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Abstract: We investigated the expression of plasminogen activator inhibitor-1 (PAI-1) in A549 cells under cyclic 
mechanical stretch using cytomechanics. A cell stretch loading device was used to simulate mechanical ventilation 
conditions towards the in vitro cultured A549 cells, with stress loads of 10% and 20% and frequency of 0.3 Hz for 
4, 12, and 24 h. Polymerase chain reaction and western blotting were then performed to measure the expression 
of PAI-1mRNA and protein; annexin V/propidium iodide flow cytometry was performed to detect apoptosis; an en-
zyme linked immunosorbent assay was performed to detect the expression of interleukin-8 in the supernatant; and 
electron microscopy was performed to observe changes in cell morphology. The expression of PAI-1mRNA and pro-
tein, cell early apoptosis rate, and interleukin-8 expression in the supernatant in each 20% stretch subgroup were 
increased compared to the corresponding control group, and cell damage was more obvious by electron microscopy 
observation. Mechanical stretch may damage A549 cells and upregulate PAI-1 expression.
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Introduction

During the treatment of acute lung injury and 
acute respiratory distress syndrome caused 
respiratory function failure, mechanical ventila-
tion (MV) is an indispensable method; MV is 
also often applied during general anesthesia in 
surgeries. However, MV may exacerbate exist-
ing lung damage or induce damage in healthy 
lungs [1, 2]; additionally, short-term MV for only 
a few hours of general anesthesia may lead to 
significant changes in pulmonary mechanics 
and molecular products [3], referred to as ven-
tilator-induced lung injury (VILI). In general, VILI 
can cause mechanical injury during the early 
stage, followed by inflammatory cell infiltration 
and cytokine-mediated biological reaction. 
Mechanical injury can cause biological dam-
age, which may aggravate the former [4, 5]. 
Biological injury has now become a research 
focus, but its pathogenic mechanisms are very 
complex and require further analysis.

Studies of VILI typically involve animals or in 
vitro lung models. Given the complexity of lung 
morphology and mechanical properties, it is dif-
ficult to explain the sources of inflammatory 
mediators on an organ level, limiting in-depth 
analyses. The in vitro cell stretch model can 
eliminate the interference of non-research  
factors; additionally, the development of cell 
mechanics can reveal the mechanism of VILI on 
the cell level [6]. Therefore, we used a Flexercell-
4000TM cell stretch loading device to simulate 
in vivo MV caused stretch stress on lung epithe-
lial cells.

A large number of inflammatory cells (such as 
lung macrophages, neutrophils, and lympho-
cytes) have been used to study VILI-induced 
inflammatory responses [7, 8]. However, mam-
malian alveolar epithelial cells are mainly com-
posed of type II alveolar epithelial cells (ATII) 
and type I alveolar epithelial cells. ATII cells are 
responsible for producing surface-active sub-
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stances and play an important role in pulmo-
nary host defense; type I epithelial cells are 
less prevalent and cover most of the gas-
exchanging surface of the lung [9]. Foster found 
that in embryonic lung tissues, static stretch 
promoted the transformation of ATII cells to 
type I epithelial cells [10]. The transdifferentia-
tion of ATII cells into type I alveolar epithelial 
cells is not only related to lung development, 
but also plays an important role in repairing 
lung injury [11]. As described above, ATII cells 
play important roles in lung development and 
the occurrence and development of diseases; 
however, freshly isolated ATII cells may have 
partial or low-level non-associated cell contam-
ination, and the culture process may not main-
tain their phenotypes, making it difficult to 
interpret the pathways of MV-induced lung epi-
thelial cell injury [12]. Therefore, we used A549 
cells (human-ATII cells strain) because these 
cells have many characteristics consistent with 
ATII cells. Morphologically, both cell types grow 
in a subconfluent state, can hold the cubic 
form, and synthesize lecithin and phosphatidyl-
choline [13].

