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Apoptosis of fibroblasts/myofibroblasts is a critical event in the
resolution of tissue repair responses; however, mechanisms for the
regulation of (myo)fibroblast apoptosis/survival remain unclear. In
this study, we demonstrate counter-regulatory interactions be-
tween the plasminogen activation system and transforming growth
factor-b1 (TGF-b1) in the control of fibroblast apoptosis. Plasmin
treatment induced fibroblast apoptosis in a time- and dose-
dependent manner in association with proteolytic degradation of
extracellular matrix proteins, as detected by the release of soluble
fibronectin peptides. Plasminogen, which was activated to plasmin
by fibroblasts, also induced fibronectin proteolysis and fibroblast
apoptosis, both of which were blocked by a2-antiplasmin but not by
inhibition of matrix metalloproteinase activity. TGF-b1 protected
fibroblasts from apoptosis induced by plasminogen but not from
apoptosis induced by exogenous plasmin. The protection from
plasminogen-induced apoptosis conferred by TGF-b1 is associated
with the up-regulation of plasminogen activator-1 (PAI-1) expres-
sion and inhibition of plasminogen activation. Moreover, lung
fibroblasts from mice genetically deficient in PAI-1 lose the pro-
tective effect of TGF-b1 against plasminogen-induced apoptosis.
These findings support a novel role for the plasminogen activation
system in the regulation of fibroblast apoptosis and a potential role
of TGF-b1/PAI-1 in promoting (myo)fibroblast survival in chronic
fibrotic disorders.
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Fibroblasts, versatile connective tissue cells and key effectors
in wound-repair responses, are recruited to sites of tissue injury
where extracellular matrix (ECM) components and soluble fac-
tors, such as transforming growth factor-b1 (TGF-b1), promote
myofibroblast differentiation. Myofibroblasts secrete, organize,
remodel, and contract the ECM, facilitating wound closure and
reepithelialization (1). With the resolution of normal wound re-
pair, fibroblast/myofibroblast numbers decrease substantially due
to apoptosis (2). The physiologic stimuli that trigger fibroblast/
myofibroblast apoptosis, however, have not been determined (3).
Failure of myofibroblast apoptosis is associated with pathologic
wound repair characterized by tissue fibrosis (2, 4–6).

TGF-b1 is a potent pro-fibrotic cytokine that promotes
myofibroblast differentiation, migration, ECM synthesis, and
resistance to apoptosis (1, 7–11). Studies from our laboratory
have shown that TGF-b1–induced myofibroblast differentiation

requires the integration of cell-matrix adhesion signals through
activation of focal adhesion kinase (FAK) (8). Moreover, the
coordinate activation of FAK and phosphatidylinositol-39-OH
kinase/AKT (PI3K/AKT) through SMAD3 and p38 MAPK-
dependent pathways respectively confers fibroblast resistance to
anoikis, a type of apoptosis induced by the loss of adhesion or
adhesion-dependent signaling (9, 10, 12, 13). These findings
suggest that TGF-b1 regulation of ECM–fibroblast interactions
may modulate the fates of fibroblasts/myofibroblasts in the
context of physiologic and pathologic wound repair responses.

Plasmin, a serine protease with potent fibrinolytic activity,
is generated through the proteolytic cleavage of its zymogen,
plasminogen, by plasminogen activators (urokinase and tissue,
uPA and tPA) (14). In addition to fibrin, plasmin is capable of
cleaving extracellular matrix components such as fibronectin
and activating growth factors and other matrix proteases (15–19).
Inhibition of plasminogen activation by plasminogen activator
inhibitor-1 (PAI-1) has been causally implicated in the patho-
genesis of pulmonary fibrosis and other disease processes char-
acterized by tissue fibrosis (20–22). The mechanisms by which
PAI-1 promotes tissue fibrosis, while plasminogen activation pro-
tects against fibrogenesis, have not been fully defined (23, 24).

Among its potential pro-fibrotic mechanisms, TGF-b1 indu-
ces fibroblast elaboration of PAI-1 and tissue inhibitors of
matrix metalloproteinases (TIMPS). Given the susceptibility
of fibroblasts to anoikis and the protection afforded by TGF-b1,
we hypothesized that plasmin-mediated pericellular fibronectin
proteolysis would induce fibroblast anoikis. In addition, we
postulated that TGF-b1 up-regulation of PAI-1 would limit
fibroblast anoikis by inhibition of plasminogen activation. This
study was undertaken to investigate how TGF-b1 modulation
of plasminogen activation would regulate fibroblast apoptosis.
We report that plasminogen activation provides a potent stim-
ulus for fibroblast apoptosis, and that TGF-b1 inhibits apoptosis
induced by plasminogen activation. This demonstrates a novel
mechanism by which TGF-b1 up-regulation of PAI-1 may mod-
ulate wound repair responses and promote tissue fibrosis. Portions
of this work have been previously published in abstract form (25).

