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Abstract

Idiopathic pulmonary fibrosis (IPF) is a fatal lung disorder with unknown cause and no effective 

treatment. The incidence of and mortality from IPF increase with age, suggesting that advanced 

age is a major risk factor for IPF. The mechanism underlying the increased susceptibility of the 

elderly to IPF, however, is unknown. In this study, we show for the first time that the protein level 

of plasminogen activator inhibitor 1 (PAI-1), a protease inhibitor which plays an essential role in 

the control of fibrinolysis, was significantly increased with age in mouse lung homogenate and 

lung fibroblasts. Upon bleomycin challenge, old mice experienced augmented PAI-1 induction 

and lung fibrosis as compared to young mice. Most interestingly, we show that fewer 

(myo)fibroblasts underwent apoptosis and more (myo)fibroblasts with increased level of PAI-1 

accumulated in the lung of old than in young mice after bleomycin challenge. In vitro studies 

further demonstrate that fibroblasts isolated from lungs of old mice were resistant to H2O2 and 

tumor necrosis factor alpha-induced apoptosis and had augmented fibrotic responses to TGF-β1, 

compared to fibroblasts isolated from young mice. Inhibition of PAI-1 activity with a PAI-1 

inhibitor, on the other hand, eliminated the aging-related apoptosis resistance and TGF-β1 

sensitivity in isolated fibroblasts. Moreover, we show that knocking down PAI-1 in human lung 

fibroblasts with PAI-1 siRNA significantly increased their sensitivity to apoptosis and inhibited 

their responses to TGF-β1. Together, the results suggest that increased PAI-1 expression may 

underlie the aging-related sensitivity to lung fibrosis in part by protecting fibroblasts from 

apoptosis.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive fatal lung disorder affecting 

approximately 85,000 Americans (Raghu and others 2006). The incidence of IPF increases 

with advanced age (Casanova and others 2009; Fell and others 2010; Fernandez Perez and 

others 2010; Raghu and others 2006) and the mortality from IPF is also significantly higher 

in old than in young patients (Araki and others 2003; Casanova and others 2009; Pinheiro 

and others 2008). Animal studies, although limited, have also shown that old animals are 

more sensitive than young animals to lung fibrosis with (Hecker and others 2014; Naik and 

others 2012; Redente and others 2011) or without (Calabresi and others 2007; Huang and 

others 2007b; Sueblinvong and others 2012) challenge. Together, these observations suggest 

that advanced age is a major risk factor for IPF. The mechanism underlying increased 

susceptibility of the elderly to IPF, however, is unknown.

Plasminogen activator inhibitor 1 (PAI-1) is a primary inhibitor of urokinase-type and 

tissue-type plasminogen activators (uPA and tPA, respectively), which convert plasminogen 

into plasmin, a serine proteinase involved in fibrinolysis as well as degradation of 

extracellular matrix (ECM) proteins. Therefore, PAI-1 plays a critical role in the regulation 

(inhibition) of fibrinolysis as well as ECM degradation. Studies from this lab and others 

have shown that PAI-1 is essential in the development of lung fibrosis (Chuang-Tsai and 

others 2003; Eitzman and others 1996; Hattori and others 2000; Huang and others 2012; 

Senoo and others 2010), although its role in the development of cardiovascular (Knier and 

others 2011; Weisberg and others 2005; Xu and others 2010) and liver (von Montfort and 

others 2010; Wang and others 2007) fibrosis is still debated. Importantly, PAI-1 expression 

is increased in the plasma of the elderly (Aillaud and others 1986; Cesari and others 2010), 

in several organs/tissues of old rodents (Liu and others 2011; Serrano and others 2009; 

Sueblinvong and others 2012), and in aging model, klotho mice (Eren and others 2014; 

Takeshita and others 2002). Whether and how increased PAI-1 contributes to the aging-

related susceptibility to lung fibrosis, however, is unknown.

To elucidate the potential role of PAI-1 in aging-related susceptibility to lung fibrosis, we 

assessed, in this study, the age-related changes in PAI-1 protein level in mouse lung 

homogenates and lung fibroblasts as well as the sensitivities of young and old mice to 

bleomycin-induced lung fibrosis. Lung fibroblasts were isolated from young and old mice to 

further explore the potential mechanism whereby PAI-1 promotes fibrosis in aged mice. Our 

data suggest that increased PAI-1 expression may contribute to the augmented sensitivity of 

the elderly to lung fibrosis in part by increasing resistance of (myo)fibroblasts to apoptosis.

MATERIALS AND METHODS

Animal treatment and sample collection

Three- and eighteen-month old male C57BL/6 mice (National Institute of Aging) were 

challenged with 4 U/kg body weight of bleomycin, dissolved in 40 µl of saline, or saline 

alone by intranasal instillation and sacrificed 7 and 14 days after challenge. Bronchoalveolar 

lavage (BAL) was performed and then pulmonary artery vascular beds perfused as we have 

described previously (Liu and others 2012). After perfusion, left lung was fixed with 10% 
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PBS buffered formalin and the rest of the lung was frozen immediately in liquid nitrogen. 