Plasminogen activator inhibitor-1 (PAI-1) is the 
main inhibitor of urokinase-type plasminogen 
activator (uPA); PAI-1, uPA, and its receptor uPA 
receptor (uPAR) constitute the peri-cell fibrino-
lytic system. These three factors interact with 
each other and are influenced by the expres-
sion of other cytokines to precisely regulate  
the dynamic equilibrium of extracellular matrix 
deposition and degradation [14]. Recent stud-
ies have shown that in addition to its traditional 
function of regulating cell fibrinolysis, PAI-1 also 
regulates cell adhesion, movement, differentia-
tion, and proliferation, thus playing important 
roles in body immunization and controlling 
inflammation and infections [15]. Some studies 
focusing on the roles of PAI-1 in lung inflamma-
tion have suggested that PAI-1 might affect 
lung inflammation. Xiao et al. found that the 
expression of uPA system components from 
the sputum culture of patients with chronic 
obstructive pulmonary disease (COPD) was 
abnormal, and uPAR and PAI-1 showed signi- 
ficantly higher expression compared to the 
healthy control group. PAI-1 was significantly 
negatively correlated with the percentage of 
the patient’s first-second forced expiratory vol-
ume to the predicted volume [16]. Wolthuis et 
al. confirmed that the tidal volume of MV in rats 

caused the upregulation of PAI-1 in lung tis-
sues, while PAI-1 gene knockout rats showed 
significantly reduced leukocytic infiltration insi- 
de the alveoli compared to normal rats after 
MV. These results indicate that the role of PAI-1 
in VILI induces neutrophils to migrate into the 
alveoli [17]. However, the impacts of purely 
mechanical stretching of alveolar epithelial 
cells on PAI-1 remain unclear.

Interleukin (IL)-8 is an important product of 
activated epithelial cells and the most impor-
tant neutrophil chemotactic factor; stimulation 
by smoking, infection, and other factors, airway 
epithelium, neutrophils, macrophages, and lym- 
phocytes releases large amounts of IL-8 [14]. 
Previous studies confirmed that exposure of 
A549 cells to a 30% stretch amplitude increas-
es IL-8 gene transcription, while exposure be- 
low 20% does not increase expression [18]. 
However, the relationships between IL-8 ex- 
pression and PAI-1 after mechanical stretching 
remain unclear.

In this study, we examined the pathogenesis of 
VILI and verified the roles of PAI-1 in its develop-
mental process. We hypothesized that under 
highly controlled cyclic mechanical stretching; 
A549 cells may significantly upregulate the 
expression of PAI-1 and IL-8 at different stretch 
strengths and different frequencies over time, 
which may be accompanied by changes in cell 
morphology. The purpose of this study was to 
determine the roles of PAI-1 during the occur-
rence and development of VILI inflammation to 
identify new targets for the clinical treatment of 
VILI.

Materials and methods

Cell culture

The human lung epithelial cell line A549 was 
purchased from the Shanghai Institute of Cell 
Bank and cultured and subjected to stretch 
loading in RPMI1640 containing 10% fetal 
bovine serum, 100 U/mL penicillin, and 100 
μg/mL streptomycin (Gibco, Grand Island, NY, 
USA) at 37°C and 5% CO2. The specific proce-
dures were as follows. To logarithmic phase 
A549 cells, we added 0.25% trypsin solution 
(Gibco) to cover the cell layer; when the cells 
began to shrink, became round, or the cell gap 
was widened, the digestive solution was re-
moved. We added an appropriate amount of 



PAI-1 in human A549 cells

5873 Int J Clin Exp Pathol 2016;9(6):5871-5881

fetal calf serum to terminate the digestion, and 
then added the appropriate amount of culture 
medium and gently resuspended the cell by 
pipetting. The cells were seeded at a density as 
5 × 105 cells/mL into collagen basal membrane 
(collagen I)-coated BioFlex 6-well culture plates 
(BioFlex, USA) for 24 h culture.