MATERIALS AND METHODS

Cells and Cell Culture

Normal primary human embryonic lung fibroblasts (IMR-90 [26];
Institute for Medical Research, Camden, NJ) were cultured as pre-
viously described (9) and studies performed at passages 5 to 9. Cells
were plated on cell culture dishes or on 96-well plates with Dulbecco’s
modified Eagle’s medium (DMEM) containing 5% fetal bovine serum
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(FBS) in 5% CO2–95% air and then growth-arrested for 24 hours in
DMEM containing 0.01% FBS before treatment in serum-free DMEM
without phenol red. Primary murine fibroblasts were grown from lung
explants of wild-type (WT) and PAI-1 knockout (PAI-12/2) mice
(C57BL/6 background) and cultured as previously described (19, 27).
Experiments with these primary lung fibroblasts were performed be-
tween passages 2 and 4.

Reagents

TGF-b1 derived from porcine platelets was obtained from R&D
Systems (Minneapolis, MN) and acid-activated before use. Antibodies
to cleaved caspase-3 were from R&D Systems. Plasmin, e-aminocaproic
acid and mouse monoclonal antibody to fibronectin (IST-4) were from
Sigma (St. Louis, MO). Mouse monoclonal antibody to single-stranded
DNA (ssDNA) was from Chemicon International (Temecula, CA).
Antibody to GAPDH was from Abcam (Cambridge, MA). Secondary
HRP-conjugated anti-mouse and anti-rabbit antibodies were obtained
from Pierce (Rockford, IL). a2-antiplasmin and plasminogen were ob-
tained from American Diagnostica (Stamford, CT). BB2516 (Marima-
stat) was from Calbiochem (San Diego, CA). A genetically engineered
variant of PAI-1, 14–1, which retains all of the antiproteolytic and
vitronectin binding properties of native PAI-1 but is resistant to
spontaneous conversion to the latent form, was obtained from Molec-
ular Innovations, Inc. (Detroit, MI) (28). SB431542 was from Tocris
Bioscience (Ellisville, MO).

Western Immunoblotting

Cell culture supernatants were centrifuged for 3 minutes at 10,000 rpm
to pellet floating cells. The soluble fraction was separated and frozen at

2208C. Adherent cells on cell culture dishes were washed with PBS
and lysed with RIPA buffer. This cell lysate was combined with the
insoluble fraction of the supernatant and mixed vigorously. Protein
concentrations of both the supernatant and cellular fractions were
determined. Equal amounts of protein were then used for SDS-PAGE
immunoelectrophoresis and Western immunoblotting under reducing
conditions as previously described (9).

Plasmin Activity Assay

Plasmin activity in cell culture supernatants was determined using the
SPECTROZYME PL chromogenic substrate obtained from American
Diagnostica according to manufacturer’s instructions. Cells were treated
in phenol red–free media, and 50 ml of the cell culture supernatant
was transferred to a single well of 96-well plate containing 50 ml of
SPECTROZYME PL chromogenic substrate and 50 ml of buffer solution.
Absorbance was measured at 405 nm using a VERSAmax microplate
reader from Molecular Devices (Sunnyvale, CA). In all cases, two rep-
licates of each sample were measured.

ssDNA Enzyme-Linked Immunosorbent Assay for Apoptosis

This assay is based on the susceptibility of double-stranded DNA in
apoptotic cells to form single strands when exposed to formamide (23)
and was performed as previously described (9).

Affymetrix Microarray

IMR-90 fibroblasts were grown to 80% confluence, serum starved for
48 hours, and treated with TGF-b1 (2.0 ng/ml), or were not treated, for

Figure 1. Plasmin induces fibroblast apoptosis

in association with fibronectin proteolysis. (A)
IMR-90 fibroblasts were cultured to 60% con-

fluence and growth arrested for 24 hours before

treatment with plasmin (doses indicated) for 16
hours. Equal amounts of protein from the cell

culture supernatant were subjected to SDS-

PAGE and Western immunoblotting for fibro-

nectin. (B) Similarly cultured IMR-90 fibroblasts
were treated with plasmin (0.5 U/ml) 6 TGF-b1

(2.0 ng/ml) and cell culture supernatants were

assessed for fibronectin. (C ) IMR-90 fibroblasts

were cultured to 60% confluence in a 96-well
plate, growth arrested in serum-free media for

24 hours, and treated with plasmin for 16

hours. Apoptosis was assessed by enzyme-linked

immunosorbent assay (ELISA) for ssDNA. *P ,

0.001 compared with control (n 5 4). (D) IMR-

90 fibroblasts cultured as above were treated

with plasmin (0.1 U/ml) for the times noted and
whole cell lysates were assessed for cleaved

caspase-3 by SDS-PAGE and Western immuno-

blotting. Membranes were stripped and probed

for GAPDH. (E ) IMR-90 fibroblasts were treated
with plasmin 6 TGF-b1 (2.0 ng/ml) for 16

hours, and lysates were assessed for cleaved

caspase-3 by SDS-PAGE and Western immuno-

blotting. Membranes were stripped and probed
for GAPDH. Data are representative of at least

three independent experiments.
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18 hours. RNA was isolated and Affymetrix microarray analysis was
performed. Values represent mean 6 SEM (n 5 3).