All procedures involving animals were approved by the Institutional Animal Care and Use 

Committees at the University of Alabama at Birmingham and conducted at the UAB animal 

facilities under specific pathogen-free conditions.

Total and differential cell counts in BALF

BAL fluid (BALF) was spun down at 400 g for 10 min and the cells were uniformly 

suspended in saline. Total cell numbers were counted using a hemocytometer while 

differential cell counts determined after the cells were centrifuged onto a microscope slide 

using a CytoSpin and stained with Protocol HEMA3 (Protocol Cat # 123-869). Total of 500 

cells were counted on each slide using oil immersion (100×) lens of Zeiss microscope and 

the differential cell count performed. The percentages of macrophages, neutrophils, and 

lymphocytes were calculated.

Western blot analysis

Lung tissues were homogenized in 0.25 M sucrose buffer containing protease inhibitor 

(Sigma P8340) and phosphatase inhibitor cocktails (Sigma, P5726) and then centrifuged at 

3,000 × g, 4°C, for 10 min. Protein concentrations in the supernatants were measured using 

a BCA protein assay kit (Pierce, Rockford, IL). Fifty micrograms of protein were resolved 

on a 10% SDS-PAGE gel and electrophoretically transferred onto a PVDF membranes, 

which were probed with the following antibodies: TGF-β1 (R&D, MAB240), PAI-1 

(Molecular Innovation, ASMPAI-GF), α-SMA (Biocare, CM001B), fibronectin (BD 

Biosciences, 610077), and β-actin (protein loading control), and then with the corresponding 

horseradish peroxidase (HRP)-conjugated secondary antibodies. The protein bands were 

visualized using the ECL detection system (Amersham, Piscataway, NY), semi-quantified 

using Image J software, and normalized by β-actin.

Collagen staining

Collagen deposition was revealed by Masson’s Trichrome staining and quantified by 

quantitative morphometry techniques as we have described previously (Huang and others 

2012).

Measurement of hydroxyproline

The hydroxyproline content in mouse lung was measured as we have described previously 

(Liu and others 2012). The results were calculated based on the standard curves generated 

using hydroxyproline reagent.

Detection of (myo)fibroblast apoptosis in mouse lung

Formalin-fixed, paraffin-embedded tissue slides were deparaffinized and rehydrated through 

graded concentrations of ethanol. Antigen retrieval was performed by steaming the slides for 

8 min in the Antigen unmasking solution (Vector Lab, USA). The slides were then 

incubated with rabbit polyclonal anti-mouse FSP-1 antibody (Millipore, Cat No 07-2274) at 

4°C overnight, followed by AMCA-conjugated anti-rabbit secondary antibody (blue color, 

Vector Lab, FI-1200) at 37°C for 30 min. After washing, sections were incubated with the 
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reaction mixture containing deoxynucleotidyl transferase and FITC–dUDP at 37°C for 1 

hour. Nuclei were stained with Propidium iodide (red color). Apoptotic (myo)fibroblasts 

were identified by co-localization of FSP-1 positive and TUNEL positive cells using 

epifluoresecent microscope (Nikon TE2000E-2) and analyzed using Image Pro Plus version 

5.1.2 (Media Cybernetics). The numbers of (myo)fibroblasts (FSP-1 positive, blue color) 

and apoptotic (myo)fibroblasts [light blue color from overlay of blue color (FSP-1 positive) 

and yellow color (TUNEL positive)] were counted in 5 different areas of interstitial sections 

of the lung in each mouse, 5–6 mice per group.

Co-localization of cleaved caspase-3, an apoptosis marker, and α-SMA, a myofibroblast 

marker, was conducted to confirm myofibroblast apoptosis in young and old mouse lungs. 

Briefly, slides, after deparaffinized and rehydrated, were microwaved in 0.1 M citrate buffer 

(pH 6.0) for 5 min (350W) to retrieve antigens and then blocked with 1% BSA plus 5% goat 

serum. The slides were then incubated with rabbit polyclonal anti-cleaved caspase-3 

(Millipore, 1:100 dilutions) and mouse monoclonal anti-mouse α-SMA (Biocare, 1:400 

dilutions) antibodies at 4°C overnight. After washing, the slides were incubated with 

fluorescein-conjugated anti-rabbit (1:100 dilutions, green) and texas red-conjugated anti-

mouse (1:100 dilutions, red) secondary antibodies. Nuclei were stained with DAPI (blue) 

and images taken using Nikon TE2000E-2.