Mechanical stretch and grouping

Before the cyclic stretch test, the culture medi-
um was removed and replaced with fresh 2% 
serum-containing medium (3 mL/per well). The 
plates were placed into a Flexercell-4000TM  
cell loading device (Flexcell International Inc., 
Hillsborough, NC, USA, automatically controlled 
using FX-4000 computer software), and then 
the entire loading device was placed into the 
incubation box. The non-stretch group was al- 
so seeded into 6-well plates and placed in  
the same incubator as the stretch group. The 
stretch parameters were expressed as the fre-
quencies and amplitudes, and the amplitudes 
were determined by the increase in scaled sili-
cone membrane surface area, while the stretch 
degree of the membrane was determined using 
the device with an applied vacuum and continu-
ously monitored during experiment. The param-
eters used in this study were those described 
previously [6, 19], in which 30% stretching of 
the lung epithelial cells was equal to 100% of 
the lung volume (total amount of tidal volume 
and residual volume); therefore, 10% stretch 
was set as group I (physiological tidal volume 
stretch) and 20% stretch as group II (greater 
than the tidal volume while less than the pul-
monary hyperextension [30% stretch]). Con- 
sidering the impacts of the frequencies on the 
cells, we selected 0.3 Hz, which was larger than 
0.2 Hz (normal respiratory frequency) and less 
than 0.4 Hz (high-frequency respiration), to sim-
ulate high-frequency high-tidal volume ventila-
tion during the MV treatment process and to 
investigate the influence of long-term high-fre-
quency high-tidal volume ventilation on lung 
epithelial cells. Therefore, the stretch load 
parameters in this study were as follows: ampli-
tude: 10% and 20%; frequency: 0.3 Hz; wave-
form: sine wave. Three subgroups were also 
evaluated according to the loading time, includ-
ing 4 h (groups I4s and II4s), 12 h (groups I12s 
and II12s), and 24 h (groups I24s and II24s); 
the corresponding non-stretch subgroups were 
incubated for the same period and included 

groups I4c and II4c, I12c and II12c, and I24c 
and II24c.

Annexin V/propidium iodide (PI) flow cytometry

A total of 105 cells were harvested by trypsin-
ization, rinsed twice with PBS, and then rinsed 
once with binding buffer; the cells were then re-
suspended in 200 μL of binding buffer, com-
bined with 5 μL of annexin V-FITC reagent 
(Yeasen, Shanghai, China), and incubated in 
the dark at room temperature for 15-20 min; 
10 μL of PI (50 μg/mL) and 200 μL of binding 
buffer were added followed by flow cytometric 
analysis (FACS Calibur, BD Biosciences, Franklin 
Lakes, NJ, USA).

Detection of PAI-1mRNA expression by RT-PCR

The cells were collected, combined with 1 mL 
of Trizol (Invitrogen, Carlsbad, CA, USA), and 
repeatedly mixed with a 1-mL syringe to fully 
lyse and dissolve the cells to extract the RNA. 
We then added 200 μL of chloroform, agitated 
the mixture vigorously for 30 s, and centrifuged 
the sample at 4°C and 12,000 rpm for 5 min. 
We then transferred the supernatant to anoth-
er EP tube, added an equal volume of isopropa-
nol, and incubated the sample at room temper-
ature for 5 min. The mixture was centrifuged at 
4°C and 12,000 rpm for 5 min to precipitate 
the RNA. The precipitate was rinsed with 1 mL 
of 70% ethanol twice and then centrifuged at 
4°C and 12,000 rpm for 2 min. RNA that had 
precipitated at the bottom of the tube was dis-
solved in 50 μL of 0.1% DEPC water for use as 
the template for reverse transcription.

First, 11 μL of RNA (1 μg) and 1 μL of random 
primers (0.2 μg/mL) were incubated at 65°C 
for 5 min. Next, we added 4 μL 5 × buffer, 3 μL 
of dNTP (10 mM), 1 μL of RNA inhibitor (20 U/
μL), and 1 μL of reverse transcriptase (20 U/μL) 
(Fermentas, Vilnius, Lithuania) and incubated 
the sample at 25°C for 10 min, 42°C for 1 h, 
and 72°C for 15 min.