Statistical and Densitometric Analyses

Statistical analysis was performed using Student’s t test when compar-
ing two groups and one-way ANOVA with Bonferroni correction when
comparing three or more experimental conditions. This analysis was
done using GraphPad Prism version 3.0 for Windows (GraphPad Soft-
ware, San Diego, CA).

RESULTS

Exogenous Plasmin Induces Fibroblast Apoptosis in Association

with Fibronectin Proteolysis

Our previous studies suggest that the interactions of fibro-
blasts with ECM components regulate their differentiation and
susceptibility to apoptosis (8, 10). To investigate the potential
induction of fibroblast apoptosis by plasmin-mediated matrix
proteolysis, IMR-90 fibroblasts were treated with or without
exogenous plasmin in the presence or absence of TGF-b1. Cell
culture supernatants collected from plasmin-treated fibroblasts
demonstrated dose-dependent fibronectin proteolysis (Figure

1A). TGF-b1 treatment increased the total amount of fibronec-
tin in the cell culture supernatants but failed to inhibit plasmin-
mediated fibronectin proteolysis (Figure 1B). In addition,
plasmin treatment induced fibroblast apoptosis in a dose- and
time-dependent manner (Figures 1C, 1D, and 1E). As with
fibronectin proteolysis, exogenous TGF-b1 failed to inhibit
plasmin-induced fibroblast apoptosis (Figure 1E).

Plasminogen Activation by Fibroblasts Is Associated with

Fibronectin Proteolysis and Induction of Anoikis

We next sought to determine if endogenous mechanisms of
plasminogen activation in IMR-90 fibroblasts would recapitu-
late the effects of exogenous plasmin on fibronectin degradation
and fibroblast anoikis. Fibroblasts were treated with increasing
plasminogen concentrations for various periods of time, and cell
culture supernatants were assessed for plasmin activity. The
addition of plasminogen with concentrations ranging from 5.0 to
50 mg/ml led to detectable plasmin activity at 6 hours, with
maximal activity between 16 and 24 hours (Figures 2A and 2D,
open bars). The appearance of fibronectin degradation products
in the cell culture supernatant closely correlated with plasmin-
ogen activation (Figures 2B, 2C, and 2E). At all doses and time

Figure 2. TGF-b1 inhibits plasminogen activation and
fibronectin proteolysis in normal human lung fibroblasts.

(A) IMR-90 fibroblasts were cultured and growth

arrested for 24 hours in serum-free media without

phenol red before treatment with exogenous plasmino-
gen without (open bars) or with (solid bars) TGF-b1 (2.0

ng/ml) for 16 hours. The cell culture supernatants were

assessed for plasmin activity as described in MATERIALS AND

METHODS. *P , 0.001 versus untreated control. **P ,

0.001 compared with the equivalent plasminogen dose

without TGF-b1. n 5 4 per condition. (B) IMR-90

fibroblasts were treated with plasminogen at the in-
dicated doses for 16 hours and cell culture supernatants

were assessed for fibronectin by SDS-PAGE and Western

immunoblotting. (C ) IMR-90 fibroblasts were treated

with plasminogen 6 TGF-b1 (2.0 ng/ml) for 16 hours,
and cell culture supernatants were assessed for fibronec-

tin by SDS-PAGE and Western immunoblotting. (D) IMR-

90 fibroblasts were treated with plasminogen (50 mg/

ml) for the time periods indicated in the absence (open
bars) or presence (solid bars) of TGF-b1 (2.0 ng/ml) and

cell culture supernatants were assessed for plasmin

activity. *P , 0.001 compared with untreated control.
**P , 0.001 compared with equivalent time-point

without TGF-b1. n 5 4 per condition. (E ) Similarly

cultured IMR-90 cells were treated with plasminogen

(50 mg/ml) for the indicated times and cell culture
supernatants were assessed for fibronectin by SDS-PAGE

and Western immunoblotting. Data are representative of

at least three independent experiments.
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points indicated, TGF-b1 co-treatment significantly attenuated
plasminogen activation (Figures 2A and 2D, solid bars) and
fibronectin proteolysis (Figure 2C).