Immunostaining of PAI-1 in mouse lung fibroblasts

To reveal PAI-1 expression in (myo)fibroblasts, formalin-fixed, paraffin-embedded tissue 

slides were deparaffinized and rehydrated as described above. The slides were then blocked 

with 2% BSA plus diluted (1:500) goat serum and incubated with mouse monoclonal anti-

human PAI-1 antibody (Molecular Innovations, Cat No MA33H1F7) and rabbit polyclonal 

anti-mouse FSP-1 antibody (Millipore, Cat No 07-2274) at 4°C overnight. The sections were 

washed and then incubated with fluorescein-conjugated anti-mouse (Vector Lab, Cat No 

TI-2000, red color) and anti-rabbit (Vector Lab, Cat No FI-1000, green color) secondary 

antibodies. Images were taken using a Nikon Eclipse 90i microscope at 40 × magnification. 

(Myo)fibroblasts expressing high levels of PAI-1 [yellow color from overlay of green color 

(FSP-1) and red color (PAI-1)] were counted in five different areas of the lung in each 

mouse, 5–6 mice per group.

Isolation of lung fibroblasts

Lung fibroblasts were isolated from 3- and 22-month old male C57BL/6 mice as described 

previously (Bruce and others 1999). Briefly, the chest wall was opened under sterile 

conditions; the right ventricle was cannulated and pulmonary vasculature perfused with 

sterile PBS. The lungs were removed and minced to approximately 0.5 mm pieces and 

incubated in calcium and magnesium-free Hanks’ balanced salt solution containing 0.3 

mg/ml type IV collagenase and 0.5 mg/ml trypsin at 37°C for 60 min, shaking every 10 

minutes. After digestion, equal volume of Eagle's Minimum Essential Medium (EMEM; 

ATCC, 30-2003) containing 10% fetal bovine serum (FBF) was added and the tissue was 

disaggregated by filtration through sterile tissue grinder pestle mesh (Sigma Aldrich, 

T8279-2EA). The isolated cells were suspended in EMEM growth medium containing non-

essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1500 mg/L sodium 

Huang et al. Page 4

Exp Gerontol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bicarbonate supplemented with 10% (v/v) FBS, 100 U/ml penicillin, and 100 µg/ml 

streptomycin (Gibco BRL) and cultured in a humidified atmosphere with 5% CO2 at 37° for 

4 hours. Then, the cells were washed gently with EMEM to remove non-adherent cells and 

growth medium was replaced every 2–3 days. The passages 4 to 8 of primary fibroblasts 

were used for the experiments.

Flow cytometry analysis of fibroblast apoptosis in vitro

Apoptosis of cultured fibroblasts was analyzed by flow cytometry techniques using FITC 

annexin V Apoptosis Detection Kit II (BD Bioscience) as we have described previously 

(Huang and others 2012). Briefly, after treatment, the cells were trypsinized, spun down, and 

incubated with 1× annexin-binding buffer for 15 minutes, then with FITC annexin V and PI 

working solution at room temperature for another 15 minutes. Apoptotic cells were analyzed 

with flow cytometer at UAB Flow Cytometry facility.

siRNA transfection

Primary human lung fibroblasts (CCL-210 cells), purchased from American Type Culture 

Collection (ATCC, Manassas, VA), were seeded in 60 mm cell culture dish at the density of 

4 × 105 cells/well. After reaching 60–80% confluence, cells were transfected with either 

PAI-1 siRNA (Santa Cruz, sc36179) or Non-target siRNA (Santa Cruz, control siRNA-A) 

according to the protocol provided by the manufacturer. Cells were cultured with complete 

medium containing serum for 24 hours before being treated with TGF-β1 or H2O2 in serum-

free medium.

Statistical analysis

Data are presented as means ± SEM and evaluated by one-way analysis of variance 

(ANOVA). Statistical significance was determined post-hoc by Fisher LSD test wherein 

p<0.05 was considered significant.

RESULTS

Aging-dependent increase in PAI-1 expression in mouse lung tissue

Although it has been reported that PAI-1 mRNA expression is increased in lung tissue of old 

mice (Sueblinvong and others 2012), whether its protein level is increased with age in the 

lung was unknown. To begin our understanding of the potential role of PAI-1 in aging-

related susceptibility to lung fibrosis, we first examined PAI-1 protein in mouse lung tissue 

by Western analysis. The results show that 18-month old mice expressed higher level of 

PAI-1 protein in their lungs compared to 3-month old mice under unchallenged condition 

(Fig 1).

Age-dependent changes in mouse body weight and BALF cell counts upon bleomycin 
challenge

Changes in mouse body weight 7 and 14 days after bleomycin instillation were monitored to 

reveal general toxicity of bleomycin to young and old mice. As shown in Fig 2, bleomycin 

challenge significantly reduced the body weight of 18-month old, but not 3-month old, mice. 
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BALF cell count data show, on the other hand, that bleomycin instillation significantly 

increased the total cell numbers in both young and old mice at day 7 although not at day 14 

(Fig 3A). Differential cell count data further show that, although the numbers of 

lymphocytes and neutrophils were significantly increased and the percentages of 

macrophages decreased in both young and old mice 7 and 14 days after bleomycin challenge 

(Fig 3B&3C&3D), the increase in the counts of neutrophils as well as the decrease in the 

percentages of macrophages were greater in old than in young mice (Fig 3B&D). Consistent 

with the changes in total cell number, the counts of lymphocytes and neutrophils in BALF 

were also lower in day 14 compared to day 7 after bleomycin challenge, indicating that 

acute inflammation started to subside by day 14 in both young and old mice.