The β-actin and PAI-1 primers designed by our 
lab and synthesized by Shanghai Bio Tech, Ltd. 
(Shanghai, China). The primer sequences were 
as follows: β-actin: upstream primer: 5’-agagc-
tacgagctgcctgac-3’; downstream primer: 5’-ag- 
cactgtgttggcgtacag-3’; product fragment: 184 
bp. PAI-1 upstream primer: 5’-ctctctctgccct- 
caccaac-3’; downstream primer: 5’-gtggagag-
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gctcttggtctg-3’, product fragment: 212 bp. Ten 
microliters of FastStart Universal SYBR Green 
Master (ROX; Roche, Basel, Switzerland) was 
mixed with 0.5 μL of upstream primer (15 μM), 
0.5 μL of downstream primer (15 μM), 2 μL of 
cDNA, and 7 μL of non-DNAse and RNAse water 
in a total volume of 20 μL. The PCR conditions 
were as follows: denaturation at 94°C for 10 
min to activate the Tag enzyme, followed by 
94°C for 15 s, 60°C for 60 s, for a total of 45 
cycles. Fluorescence quantitative PCR (Roche) 
was performed to read the CT value (cycle 
threshold). First, the difference between CT val-
ues of the target X gene in each sample and the 
internal β-actin gene were calculated as ΔCT = 
CT(X)-CT (β-actin); second, we used the ΔCT 
value of each sample in the experimental 
groups to subtract the ΔCT value of the control 
group, generating ΔΔCT; third, we used 2-ΔΔCT to 
calculate [19] the fold-change of expression of 
the X gene in the experiment group compared 
to that in the control group.

Expression detection of PAI-1 protein by west-
ern blotting

The culture medium was removed and the cells 
were rinsed with PBS once; we added PIPA 
(Beijing BioTeke Co., Ltd., China) to fully lyse the 
cells on ice and then added PMSF at a final con-
centration of 1 mM to the protein sample. The 
sample was centrifuged at 10,000 × g and 4°C 
for 5 min to separate the supernatant, which 
was stored at -80°C (preparation of 100 mM 
PMSF: weighed 0.176 g of PMSF and dissolved 
in 1 mL of isopropanol, full pipetted, and pre-
pared immediately before use). Proteins were 
analyzed by SDS-PAGE under the following con-

ditions: concentration gel was run at 80 V con-
stant voltage for approximately 45 min; the 
separation gel was run at a constant voltage of 
120 V for approximately 3 h. The proteins were 
then electrically transferred onto a nitrocellu-
lose membrane (PVDF) at 100 mA for 1 h, 
blocked overnight in 5% BSA solution at 4°C, 
and incubated with the primary antibodies 
overnight at 4°C, including mouse-derived 
β-actin (C4): sc-47778, rabbit-derived PAI-1 
(H-1135): sc-8979 (Beijing Biosynthesis Bio- 
technology Co., Ltd.), which were both diluted to 
1:1000 with Tris-buffered saline containing 
Tween 20. The blots were incubated with sec-
ondary antibodies at room temperature for 2 h: 
anti-mouse secondary antibody or anti-rabbit 
secondary antibody, both diluted 1:10,000. 
Blots were developed by electrochemilumines-
cence, scanned, and analyzed (GelDoc XR Gel 
Documentation System, Analysis Software: 
Quantity One, Bio-Rad, Hercules, CA, USA).

Expression detection of IL-8 by enzyme linked 
immunosorbent assay (ELISA)

The supernatant of the cells was collected to 
detect the OD value of IL-8 according to the 
instructions of the human IL-8ELISA kit (Beijing 
4A Biotech Co., Ltd.); the OD value at 492 nm 
was then set as the abscissa, with the concen-
tration of the standard as the ordinate, to pre-
pare a standard curve on a double logarithmic 
scale; the concentration of the sample was 
then determined from the standard curve 
according to its OD value.

Structure observation of the A549 cells by 
electron microscopy

The cell suspension was centrifuged at 1000 
rpm for 5 min; the precipitate was then fixed 
with 2.5% glutaraldehyde, rinsed with PBS, 
dehydrated with acetone, post-fixed with 1% 
osmium tetroxide, embedded with epoxy resin, 
and stained with aluminum citrate; the samples 
were then observed by electron microscopy for 
analysis (provided by the electron microscopy 
room of Shanxi Medical University).