TGF-b1 Inhibits Plasminogen-Induced Fibroblast Apoptosis

Having shown that plasmin induces fibroblast apoptosis, that
fibroblasts activate plasminogen, and that plasminogen activa-
tion leads to fibronectin proteolysis, we next investigated the
effects of exogenous plasminogen on fibroblast apoptosis. Treat-
ment of IMR-90 fibroblasts with exogenous plasminogen in-
duced apoptosis with a dose response (Figures 3A and 3B) and
time course (Figures 3C and 3D) similar to that of plasminogen

activation and plasminogen-mediated fibronectin proteolysis.
To determine if TGF-b1 would also attenuate plasminogen-
induced apoptosis, fibroblasts were exposed to plasminogen
with or without TGF-b1 (2 ng/ml) for 18 hours and apoptosis
was assessed (Figures 4A, 4B, and 4C). In contrast to its in-
ability to limit plasmin-induced apoptosis, TGF-b1 conferred
significant protection from the pro-apoptotic effects of plasmin-
ogen (Figures 4A, 4B, and 4C). TGF-b1–mediated protection
from plasminogen-induced apoptosis was maintained when its

Figure 3. Plasminogen-induced fibroblast apoptosis is dose- and time-

dependent. IMR-90 fibroblasts were cultured in a 96-well plate or in
35-mm dishes to 60% confluence and growth arrested for 24 hours be-

fore treatment with plasminogen. (A) Fibroblasts were treated with plas-

minogen for 18 hours and apoptosis was assessed via ELISA for ssDNA
(n 5 4; * P , 0.001 versus control). (B) Fibroblasts were treated with

plasminogen (doses indicated) for 18 hours and cell lysates were

assessed for cleaved caspase-3 by Western immunoblotting. The blot

was then stripped and probed for GAPDH. (C) Fibroblasts in a 96-well
plate were treated with plasminogen (50 mg/ml) and apoptosis was

assessed by ELISA for ssDNA (n 5 4; *P , 0.001 versus time 0). (D)

Fibroblasts were treated with plasminogen (50 mg/ml) and whole cell

lysates were assessed for cleaved caspase-3 by Western immunoblot-
ting. The blots were stripped and re-probed for GAPDH. All data

represent experiments performed at least three times.

Figure 4. TGF-b1 inhibits plasminogen-induced fibroblast apoptosis.

(A and B) IMR-90 fibroblasts were cultured and treated with plasmin-
ogen 6 TGF-b1 (2.0 ng/ml) for 18 hours. (A) Apoptosis was assessed by

ELISA for ssDNA. n 5 4; *P , 0.001 versus control, **P , 0.001 versus

plasminogen without TGF-b1. (B) Apoptosis was assessed by Western
immunoblotting for cleaved caspase-3. The blot was then stripped and

probed for GAPDH. (C ) IMR-90 fibroblasts were treated with/without

plasminogen (50 mg/ml) in the presence/absence of TGF-b1 (2 ng/ml)

for 18 hours and visualized by microscopy. Representative photomicro-
graphs are shown at 320 power. (D) IMR-90 fibroblasts were treated

with/without plasminogen (50 mg/ml) in the presence/absence of TGF-

b1 given as a co-treatment or delayed for the times noted. Apoptosis

was assessed by ELISA for ssDNA 18 hours after the plasminogen
treatment. *P , 0.001 versus untreated control, **P , 0.001 versus

compared with plasminogen treatment alone.
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administration was delayed up to 4 hours after plasminogen
treatment, but the protection was lost if TGF-b1 was adminis-
tered 8 or more hours after plasminogen (Figure 4D). These
findings suggest that to inhibit apoptosis, the TGF-b1–induced
‘‘protective factor(s)’’ must be present before significant plas-
minogen activation has occurred.

Next, we compared the effects of TGF-b1 and a2 antiplas-
min or e-aminocaproic acid on plasminogen-induced apoptosis
(Figure E1 in the online supplement). a2-antiplasmin, a plasmin
inhibitor, completely blocked plasminogen-induced fibroblast
apoptosis and TGF-b1 conferred nearly equivalent protection
(Figure E1-A and E1-B). The lysine analog, e-aminocaproic
acid also blocked plasminogen-induced apoptosis (Figure E1-C)
(19, 29). These experiments confirm that fibroblast apoptosis
induced by plasminogen requires plasminogen activation.

Plasmin has been shown to activate latent TGF-b1 from the
ECM (30), providing a potential feedback mechanism to nega-
tively regulate plasminogen-mediated apoptosis. To investigate
whether plasmin-mediated TGF-b1 activation may, in the ab-
sence of exogenous TGF-b1, limit plasmin-mediated apoptosis,
we treated IMR-90 fibroblasts with plasmin or plasminogen in
the presence/absence of a pharmacologic inhibitor of the type 1
TGF-b receptor (ALK-5), SB431542. We have previously shown
that this inhibitor blocks TGF-b1 SMAD-dependent signaling
in IMR-90 fibroblasts (10). Neither plasmin nor plasminogen-
mediated apoptosis increased with inhibition of TGF-b1 signal-
ing (Figure 5). This finding suggests that any activation of latent
TGF-b1 by plasmin is insufficient to overcome apoptosis in-
duced by pericellular matrix proteolysis.