Age-dependent responses to bleomycin-induced lung fibrosis in mice

To reveal whether old mice are more sensitive to bleomycin-induced lung fibrosis, trichrome 

staining was performed and hydroxyproline content measured 7 and 14 days after bleomycin 

challenge. Trichrome staining results show that more collagen (blue color) was accumulated 

in the lung of old than in young mice at day 14 after bleomycin challenge (Fig 4A). 

Hydroxyproline data further show that more hydroxyproline was accumulated in the lung of 

old than in young mice at both time points after bleomycin challenge, although the basal 

levels of hydroxyproline (saline treated) were not significantly different between two age 

groups (23.64 ± 1.77 µg/mg verses 27.33 ± 3.01 µg/mg for 3- and 18-month old mice, 

respectively) (Fig 4B). Western analyses further indicate that 18-month old mice 

experienced augmented induction of PAI-1, TGF-β1, and α-SMA, compared to 3-month old 

mice, upon bleomycin challenge (Fig 4C), although the basal levels of TGF-β and α-SMA 

proteins were not significantly different between 3 and 18 month old mice (the densities of 

the bands relative to β-actin are: 100 ± 59 and 652 ± 179 for TGF-β1, 100 ± 13.5 and 103 ± 

29.9 for α-SMA, for 3-month and 18-month old mice, respectively). Together, the data 

indicate that old mice are more sensitive to lung fibrotic challenge than young mice.

Age-dependent apoptosis resistance of (myo)fibroblasts in the lung of bleomycin 
challenged mice

Increased resistance of myofibroblasts to apoptosis is believed to contribute importantly to 

the development of fibrosis (Hecker and others 2014; Thannickal and Horowitz 2006). To 

explore the mechanism underlying increased sensitivity of old mice to lung fibrosis, we 

assessed the numbers of PAI-1 expressing (myo)fibroblasts and apoptotic (myo)fibroblasts 

in lungs of young and old mice 14 days after bleomycin challenge. Co-localization of 

fibroblast specific protein 1 (FSP-1) and TUNEL staining (apoptotic) show that fewer 

(myo)fibroblasts underwent apoptosis (arrows pointed light blue color stained cells on the 

right panels) in the lung of 18-month old mice, compared to 3-month old mice, after 

bleomycin challenge (Fig 5A&B). Double immunostaining with antibodies to apoptosis 

marker cleaved caspase-3 and myofibroblast marker alpha smooth muscle actin (α-SMA) 

further confirmed the finding (Fig 5C). Associated with increased resistance to apoptosis, 

more (myo)fibroblasts with increased PAI-1 were accumulated in the lung of 18-month old 

mice compared to 3-month old mice with and without bleomycin challenge (Fig 6A central 
and right panels, arrows pointed, and Fig 6B). The data also suggest that, besides 
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(myo)fibroblasts, PAI-1 expression is increased with age in other types of cells as well (Fig 

6A central panels, arrowheads pointed).

Fibroblasts from the lung of old mice are resistant to apoptosis and more fibrogenic upon 
challenge in vitro

Apoptosis is induced through two distinct pathways, extrinsic, activated by death receptors, 

and intrinsic, triggered by various stress signals through releasing cytochrome C from 

mitochondria. Tumor necrosis factor alpha (TNF-α) and hydrogen peroxide (H2O2), which 

induce apoptosis through extrinsic and intrinsic pathways, respectively, have been shown to 

induce fibroblast apoptosis (Boucher and others 2010; Niederer and others 2012; Park and 

others 2014; Szigeti and others 2010; Zhang and others 2011). To confirm that fibroblasts 

from the lung of old mice are more resistant to apoptosis and fibrogenic than fibroblasts 

from young mice, lung fibroblasts were isolated from 3- and 22-month old mice and treated 

with H2O2, TNF-α, or TGF-β1. Flow cytometry data show that treatment with H2O2 

significantly increased both early (labeled with annexin V only, Q4) and late (labeled with 

annexin V and propidium iodide, Q2) stages of apoptotic cell death in fibroblasts isolated 

from lungs of young, but not old, mice (Fig 7A&B). An increased resistance to TNF-α-

induced apoptosis was also observed in lung fibroblasts isolated from old mice (Fig 7A&C). 

Western analyses further show that fibroblasts from old mice had augmented induction of 

PAI-1, α-SMA, and fibronectin upon TGF-β1 challenge, compared to fibroblasts from 

young mice (Fig 8).