Statistical analysis

Independent experiments were repeated three 
times. The expressions of genes and proteins in 
each group were the ratio of the related value 
to that of β-actin; therefore, the results indicate 

Figure 1. PCR results of the expressions of PAI-
1mRNA in group I, the control group, group I4s, I12s, 
and I24s, respectively. Compared with the control 
group, the expressions of PAI-1mRNA in the other 
three groups showed no significant difference.
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relative expression levels. SPSS 15.0 software 
was used for data analysis (SPSS, Inc., Chicago, 
IL, USA) and measurement data were expressed 
as the mean ± standard deviation (

_
x  ± s). 

Intergroup comparison was performed ANOVA 
(Scheffe test) and the pairwise comparison 
with the SNK test, with a = 0.05 and P < 0.05 
considered as statistically significant differen- 
ces.

Results

Expression of PAI-1mRNA

The expression of PAI-1mRNA in group I at dif-
ferent time points showed no significant differ-
ences with the corresponding control group 
(Figure 1; Table 1), while expression in group II 
only exhibited significant differences between 
group II24s and II24c (P < 0.01) (Figure 2; Table 
2). No statistically significant difference was 
observed between the values at 4 h and 12  
h, and the expression of PAI-1mRNA were 
increased compared to in the control group 

expression of PAI-1 protein between group II 
and the corresponding control group, which 
may because protein expression was regulated 
by genes, resulting in a lag effect; as stretch 
time increased, expression increased, and the 
difference in PAI-1 protein expression between 
group II24s and II24c was less than 1-fold 
(0.928 ± 0.073, 0.507 ± 0.124) (Figure 3; Table 
2).

Cell apoptosis in group II

The early apoptosis rates in the three stretch 
groups were increased compared to in the cor-
responding control groups; although the differ-
ences were not statistically significant, the val-
ues exhibited an increasing trend. For example, 
the value in group II24s was increased by near-
ly two-fold compared to that in group II24c 
(Figure 4; Table 2).

Results of IL-8 detection in group II by ELISA

After the A549 cells were stimulated by 20% 
mechanical stretch, compared with the corre-
sponding control groups, the expression of IL-8 
in groups II4s, II12s, and II24s was significantly 
increased (P < 0.01); the expression exhibited a 
time-dependent increasing trend, which was 
particularly obvious at 24 h (11.575 ± 1.010 
and 159.464 ± 19.715) (Figure 5; Table 2).

Results of electron microscopy in group II

The cell morphology in group II4c was similar to 
that in normal cells: the cells were more regu-
lar, cubic or round, and contained large num-
bers of microvilli in varying lengths on the sur-
face; the nuclei were obvious and round; the 
cytoplasm was lightly stained, containing many 
mitochondria, with a rough endoplasmic re- 
ticulum, Golgi complex, and lysosomes. The 
cell morphologies of groups II12c and II24c 
changed very little, showing slight edematous 
organelles. The morphological changes in gro- 
ups I and II were significant, among which the 

Table 1. The PAI-mRNA expressions in the A549 cells of 
group I (n = 3, 

_
x  ± s)

Group 4 h 12 h 24 h
Control group 0.275 ± 0.008 0.358 ± 0.151 0.410 ± 0.087
Stretch group 0.312 ± 0.135 0.600 ± 0.159 0.626 ± 0.176
Note: Compared with the control group, the expressions of PAI-1mRNA 
among the stretch subgroups showed no significant difference.

Figure 2. PCR results of the expressions of PAI-
1mRNA in group II, the control group, group II4s, 
II12s, and II24s, respectively. Compared with the 
control group, the expressions of PAI-1mRNA in the 
other three groups were significantly increased, 
while only group II24s showed significant difference. 
Compared with the corresponding control group (aP 
< 0.01).

(0.302 ± 0.283, 0.609 ± 0.339) by 
4-fold (1.192 ± 0.255) and 5-fold (3.078 
± 1.380), respectively (Figures 1, 2; 
Tables 1, 2).