Plasminogen-Mediated Fibroblast Apoptosis Is Independent

of MMP Activity

In addition to fibrinolysis and ECM proteolysis, plasmin has
been implicated in the activation of matrix metalloproteinases

(MMPs), a family of proteinases capable of degrading all com-
ponents of the ECM. We sought to determine if fibroblast
apoptosis induced by plasminogen activation was a direct effect
of plasmin-mediated ECM proteolysis or secondary to MMP
activation. We first assessed if a broad spectrum MMP inhibitor
(marimastat, BB2516), at doses known to inhibit MMPs, would
alter plasminogen activation and/or fibronectin proteolysis (31,
32). IMR-90 fibroblasts were treated with plasminogen in the
presence/absence of BB2516 (5 mM) and/or TGF-b1 for 18
hours. BB2516 had no significant effect on plasminogen activa-
tion, fibronectin proteolysis, or the ability of TGF-b1 to inhibit
these cellular and pericellular processes (Figures 6A and 6B).
Similarly, BB2516 had no effect on plasminogen-induced fibro-
blast apoptosis or TGF-b1–mediated protection from apoptosis
(Figures 6C and 6D).

Plasminogen-Induced Fibroblast Apoptosis Is Not Mediated

by Fibronectin Degradation Peptides

Soluble fibronectin peptides have been shown to induce fibro-
blast anoikis through competitive blockade of integrin-dependent
adhesion signaling pathways (33). We questioned if plasmin-
mediated fibroblast apoptosis might be induced by the gen-
eration of soluble fibronectin degradation peptides released
into the cellular microenvironment. To test this possibility,
conditioned media was collected from fibroblasts treated with/
without TGF-b1 or plasminogen. We confirmed that condi-
tioned media from plasminogen-treated fibroblasts, but not the
TGF-b1 or control fibroblasts, contained fibronectin proteo-
lytic peptides (Figure 7A). a2-antiplasmin was added to the
conditioned media to neutralize residual plasmin activity, and
the conditioned media was then transferred to growth-arrested
fibroblasts that were pre-treated with suramin (300 mM) to
block activation of growth factor receptors (66). Apoptosis
was assessed after 18 hours (Figures 7B and 7C). In these ex-
periments, we found no differences in apoptosis of cells treated
with conditioned media containing fibronectin peptide frag-
ments compared with fibroblasts treated with conditioned media
lacking these cleaved peptides. These studies indicate that, while
pericellular fibronectin degradation is associated with fibroblast
apoptosis, the soluble fibronectin peptides themselves are in-
capable of mediating apoptosis in this context.

TGF-b1 Protection from Plasminogen-Induced Apoptosis Is

Mediated by PAI-1

Fibroblast apoptosis induced by plasminogen correlates with
plasmin activity. Moreover, we found that plasminogen-mediated
apoptosis, but not plasmin-mediated apoptosis, was inhibited by
TGF-b1 if the TGF-b1 was given before significant plasminogen
activation had occurred. These findings suggested that the
apoptosis protection afforded by TGF-b1 may depend on the
inhibition of plasminogen activation. Previous studies have
shown that the expression of PAI-1, which inhibits plasminogen
activation, is upregulated by TGF-b1 in lung fibroblasts (34). In
our experimental conditions, PAI-1 expression is potently in-
duced by TGF-b1 in IMR-90 fibroblasts (Figure 8A). To de-
termine if PAI-1 would inhibit plasminogen-mediated apoptosis,
IMR-90 fibroblasts were treated with plasminogen 6 TGF-b1 or
exogenous PAI-1 (Figures 8B and 8C). Analysis of the cell
culture supernatants confirmed that both exogenous PAI-1 and
TGF-b1 significantly blocked plasminogen activation. In addi-
tion, both TGF-b1 and exogenous PAI-1 attenuated plasmino-
gen-induced fibroblast apoptosis (Figure 8C).