Inhibition of PAI-1 activity eliminated the aging-related apoptosis resistance and 
augmented fibrotic responses in lung fibroblasts

TM5275 is an orally effective small molecule PAI-1 inhibitor which has potent anti-

thrombotic effects but does not interfere with other serpin/serine protease systems (Izuhara 

and others 2010; Yamaoka and others 2011). Our recent study showed that TM5275 

treatment almost completely blocked TGF-β1-induced fibrotic responses in mouse lung in 

vivo and in human lung fibroblasts in vitro (Huang and others 2012). To determine whether 

increased PAI-1 expression/activity is responsible for the aging-related apoptosis resistance 

and TGF-β1 sensitivity, lung fibroblasts isolated from 3- and 22-month old mice were pre-

treated with 75 µM TM5275 for 8 hours and then treated with H2O2 or TGF-β1 in the 

presence of TM5275 for another 24 hrs. The results show that inhibition of PAI-1 with 

TM5275 increased apoptosis sensitivity and reduced TGF-β1 responses in fibroblasts 

isolated from both young and old mice. Importantly, there was no significant difference 

between young and old fibroblasts in terms of their responses to apoptotic stimulus or TGF-

β1 after inhibition of PAI-1 activity (Fig 9A&B), suggesting that increased PAI-1 may 

underlie the aging-related apoptosis resistance and TGF-β1 sensitivity of lung 

(myo)fibroblasts.

Knockdown of PAI-1 with PAI-1 siRNA increased apoptosis sensitivity and reduced fibrotic 
response of human lung fibroblasts

To further elucidate the role of PAI-1 in fibroblast apoptosis resistance and sensitivity to 

TGF-β1, primary human lung fibroblasts (CCL-210 cells) were transfected with PAI-1 
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siRNA or non-target siRNA (NTsiRNA) and then treated with H2O2 or TGF-β1 for 24 

hours. The results show that transfection of PAI-1 siRNA significantly knocked down PAI-1 

protein in CCL-210 cells with or without TGF-β1 treatment (Fig 10A). Most importantly, 

the data show that knockdown of PAI-1 with PAI-1 siRNA dramatically reduced TGF-β1-

induced fibronectin and α-SMA expression (Fig 10A) and increased the sensitivity of 

CCL-210 cells to H2O2-induced apoptosis (Fig 10B).

DISCUSSION

PAI-1, a primary inhibitor of uPA and tPA, has multi-functions besides inhibition of 

fibrinolysis. Studies from this lab and others have shown that PAI-1 plays a critical role in 

the development of lung fibrosis. Whether and how PAI-1 contributes to aging-related 

susceptibility to lung fibrosis, however, was unknown. In this study, we show for the first 

time that PAI-1 protein level was increased with age in mouse lung tissue homogenates and 

in lung fibroblasts, which was associated with increased fibrotic response in old mice and 

increased resistance of old fibroblasts to apoptosis in vivo and in vitro. Inhibition of PAI-1 

activity with a small molecule PAI-1 inhibitor eliminated the aging-related apoptosis 

resistance and TGF-β1 sensitivity in isolated fibroblasts. Moreover, we show that 

knockdown of PAI-1 protein with PAI-1 siRNA in primary human lung fibroblasts 

significantly increased their sensitivity to apoptosis and inhibited their responses to TGF-β1. 

Together, our data suggest that increased PAI-1 expression may play an important role in the 

increased susceptibility of the elderly to lung fibrosis in part by protecting (myo)fibroblasts 

from apoptosis.

Besides inhibition of fibrinolysis, PAI-1, by interacting with vitronectin and uPA receptor 

(uPAR), also regulates cell adhesion, migration, and thereby inflammatory cell infiltration 

(Courey and others 2011; Huang and others 2003; Ichimura and others 2013; Poggi and 

others 2007; Roelofs and others 2008). It has been reported that treatment of experimental 

glomerulonephritis rats with mutant non-inhibitory PAI-1 proteins reduced ECM deposition 

in glomeruli, which was associated with a 46% decrease in the number of monocytes/

macrophages (Huang and others 2003). It has also been shown that neutrophil influx was 

significantly lower in PAI-1 knockout than in wild-type mice in an acute pyelonephritis 

model (Roelofs and others 2008). In this study, we show that, associated with an increase in 

PAI-1 protein level, old mice experienced amplified response in neutrophil infiltration upon 

bleomycin challenge. Together, the data suggest that the aging-associated increase in PAI-1 

expression may promote lung fibrosis in the elderly in part by facilitating inflammatory cell 

infiltration.

TGF-β is the most potent profibrogenic cytokine. It is believed in general that PAI-1 

functions as a downstream effector of TGF-β. However, emerging evidence suggests that 

there is a positive feedback loop between PAI-1 and TGF-β1 (Matsuo and others 2005; Seo 

and others 2009). Masuo et al reported that PAI-1 transgenic mice expressed higher level of 

TGF-β1 mRNA upon unilateral ureteral obstruction than non-transgenic mice (Matsuo and 

others 2005). Huang et al also showed that treatment with mutant non-inhibitory PAI-1 

proteins decreased TGF-β level in the kidney in an experimental glomerulonephritis model 

