-1 type 1 receptor is required for the development of LPS-induced

airways disease. Journal of Allergy and Clinical Immunology 120: 121–127.

17. Suzuki S, Takano M, Kazuta Y, Sato Y, Nishimaki T, et al. (2003) Thrombin

up-regulates expression of mRNA for toll-like receptor 2 and 4 in human lung
fibroblasts. Arthritis and Rheumatism 48: S355–S355.

18. Yang H, Kaneko M, He C, Hughes MA, Cherry GW (2002) Effect of a
lipopolysaccharide from E. coli on the proliferation of fibroblasts and

keratinocytes in vitro. Phytother Res 16: 43–47.

19. Chakravortty D, Kumar KS (1997) Induction of cell proliferation and collagen

synthesis in human small intestinal lamina propria fibroblasts by lipopolysac-
charide: possible involvement of nitric oxide. Biochem Biophys Res Commun

240: 458–463.

20. Xiao-jun C, Min F, Liang C, Li L, Yuan-yuan R, et al. (2010) Expression and

role of adiponectin receptor 1 in lipopolysaccharide-induced proliferation of
cultured rat adventitial fibroblasts. Cell Biol Int 34: 163–169.

21. Cai XJ, Chen L, Li L, Feng M, Li X, et al. (2010) Adiponectin inhibits
lipopolysaccharide-induced adventitial fibroblast migration and transition to

myofibroblasts via AdipoR1-AMPK-iNOS pathway. Mol Endocrinol 24:

218–228.

22. Subramoniam A, Padh H, Aleo JJ (1985) Factors influencing calcium influx in
endotoxin-challenged fibroblasts. Proc Soc Exp Biol Med 178: 50–59.

23. Takemura A, Matsuda N, Kimura S, Fujiwara T, Nakagawa I, et al. (1998)
Porphyromonas gingivalis lipopolysaccharide modulates the responsiveness of

human periodontal ligament fibroblasts to platelet-derived growth factor.

J Periodontal Res 33: 400–407.

24. Chakravortty D, Kumar KS (1999) Interaction of lipopolysaccharide with

human small intestinal lamina propria fibroblasts favors neutrophil migration

LPS-Induced Lung Fibroblast Proliferation

PLoS ONE | www.plosone.org 6 April 2012 | Volume 7 | Issue 4 | e35926



and peripheral blood mononuclear cell adhesion by the production of

proinflammatory mediators and adhesion molecules. Biochim Biophys Acta
1453: 261–272.

25. Layman DL, Diedrich DL (1987) Growth inhibitory effects of endotoxins from

Bacteroides gingivalis and intermedius on human gingival fibroblasts in vitro.
J Periodontol 58: 387–392.

26. Gutierrez-Venegas G, Kawasaki-Cardenas P, Arroyo-Cruz SR, Maldonado-
Frias S (2006) Luteolin inhibits lipopolysaccharide actions on human gingival

fibroblasts. Eur J Pharmacol 541: 95–105.

27. Takeuchi R, Matsumoto H, Akimoto Y, Fujii A (2011) Reduction in
lipopolysaccharide-induced apoptosis of fibroblasts obtained from a patient

with gingival overgrowth during nifedipine-treatment. Arch Oral Biol.
28. Wu WK, Law PT, Wong HP, Lam EK, Tai EK, et al. (2007) Shift of

homeostasis from parenchymal regeneration to fibroblast proliferation induced
by lipopolysaccharide-activated macrophages in gastric mucosal healing in vitro.

Wound Repair Regen 15: 221–226.

29. Zhang J, Wu L, Qu JM (2011) Inhibited proliferation of human lung fibroblasts
by LPS is through IL-6 and IL-8 release. Cytokine 54: 289–295.

30. Marshall RP, Bellingan G, Webb S, Puddicombe A, Goldsack N, et al. (2000)
Fibroproliferation occurs early in the acute respiratory distress syndrome and

impacts on outcome. Am J Respir Crit Care Med 162: 1783–1788.

31. Susilowati H, Santoso AL, Barid I, Sosroseno W (2002) Rat periodontal
fibroblast responses to bacterial lipopolysaccharide in vitro. J Microbiol

Immunol Infect 35: 203–206.
32. Dzierzewicz Z, Szczerba J, Lodowska J, Wolny D, Gruchlik A, et al. (2010) The

role of Desulfovibrio desulfuricans lipopolysaccharides in modulation of
periodontal inflammation through stimulation of human gingival fibroblasts.

Arch Oral Biol.

33. Bankey P, Fiegel V, Singh R, Knighton D, Cerra F (1989) Hypoxia and

endotoxin induce macrophage-mediated suppression of fibroblast proliferation.

J Trauma 29: 972–979; discussion 979–980.

34. Monick MM, Carter AB, Robeff PK, Flaherty DM, Peterson MW, et al. (2001)

Lipopolysaccharide activates Akt in human alveolar macrophages resulting in

nuclear accumulation and transcriptional activity of beta-catenin. J Immunol

166: 4713–4720.

35. Qureshi ST, Zhang X, Aberg E, Bousette N, Giaid A, et al. (2006) Inducible

activation of TLR4 confers resistance to hyperoxia-induced pulmonary

apoptosis. J Immunol 176: 4950–4958.

36. He W, Liu Q, Wang L, Chen W, Li N, et al. (2007) TLR4 signaling promotes

immune escape of human lung cancer cells by inducing immunosuppressive

cytokines and apoptosis resistance. Mol Immunol 44: 2850–2859.

37. Kulasekaran P, Scavone CA, Rogers DS, Arenberg DA, Thannickal VJ, et al.

(2009) Endothelin-1 and transforming growth factor-beta1 independently induce

fibroblast resistance to apoptosis via AKT activation. Am J Respir Cell Mol Biol

41: 484–493.

38. Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, et al. (1998)

Negative regulation of PKB/Akt-dependent cell survival by the tumor

suppressor PTEN. Cell 95: 29–39.

39. Tsugawa K, Jones MK, Sugimachi K, Sarfeh IJ, Tarnawski AS (2002) Biological

role of phosphatase PTEN in cancer and tissue injury healing. Front Biosci 7:

e245–251.

40. White ES, Atrasz RG, Hu B, Phan SH, Stambolic V, et al. (2006) Negative

regulation of myofibroblast differentiation by PTEN (phosphatase and tensin

homolog deleted on chromosome 10). American Journal of Respiratory and

Critical Care Medicine 173: 112–121.

LPS-Induced Lung Fibroblast Proliferation

PLoS ONE | www.plosone.org 7 April 2012 | Volume 7 | Issue 4 | e35926