To confirm that PAI-1 is required for TGF-b1 inhibition of
plasminogen-induced apoptosis, we used primary lung fibro-
blasts from wild-type (WT) and PAI-1 null mice (PAI-12/2). As

Figure 5. Blockade of the type 1 TGF-b receptor does not increase
plasminogen- or plasmin-mediated fibroblast apoptosis. (A) IMR-90

fibroblasts were treated with (A) plasmin (0.5 U/ml) or (B) plasminogen

(50 mg/ml) in the presence/absence of the ALK-5 inhibitor SB431542

(1.0 mM). Apoptosis was assessed by ELISA for ssDNA after 18 hours.
*P , 0.001 versus untreated controls (n 5 4 per condition, and the

experiment was repeated three times).
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with IMR-90 fibroblasts and NIH-3T3 fibroblasts, wild-type
murine lung fibroblasts activate plasminogen and are suscepti-
ble to plasminogen-mediated apoptosis (Figures 8D, open bars;
8E; and 8F, open bars). The effect of TGF-b1 on inhibition of
plasminogen activation was found to be greater with 5.0 ng/ml
than 2.0 ng/ml. At this dose of TGF-b1, significant inhibition of
plasminogen activation and blockade of plasminogen-induced
fibroblast apoptosis was observed (Figures 8D, open bars; 8E;
and 8F, open bars). Relative to wild-type fibroblasts, PAI-12/2

fibroblasts generated increased plasmin activity after plasmino-
gen administration and, importantly, TGF-b1 failed to inhibit
plasminogen activation (Figure 8D, solid bars). Apoptosis in the
PAI-12/2 fibroblasts correlated with plasmin activity; PAI- 12/2

fibroblasts displayed increased apoptosis after administration of
plasminogen when compared with wild-type fibroblasts, and
TGF-b1 failed to confer protection from plasminogen-induced
apoptosis (Figures 8E and 8F, solid bars). Finally, the addition of
exogenous PAI-1 to PAI-12/2 fibroblasts rescued the knock-out
phenotype and restored apoptosis resistance in plasminogen-
treated fibroblasts (Figure 8F, solid bars).

DISCUSSION

Reestablishment of normal tissue architecture and function af-
ter injury requires the precise spatial and temporal regulation of
reparative responses including the recruitment, activation, and
elimination of (myo)fibroblasts (35). Fibroblast/myofibroblast
apoptosis represents a critical checkpoint in the resolution of
wound repair, as myofibroblast resistance to apoptosis is asso-
ciated with persistent tissue fibrosis (1, 4, 11, 36). Little is known
about the physiologic stimulus of fibroblast apoptosis in the
context of normal wound healing, but hypotheses have recently
focused on the interactions between the cells and their peri-
cellular matrix (3, 36). We, and others, have shown that fibro-
blasts are susceptible to anoikis, a form of apoptosis induced by
loss of adhesion-mediated signals that may represent an impor-
tant mechanism for mesenchymal cell apoptosis (10, 37). In this
study, we sought to define relevant mechanisms regulating
fibroblast/myofibroblast anoikis, and our findings provide addi-
tional insights into the roles of TGF-b1 and the plasminogen
activation system in this process. First, we demonstrate that

Figure 6. Plasminogen-induced fibroblast apopto-

sis is not mediated by MMPs. IMR-90 fibroblasts

were treated with/without plasminogen (50 mg/ml)
6 TGF-b1 (2.0 ng/ml) and/or the broad-spectrum

MMP inhibitor BB2516 (5.0 mM) for 18 hours. (A)

Cell culture supernatants were assessed for plasmin

activity. n 5 4; *P , 0.001 versus controls, **P ,

0.001 versus plasminogen alone. (B) Cell culture

supernatants were assessed for fibronectin by West-

ern immunoblotting. (C ) Apoptosis was assessed

using ELISA for ssDNA. n 5 4; *P , 0.001 versus
control, **P , 0.001 versus plasminogen. (D)

Apoptosis was also assessed by Western immuno-

blotting of whole cell lysates for cleaved caspase-3.
Blots were stripped and probed for GAPDH. All data

represent experiments performed at least three

times.
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plasminogen activation by fibroblasts induces pericellular fibro-
nectin proteolysis in association with fibroblast anoikis. We then
show that TGF-b1 blocks these plasminogen-mediated effects
via up-regulation of PAI-1, suggesting that PAI-1, at least in
part, mediates the anti-proteolytic and anti-apoptotic effects of
TGF-b1. These data demonstrate a novel mechanism by which
TGF-b1 and the plasminogen activation system interact to
regulate fibroblast apoptosis.

This study is the first, to our knowledge, to demonstrate that
TGF-b1 regulates fibroblast anoikis induced by plasminogen
activation. Plasminogen activation induces dose- and time-
dependent fibroblast apoptosis in association with pericellular
fibronectin proteolysis. In response to TGF-b1, fibroblasts up-
regulate PAI-1 expression, blocking the activation of exogenous

plasminogen and decreasing proteolysis of fibronectin (Figure
9). This creates an anti-proteolytic cellular microenvironment
that would favor the accumulation and stabilization of extra-
cellular matrix, key features of progressive tissue fibrosis. In
addition, our data show that plasminogen activation induces
apoptosis of primary human embryonic lung fibroblasts, pri-
mary murine lung fibroblasts and NIH-3T3 fibroblasts. Impor-
tantly, TGF-b1, a key cytokine implicated in the pathogenesis
of fibrotic diseases, inhibits fibroblast apoptosis induced by
plasminogen activation. The failure of TGF-b1 to inhibit
apoptosis in PAI-1–deficient fibroblasts supports a central role
for PAI-1 in the protection against plasminogen-induced apo-
ptosis.