Expression of PAI-1 protein in group II

Western blotting analysis showed no  
statistically significant difference in the 
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changes in group II24s were the most promi-
nent: the cells swelled, the microvilli on cell sur-
face were reduced, the nuclei shrank, the mito-
chondria swelled, and the cristae ruptured, dis-
appeared, disintegrated, and occurred vacuol-
ization. The rough endoplasmic reticulum ex- 
panded and the polyribosomes depolymerized 
(Figure 6).

Discussion

The normal pulmonary respiratory rate at rest 
is approximately 20 beats/min; the stretch by 
8-12% mechanical tensile strength should 
increase the surface area of the lung epithelial 
cells by 25%, equivalent to those under physio-
logic MV, while a stretch of 17-22% mechanical 

study, we used stretch modes, including high 
and low stretch, in which 10% mechanical 
stretch would not alter PAI-1 expression. This is 
consistent with the fact that low tidal volume 
does not cause lung damage. Shu also con-
firmed that when the A549 cells were mechani-
cally stretched, 20% stretch caused apoptosis, 
while 6% stretch did not affect cell viability [6]. 
MV with an amplitude of 20% and frequency of 
0.3 Hz belonged to the level of high-tidal vol-
ume and high-frequency, which is easy to 
achieve when performing MV towards the dam-
aged lungs. Additionally, the MV supporting 
patients with lung injury is often used long-
term, so we to evaluated the results of mechan-
ical stretch stimulation towards the A549 cells 
at 4, 12, and 24 h, which was consistent with 
clinicopathological processes.

The forms of cell stretch are typically expressed 
as the stretch amplitude and frequency, and 
the entire process can be accurately calculated 
using the Flexercell-4000TM system software. 
The amplitude was expressed as the increase 
in the surface area of the standardized colla-
gen basal membrane, and stretch ranges were 
determined by the standardized vacuum app- 
lied on the surface of the basal membrane, 
which was closely monitored throughout the 
process. Hammerschmidt et al used this sys-
tem to stretch ATII cells to evaluate the impacts 
of different stretch amplitudes and frequenci- 
es on cell viability, including cyclooxygenase-2, 
5-lipoxygenase, and nitric oxide synthase of 
endothelial cells [20]. Shu used this system to 
stretch A549 cells to evaluate the impacts of 
different stretch amplitudes and stretching 
times on the expression of pentraxin-3 [6]. 
Advanced equipment and collagen basal mem-

Table 2. Expressions of PAI-1mRNA, PAI-1 protein, and IL-8 in the 
A549 cells of group II (

_
x  ± s)

Group PAI-1mRNA PAI-1 protein IL-8 (pg/ml) Early apopto-
sis rate (%)

II4c 0.302 ± 0.283 0.533 ± 0.153 7.203 ± 0.904 1.660 ± 1.339
II4s 1.192 ± 0.255 0.516 ± 0.153 32.167 ± 3.580a 3.337 ± 0.275
II12c 0.609 ± 0.339 0.527 ± 0.173 9.023 ± 1.488 0.657 ± 0.131
II12s 3.078 ± 1.380 0.796 ± 0.147 91.965 ± 11.787a 1.053 ± 0.061
II24c 0.338 ± 0.127 0.507 ± 0.124 11.067 ± 1.333 2.873 ± 1.125
II24s 6.378 ± 1.222a 0.928 ± 0.073 146.473 ± 6.934a 5.910 ± 2.582
N 3 3 3 3
Note: Compared with the corresponding control group, aP < 0.05.

tensile strength should in- 
crease the cell surface ar- 
ea by 37-50%, equivalent to 
those in MV with pathologi-
cal tidal volume. This can 
lead to cell apoptosis and 
death [20]. Ether and Liu 
confirmed that the MV with 
low tidal volume (6 and 7.5 
mL/kg) does not cause lung 
damage, while MV with a 
large tidal volume (15 and 
30 mL/kg) causes a series 
of inflammatory changes in 
the lung [17, 21]. In this 

Figure 3. Western-blot results of the PAI-1 protein 
expressions in the cells, compared with the corre-
sponding control group, the expressions of the PAI-1 
protein in the three groups showed no significant dif-
ference (P > 0.05).
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brane-coated plates were used to determine 
the precise controllability of the entire stretch 
process, ensuring the success of this experi-
mental modeling process.