(Huang and others 2003). Seo et al further showed that knockout of the PAI-1 gene 
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suppressed high glucose-induced TGF-β1 mRNA expression, whereas recombinant PAI-1 

restored such inducibility in PAI-1 knockout mesangial cells (Seo and others 2009). They 

also showed that recombinant PAI-1 protein stimulated TGF-β promoter activity and that the 

induction of fibronectin and collagen I by recombinant PAI-1 was abrogated by TGF-β1 

receptor inhibitor or anti-TGF-β antibody (Seo and others 2009). In a previous study, we 

showed that small molecule PAI-1 inhibitor TM5275 blocked TGF-β1 autocrine function as 

well as TGF-β1-induced collagen and α-SMA expression in mouse lung and in human lung 

fibroblasts (Huang and others 2012). In this study, we further show that inhibition of PAI-1 

activity with TM5275 completely eliminated the augmented sensitivity of old fibroblasts to 

TGF-β1. Together, the data suggest that PAI-1 is not only a downstream effector of TGF-β 

but also a regulator of TGF-β’s fibrogenic activity. Therefore, the third potential mechanism 

whereby increased PAI-1 promotes lung fibrosis in old mice is to increase the sensitivity of 

fibroblasts to TGF-β.

It should be emphasized that although some studies have shown that aging per se leads to 

increased deposition of fibrotic tissue in the lung this seems to be species or strain specific. 

The collagen deposition in the lung was increased with age in rats (Calabresi and others 

2007) but not in mice (Naik and others 2012; Redente and others 2011; Sueblinvong and 

others 2012). Huang et al further showed that aging-related accumulation of collagens in the 

lung occurred in 20 month old DBA/2J mice but not in 20 month old C57B6 mice, 

compared to young mice of corresponding strain (Huang and others 2007a). Consistent with 

the results reported by these investigators (Naik and others 2012; Redente and others 2011; 

Sueblinvong and others 2012), we show, in this study, that there was no significant increase 

in fibrotic tissue in the lung of 18-month old mice, compared to 3-month old mice, under 

unchallenged condition. The results suggest that an increase in PAI-1 expression per se may 

not lead to fibrosis, although it may increase the sensitivity of old animals to fibrotic stimuli.

It should also be stressed that although it has been well documented that PAI-1 contributes 

to the development of lung fibrosis (Eitzman and others 1996; Huang and others 2012; 

Senoo and others 2010; Zhang and others 2012), the profibrogenic function of PAI-1 in 

some other organs is still debated. Kaikita (Kaikita and others 2001) and Weisberg 

(Weisberg and others 2005) showed that inhibition of PAI-1 activity with a small molecule 

PAI-1 inhibitor or knockout of the PAI-1 gene attenuated aortic or vascular remodeling. 

Moriwaki (Moriwaki and others 2004) and Xu (Xu and others 2010) demonstrated, on the 

other hand, that knockout of the PAI-1 gene led to the development of heart fibrosis. Knier 

et al further showed that knockout of the PAI-1 gene attenuated kidney but potentiated heart 

fibrosis in a hypertension model (Knier and others 2011). Apparent divergent roles of PAI-1 

in the development of liver fibrosis have also been observed (Beier and others 2011; von 

Montfort and others 2010; Wang and others 2007). The mechanism underlying the 

conflicting effects of PAI-1 on the development of fibrosis in different organs or in the same 

organ but induced by different stimuli remains unclear and warrants further investigation.

The mechanism whereby PAI-1 protects lung (myo)fibroblasts from apoptosis in old mice is 

unclear. Horowitz et al showed that plasminogen and plasmin induced apoptosis in cultured 

fibroblasts, which was associated with pericellular fibronectin proteolysis (Horowitz and 

others 2008). They also showed that PAI-1 protected fibroblasts from apoptosis induced by 
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plasminogen but not by plasmin, suggesting that PAI-1 protects cultured fibroblasts from 

apoptosis by inhibiting plaminogen activation (Horowitz and others 2008). Zhang et al 

reported, on the other hand, that PAI-1 inhibited apoptosis of cultured lung fibroblasts by 

increasing intracellular Ca2+ concentration and thereby activation of caspase-3, pERK, and 

Akt (Zhang and others 2013). In a previous study, we showed that small molecule PAI-1 

inhibitor TM5275 increased the protein level of p53 as well as the activity of Caspase-3/7, 

associated with an induction of apoptosis in cultured human lung fibroblasts (Huang and 

others 2012). Whether PAI-1 protects (myo)fibroblasts from apoptosis in old mouse lung 

through inhibiting plasmin activity, caspase-3 activity, or p53 expression remains to be 

determined. We also want to point out that although PAI-1 protects fibroblasts from 

apoptosis (Chang and others 2010; Horowitz and others 2008; Huang and others 2012; 

Zhang and others 2013), opposite effects have been observed in other types of cells 

(Abderrahmani and others 2012; Bajou and others 2008; Bhandary and others 2013; Chen 

and others 2008; Shetty and others 2012). Whether PAI-1 expression is increased with age 

in other types of cells in the lung and how PAI-1 regulates apoptosis sensitivity in these 

other types of cells is unknown and is under active investigation in this lab.