In accord with these findings, another recent study reported
that plasminogen activation in NIH-3T3 and primary murine
lung fibroblasts requires uPA and is inhibited by PAI-1 (19). In
addition, plasminogen activation by vascular smooth muscle
cells and CHO fibroblasts has been shown to induce ECM pro-
teolysis (38, 39). Our finding that PAI-1 is required for TGF-b1
inhibition of plasminogen-mediated apoptosis is also in agree-
ment with a prior study in vascular smooth muscle cells (40). A
related serpin, nexin-1, has been shown to inhibit plasminogen-
induced fibroblast apoptosis (39).

The effects of plasminogen activation on extracellular matrix
proteolysis and mesenchymal cell fate remain poorly under-
stood and recent investigations, including the current study,
suggest that they are diverse and contextual. Studies in vascular
smooth muscle cells (VSMCs), for example, describe several
biological effects of plasminogen activation (38–41). One study
in rat aortic VSMCs shows that tPA-mediated plasminogen
activation rapidly induces apoptosis (38). Another study shows
that human cerebrovascular smooth muscle cells use uPA-
mediated plasminogen activation to degrade pathogenic b-
amyloid proteins associated with Alzheimer’s disease. Sustained
plasminogen activation in these cells, however, induces anoikis,
a mechanism thought to contribute to loss of blood vessel
integrity and cerebral hemorrhage (41). Additional studies have
shown that plasmin-mediated release of growth factors from the
ECM may stimulate fibroblast proliferation (42) and that in-
creased PAI-1 expression contributes to fibroblast senescence
(43). Finally, studies in vascular smooth muscle cells show that
plasmin-mediated activation of latent TGF-b1 promotes mes-
enchymal cell survival (17, 44). In the current study, plasmin-
mediated TGF-b1 activation was not directly measured. In-
hibition of the ALK-5 receptor, however, did not further in-
crease plasminogen- or plasmin-mediated apoptosis, indicating
that TGF-b1 activation by plasmin does not significantly alter
fibroblast susceptibility to apoptosis. Collectively, these studies
demonstrate the diverse effects of plasminogen activation on
mesenchymal cell phenotypes and highlight the complex mech-
anisms by which specific microenvironments regulate cellular
phenotypes.

In the current study, we questioned whether plasmin-medi-
ated proteolysis of fibronectin might induce fibroblast apoptosis
through the generation of soluble fibronectin peptides that
competitively inhibit integrin-mediated signaling (10, 33, 37).
While fibroblast apoptosis closely correlated with plasminogen
activation and the appearance of soluble fibronectin fragments
in the cell culture supernatant, these soluble fragments were
not sufficient to mediate apoptosis when compared with that
obtained from untreated or TGF-b1–treated fibroblasts, sug-
gesting that these peptides do not directly mediate fibroblast
apoptosis. Plasmin is also known to activate other extracellular
matrix proteases, including matrix metalloproteinases (MMPs),
which have also been implicated in the pathogenesis of fibrotic
disease and in the regulation of fibroblast phenotypes (18, 45–47).

Figure 7. Fibronectin proteolytic peptides in conditioned media do
not induce fibroblast apoptosis. IMR-90 fibroblasts were treated with/

without plasminogen (50 mg/ml) or TGF-b1 (2 ng/ml) for 18 hours. (A)

Cell culture supernatants were assessed for fibronectin degradation

peptides by Western immunoblotting. (B and C) a2-antiplasmin was
added to the culture supernatants to neutralize residual plasmin

activity. This conditioned media was then used to treat growth-arrested

IMR-90 fibroblasts pre-treated with suramin (300 mM). After 18 hours,
apoptosis was assessed by (B) Western immunoblotting for cleaved

caspase 3 or by (C) ELISA for ssDNA.
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In our studies, a broad-spectrum MMP inhibitor had no effect
on plasminogen-induced apoptosis. Thus, our data indicate that
plasminogen-induced fibroblast apoptosis is associated with, but
is not dependent on, the generation of soluble products of ECM
degradation and that fibroblast apoptosis is independent of
MMP activity.

Although the precise mechanism of plasminogen-mediated
fibroblast apoptosis remains to be determined, alterations in cell
shape and biomechanics may be a plausible explanation. Such
disruptions of adhesion-mediated signal transduction have been
shown to alter the phenotype of adhesion-dependent cells such
as fibroblasts (3, 13, 48). Our studies support a potential role for
biomechanical unloading due to ECM proteolysis in the in-
duction of fibroblast apoptosis, and are consistent with studies
showing that fibroblasts within collagen matrices undergo apo-
ptosis after release and contraction of an attached matrix (48–51).
Similarly, studies have reported that rapid cell shrinkage in-
duces fibroblast apoptosis and that tension activates pro-
survival signals such as PI3K/AKT in association with integrin
up-regulation (52, 53).