The results of this experiment confirmed that 
high-amplitude and high-frequency mechanical 
stretch leads to increased PAI-1mRNA expres-

sion in A549 cells, and with increasing stretch 
amplitude and time, the expression level gradu-
ally increased. Mechanical stretch of 20% for 4 
h significantly increased PAI-1 gene expression, 
suggesting that PAI-1 is a relatively early sensi-
tive gene during VILI. Additionally, the expres-
sion of PAI-1 protein was correspondingly 
increased, but no significant difference was 
found among different stretch groups (though 
the values exhibited an increasing trend), which 
may because protein generation is the result  
of gene regulation, resulting in a delay. Lipo- 
polysaccharide and cigarette smoke extract 
were used to stimulate A549 cells for 24 h, 
which caused the expression of PAI-1mRNA in 
the alveolar epithelium to significantly increase. 
Western blotting only showed the increased 
expression of PAI-1 protein 48 h later, support-
ing the results of this study [14].

Because PAI-1 is the main inhibitor of PA and 
plays an important role in the formation of 
fibrin, previous studies have focused on its pro-
fibrotic effects. However, in recent years, the 
pro-inflammatory effects of PAI-1 have also 
gained attention, and studies suggest that the 
fibrinolytic system affects lung inflammations. 
Rats with uPAR deficiency produce different 
inflammatory cells and show the migration of  

Figure 4. Representative results of Annexin V/PI staining flow cytometry after stretch. The abscissa was Annexin V 
FITC, and the ordinate was PI. The negative results for both Annexin V and PI occurred in the alive cells (lower left 
quadrant), the early apoptotic cells exhibited negative PI accompanied with Annexin V (lower right quadrant); the 
late apoptotic cells exhibited positive PI accompanied with Annexin V (upper right quadrant); and the dead cells ex-
hibited positive PI while not accompanied with Annexin V (upper left quadrant). (A-C) were the results of the control 
group at 4 h, 12 h, and 24 h, while (D-F) were the results of the stretch group at the three time points.

Figure 5. The concentrations of IL-8 in the superna-
tant of group II, the control group, group II4s, II12s, 
and II24s, respectively. Compared with the corre-
sponding control group, the IL-8 expressions in the 
three groups were significantly increased (aP < 0.01).
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a large number of damaged leukocytes [22]. 
PAI-1 may also affect the transportation of the 
neutrophils in many ways; in fact, PAI-1 is not 
only a uPA inhibitor in the lungs, but also inter-
feres with cell adhesion in a more direct way, 
thus promoting neutrophil aggregation [23]. In 
addition, the biological studies of tumor cells 
supported the roles of PAI-1 in the process of 
cell proliferation. The high expression of PAI-1 
indicated that the tumor had high invasion and 
metastasis abilities, and thus was an indicator 
of poor prognosis [24, 25]. Rats with a silenced 
PAI-1 gene exhibited less neutrophil accumula-
tion in the lungs after MV, and PAI-1 was more 
sensitive for detecting VILI than were other bio-
markers [17]. Different studies have shown 
that PAI-1 is upregulated in a variety of inflam-
mation processes. In a mouse model of Kle- 
bsiella pneumoniae, infection with the bacilli 
for 24 h increased PAI-1 in the lung tissues by 
9-fold, and 7-fold 48 h later [26]. In the induced 
sputum of COPD patients, PAI-1 was also nearly 
10-fold higher than in the normal control group 
[16]. Our study also found that after 24 h of 
20% stretch, the expression of PAI-1mRNA was 
increased by 20-fold compared to the control 
group.