The mechanism underlying the aging-related increase in PAI-1 expression is also unclear. 

TGF-β is the most potent PAI-1 inducer. It has been reported that the expression of TGF-β 

and TGF-β receptor mRNAs in the lung was increased in 24-month old mice compared to 3-

month old mice (Sueblinvong and others 2012). In contrast, Naik and Redente et al reported 

that there was no significant difference in the basal levels of TGF-β between young and old 

mice, although bleomycin induced more TGF-β in 12–18 month old mice than in 3–4 month 

old mice (Naik and others 2012; Redente and others 2011). Consistent with the results 

reported by Naik and Redente (Naik and others 2012; Redente and others 2011), we show, 

in this study, that there was no significant difference in the basal levels of TGF-β1 protein 

between 3- and 18-month old mice. Our results suggest that the increased PAI-1 expression 

in 18-month old mice may not be driven by TGF-β. Besides TGF-β, PAI-1 expression is 

induced by other growth factors and inflammatory cytokines including TNF-α, IL-1β, IL-6, 

and insulin/insulin-like growth factor (Dimova and Kietzmann 2008; Dong and others 2007; 

Hou and others 2004; Kruithof 2008). Interestingly, studies from this lab and others have 

shown that reactive oxygen species (ROS) mediate the induction of PAI-1 by many of these 

stimuli including TGF-β1, TNF-α, and IL-1 (Liu 2008; Liu and others 2010; Okada and 

others 1998; Oszajca and others 2008; To and others 2013; Vayalil and others 2007). As 

oxidative stress increases with age and is evident in many age-related diseases including IPF 

(Hecker and others 2014; Kinnula 2008; Kinnula and Myllarniemi 2008; Liu 2008), one 

potential mechanism underlying the aging-related increase in PAI-1 expression is increased 

oxidative stress. More studies are needed to address whether and how increased oxidative 

stress leads to increased PAI-1 expression during aging, which is beyond the scope of this 

study.

In summary, the data presented in this study suggest that increased PAI-1 may contribute 

importantly to the increased susceptibility of the elderly to lung fibrosis by protecting 

(myo)fibroblasts from apoptosis and increasing the sensitivity of (myo)fibroblasts to TGF-

β1. More studies are needed to uncover the mechanism underlying aging-related increase in 

PAI-1 expression.
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Highlights

• First to show that PAI-1 protein level is increased with age in mouse lung tissue 

and lung fibroblasts

• First to show that apoptosis resistance of lung fibroblasts is associated with 

increased PAI-1 both in vivo and in vitro

• Old mice experienced augmented PAI-1 induction and lung fibrosis, compared 

to young mice, upon bleomycin challenge

• Inhibition of PAI-1 activity eliminated the aging-related apoptosis resistance 

and TGF-β1 sensitivity in isolated fibroblasts

• Knockdown of PAI-1 with PAI-1 siRNA increased apoptosis sensitivity and 

suppressed TGF-β1 response in human lung fibroblasts
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Fig 1. Age-dependent increase in PAI-1 protein level in mouse lung
Top panel, representative Western blotting pictures; Bottom panel, semi-quantified Western 

blotting data. *Significantly different from 3-month old mice (p<0.05, n = 4–5).
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Fig 2. Age-dependent effect of bleomycin on mouse body weight
Mice were instilled with bleomycin or saline as described in the Material and Method 

section. Body weights before instillation and 7 or 14 days after instillation were recorded. 

The average body weight before instillation was 29.8g for 3-month old and 32.7 for 18-

month old mice. The percentages of changes in body weights after treatment were presented 

(the body weights of the saline groups were from 14 days after saline instillation). α, 

Significantly different from the same age saline control; β, significantly different from 3-

month old mice treated with bleomycin for the same length of time (p < 0.05, n = 5).
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Fig 3. Age-dependent effects of bleomycin on BALF cell counts
Total and differential cell counts in BALF were determined as described in Material and 

Method section. A) Total cell numbers; B) Percentages of neutrophils; C) Percentages of 

lymphocytes; D) Percentages of macrophages in BALF. The data for the saline groups were 

from 14 days after saline instillation. α, Significantly different from the same age saline 

control; β, significantly different from 3-month old mice treated with bleomycin for the 

same length of time; χ, significantly different from the same aged mice treated with 

bleomycin for 7 days (p < 0.05, n = 5).
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Fig 4. Age-dependent lung fibrotic responses in mice
A) Trichrome staining of collagens: Top panels, representative trichrome staining pictures; 