The plasminogen activation system, which is regulated by the
balance between plasminogen activators and inhibitors, has

been causally linked to fibrosis of the lung and other organ
systems (14, 54–60). Mice that overexpress PAI-1 develop
severe fibrosis, whereas mice deficient in PAI-1 or overexpress-
ing uPA are highly resistant to pulmonary fibrosis (56, 59).
Moreover, the anti-fibrotic effects of plasminogen activation are
not attributable to fibrinolysis, as mice deficient in fibrinogen
maintain susceptibility to bleomycin-induced pulmonary fibrosis
(61). Studies show that bronchoalveolar lavage fluid (BALF)
from patients with acute and chronic lung disease has alter-
ations in the levels and/or activity of components of the coag-
ulation and fibrinolytic sytems, including fibrin, plasminogen,
plasminogen activators, and PAI-1 (58, 62–64). The presence of
these components in the BALF during states of lung injury and
repair suggests that they diffuse from the vascular compartment
and are available to act on cells and the extracellular matrix
within the interstitial compartment.

Our studies primarily used low passage IMR-90 fibroblasts,
which are primary human embryonic lung fibroblasts that
undergo replicative senescence at higher passage (26). How-
ever, plasminogen activation–induced apoptosis and protection
by TGF-b1 were recapitulated in NIH-3T3 fibroblasts and in
primary murine lung fibroblasts. In the murine cell experiments,

Figure 8. PAI-1 expression is required for

TGF-b1 inhibition of plasminogen-induced

fibroblast apoptosis. (A) IMR-90 fibroblasts
were treated 6 TGF-b1 (2.0 ng/ml) for 18

hours. PAI-1 RNA was assessed via Affymetrix

microarray gene chip analysis. n 5 3; P 5

0.001. (B) IMR-90 fibroblasts were treated
with plasminogen (50 mg/ml) 6 TGF-b1 (2.0

ng/ml) or exogenous PAI-1 (22.5 ng/ml) for

18 hours, and cell culture supernatants were

assessed for plasmin activity. n 5 2; *P ,

0.001 versus control. **P , 0.001 versus

plasminogen. (C ) Whole cell lysates from

IMR-90 fibroblasts were assessed for cleaved
caspase-3 by Western immunoblotting, and

the blots were stripped and probed for

GAPDH. (D) Primary lung fibroblasts isolated

from wild-type (open bars) and PAI-12/2 mice
(solid bars) were cultured to 60% confluence

and treated with plasminogen (50 mg/ml) 6

TGF-b1 (5.0 ng/ml) for 18 hours. Cell culture

supernatants were assessed for plasmin activ-
ity. n 5 2; *P , 0.001 versus untreated

control, **P , 0.001 versus plasminogen

alone; #P , 0.001 versus wild-type 1 plas-
minogen. (E ) Primary lung fibroblasts from

wild-type and PAI-12/2 mice were treated

with plasminogen (50 mg/ml) 6 TGF-b1 (5.0

ng/ml) for 18 hours and whole cell lysates
were assessed for cleaved caspase-3. Mem-

branes were stripped and probed for GAPDH.

(F ) Primary lung fibroblasts from wild-type

(open bars) and PAI-12/2 (solid bars) mice
were treated with plasminogen (50 mg/ml)

6 TGF-b1 (5.0 ng/ml) or exogenous PAI-1

(22.5 ng/ml) for 18 hours and apoptosis was

assessed by ELISA for ssDNA. n 5 4; *P , 0.01
versus untreated control; **P , 0.001 versus

plasminogen treated. Data represent three

independent experiments.
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higher doses of TGF-b1 were required to inhibit plasminogen
activation and fibroblast apoptosis, reflecting possible differ-
ences in the sensitivity of these different cell types to TGF-b1 or
differences in basal levels of PAI-1. The susceptibility of normal
and disease-associated primary adult human lung fibroblasts
to plasminogen-induced apoptosis is currently not known. Our
in vitro studies demonstrate that plasminogen activation by
fibroblasts promotes fibronectin proteolysis, an effect that is
consistent with the in vivo anti-fibrotic effects of plasminogen
activation (56, 59, 65). Further studies are required to determine
the role of plasminogen activation in the regulation of fibroblast
apoptosis in vivo. Our finding that TGF-b1 inhibits fibroblast
apoptosis by upregulation of PAI-1 demonstrates a novel
mechanism by which PAI-1 may mediate pro-fibrotic effects
in vivo. Furthermore, this report provides a mechanistic link
between TGF-b1 and the plasminogen activation system in
regulating fibroblast apoptosis.
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