The expression of PAI-1 may be regulated by a 
number of inflammatory cytokines (such as 
IL-1, IL-6, tumor necrosis factor-α), transforming 
growth factor-β, and epidermal growth factor 
[21, 27]. PAI-1, in turn, may also affect the lev-
els of a variety of inflammatory factors. IL-8 is a 
chemokine that allows neutrophils to penetrate 

the endothelial cells and aggregate, but IL-8 
secreted by endothelial cells of the normal 
human umbilical vein bind heparin sulfate and 
syndecan-1 to form the molecule complex, 
which may decrease neutrophilic chemotaxis. 
PAI-1 can stabilize the chemotaxis form of IL-8, 
thus inhibiting the generation of the molecular 
complex and increasing neutrophilic accumula-
tion. Therefore, PAI-1 can be used as a target 
for treating inflammation [28]. IL-8 is an inflam-
matory cytokine with significant chemotactic 
effects during the inflammatory process of 
COPD. PAI-1 can regulate IL-8 expression; IL-8 
can induce inflammatory effects, including 
inflammatory cell recruitment. This increases 
the release of PAI-1, which is critical for the for-
mation of the COPD inflammatory factor net-
work and promotes and maintains COPD inflam-
mation [14]. Additionally, PAI-1 itself shows che-
motaxis on inflammatory cells, and Renchens 
et al found that PAI-1 mediates neutrophilic 
recruitment by promoting the activity of JNK, 
promoting cell migration [29]. In this study, the 
increased expression of PAI-1 was also accom-
panied by increased secretion of IL-8, suggest-
ing that mechanical stretching of A549 cells 
produced the early inflammatory cytokine PAI-
1. The expression of its downstream neutrophil 
chemokine IL-8 was also activated; IL-8 recruits 
a large number of inflammatory mediators in 
endothelial cells, thus increasing cell damage, 
which was clearly observed by electron micros-
copy. After 24 h of 20% stretch, the cells 
swelled significantly and the microvilli on the 
cell surface were reduced. The nuclei shrank, 

Figure 6. Electron microscopic results of group II24s. A: Image of group II24s: the cells swelled, the microvilli on 
cell surface were reduced; the nuclei shrank; the mitochondria swelled, and the cristae ruptured, disappeared, 
disintegrated and underwent vacuolization; the rough endoplasmic reticulum expended and the polyribosomes 
depolymerized. B: Image of the control group of group II24s: the cells showed basically normal morphologies, the 
nuclear membrane was intact, and the mitochondrial cristae were obvious.
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the mitochondria swelled, and the cristae rup-
tured, disappeared, disintegrated, and showed 
vacuolization. The rough endoplasmic reticu-
lum expended and the polysomes depolymer-
ized; this cellular damage further induced the 
re-expression of PAI-1, thus forming a network 
of inflammatory responses, finally resulting in 
severe acute damage and the structural degen-
eration of the cells.

In this study, we only examined the results of 
pure mechanical stretch towards normal (not 
damaged) A549 cells, and found that 4 h 
stretch increased PAI-1 gene expression, indi-
cating that PAI-1 is a sensitive indicator of 
mechanical stretch-induced biological damage 
in lung epithelial cells. As the stretch time 
increased, larger amounts of PAI-1 were gener-
ated, suggesting that the generation and quan-
tity of PAI-1 is correlated to the degree of cell 
damage. In clinical courses, increasing PAI in 
the lungs of patients with pneumonia was 
closely related with poor prognosis [30, 31]; 
furthermore, increasing plasma PAI-1 levels in 
patients with acute lung injury/acute respirato-
ry distress syndrome was related to increased 
morbidity and mortality [32]. However, the 
exact mechanisms regarding how simple me- 
chanical stretching of A549 cells produced PAI-
1, activated IL-8, caused aggregation of down-
stream inflammatory factors, and eventually 
led to morphological changes of lung epithelial 
cells require further analysis.

In summary, simple cyclic mechanical stretch 
of A549 cells induced the expression of PAI-1, 
which also changed with stretch amplitude and 
time. PAI-1 appeared to be a sensitive early bio-
logical indicator for monitoring VILI, and may 
increase the degree of lung injury by influencing 
the expression of IL-8, which may make it a new 
target for the clinical treatment of VILI.
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