Bottom panel, semi-quantified collagen staining data. B) Hydroxyproline content in mouse 

lung. C) Western analyses of proteins: Top panels, Western blotting pictures (β-actin was 

used as protein loading control); Bottom panels, semi-quantified Western blotting data 

expressed as percentage of the same age saline controls. α, Significantly different from the 

same age saline control; β, significantly different from 3-month old mice treated with 

bleomycin for the same length of time; χ, significantly different from the same aged mice 

treated with bleomycin for 7 days (p<0.05, n=4–6).
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Fig 5. (Myo)fibroblast apoptosis in the lung of young and old mice treated with bleomycin
A) Left panels: representative pictures of immunostaining of mouse lung tissue with anti-

fibroblast specific protein 1 (FSP-1) antibody (blue); Middle panels, representative overlay 

pictures of TUNEL (green) and nuclear (red) staining (yellow, TUNEL positive cells); Right 

panels: Overlay of FSP-1 (blue), TUNEL (green), and nuclear (red) staining (light blue 

color, TUNEL positive fibroblasts, arrows pointed). B) Quantitative data of apoptotic 

(myo)fibroblasts, expressed as the percentage of total (myo)fibroblasts as described in 

Material and Method section. α, Significantly different from the same age saline control; β, 
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significantly different from 3-month old, bleomycin-treated mice (p<0.05, n=4–5). C) Co-

localization of α-SMA (red), cleaved caspase-3 (green), and nuclear (blue) immunostaining. 

Yellow color stained cells (arrows pointed) are apoptotic myofibroblasts.
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Fig 6. Age-dependent accumulation of PAI-1 expressing (myo)fibroblasts in mouse lung upon 
bleomycin challenge
A) Double immunofluorescence staining of mouse lung slides with antibodies to PAI-1 (red) 

and FSP-1 (green). Yellow color stained cells are PAI-1 expressing fibroblasts (overlay of 

green FSP-1 and red PAI-1). Central column: enlarged view of the white boxes in the left 

column. Right column: lung parenchyma. B) Quantification of PAI-1 expressing 

(myo)fibroblasts, expressed as the percentage of total (myo)fibroblasts. α, Significantly 
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different from the same age saline control; β, significantly different from 3-month old, 

bleomycin-treated mice (p<0.05, n=4–5).
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Fig 7. Responses of lung fibroblasts from young and old mice to apoptotic stimuli in vitro
Fibroblasts isolated from lungs of 3 month and 22 month old mice were challenged with 200 

µM of H2O2 or 25 µM of TNF-α for 24 hours. Apoptosis was analyzed by flow cytometry. 

A) Representative flow cytometry graphic pictures. Q2: late apoptotic cell death labeled 

with both annexin V and propidium iodide; Q4: early apoptotic cell death labeled with 

annexin V only. B&C) Quantitative data of the early and late apoptotic cell death induced 

by H2O2 (B) or TNF-α (C). α, Significantly different from the corresponding 3M control 

fibroblasts (p<0.05, n=3).
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Fig 8. Responses of lung fibroblasts from young and old mice to TGF-β1 in vitro
Isolated lung fibroblasts were treated with 1 ng/ml TGF-β1 for 24 hours and then Western 

analyses were conducted with cell lysates. Top panel: representative Western blotting 

pictures; bottom panels, semi-quantified Western blotting data, expressed as the percentage 

of 3M control fibroblasts. α, Significantly different from 3M control group; β, significantly 

different from TGF-β1 treated 3M fibroblasts (p<0.05, n=3).
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Fig 9. Inhibition of PAI-1 activity eliminated the aging-related increase in apoptosis resistance 
and TGF-β1 sensitivity in isolated fibroblasts
Fibroblasts isolated from 3- and 22-month old mouse lungs were pretreated with 75 µM of 

PAI-1 inhibitor TM5275 for 8 hours and then treated with 200 µM of H2O2 or 1ng/ml TGF-

β1 in the presence of TM5275 for 24 hours. (A) Effects of TM5275 on apoptotic response. 

Top panels: representative flow cytometry graphic pictures. Bottom panels: quantitative data 

of apoptotic cell death (early plus late stages). (B) Effects of TM5275 on the sensitivity of 

fibroblasts to TGF-β. Top panels: representative Western blotting pictures; Bottom panels, 

semi-quantified Western blotting data, expressed as the percentages of untreated control 

fibroblasts from same aged mice. α, Significantly different from the same age untreated 

control; β, significantly different from TGF-β1 treated 3M fibroblasts; (p<0.05, n=3–5).
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Fig 10. Knockdown of PAI-1 with PAI-1 siRNA increased apoptosis sensitivity and reduced 
fibrotic responses in human lung fibroblasts
Human lung fibroblasts (CCL-210 cells) were transfected with PAI-1 siRNA or non-target 

siRNA (NT-siRNA) and then treated with 1 ng/ml TGFβ-1 (A) or 200 µM H2O2 (B) for 24 

hours. A) Western analyses of PAI-1, fibronectin, and α-SMA proteins. Top panel: 

representative Western blotting pictures; bottom panels, semi-quantified Western blotting 

data. B) Flow cytometry analysis of apoptosis. α, Significantly different from the 
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corresponding untreated control fibroblasts; β, significantly different from NT-siRNA 

transfected TGF-β1 (A) or H2O2 (B) treated fibroblasts (p<0.05, n=6).
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