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Vayalil, Praveen K., Mitchell Olman, Joanne E. Murphy-
Ullrich, Edward M. Postlethwait, and Rui-Ming Liu. Glutathione
restores collagen degradation in TGF-B-treated fibroblasts by block-
ing plasminogen activator inhibitor-1 expression and activating plasmin-
ogen. Am J Physiol Lung Cell Mol Physiol 289: 1.937-1.945, 2005;
doi:10.1152/ajplung.00150.2005.—Transforming growth factor (TGF)-f3
plays an important role in tissue fibrogenesis. We previously demon-
strated that reduced glutathione (GSH) supplementation blocked col-
lagen accumulation induced by TGF- in NIH-3T3 cells. In the
present study, we show that supplementation of GSH restores the
collagen degradation rate in TGF-3-treated NIH-3T3 cells. Restora-
tion of collagen degradation by GSH is associated with a reduction of
type I plasminogen activator inhibitor (PAI)-1 expression/activity as
well as recovery of the activities of cell/extracellular matrix-associ-
ated tissue-type plasminogen activator and plasmin. Furthermore, we
find that NIH-3T3 cells constitutively express plasminogen mRNA
and possess plasmin activity. Blockade of cell surface binding of
plasminogen/plasminogen activation with tranexamic acid (TXA) or
inhibition of plasmin activity with aprotinin significantly reduces the
basal level of collagen degradation both in the presence or absence of
exogenous plasminogen. Most importantly, addition of TXA or active
PAI-1 almost completely eliminates the restorative effects of GSH on
collagen degradation in TGF- treated cells. Together, our results
suggest that the major mechanism by which GSH restores collagen
degradation in TGF-f-treated cells is through blocking PAI-1 expres-
sion, leading to increased PA/plasmin activity and consequent pro-
teolytic degradation of collagens. This study provides mechanistic
evidence for GSH’s putative therapeutic effect in the treatment of
fibrotic disorders.

transforming growth factor-{3; plasminogen activation

PROGRESSIVE FIBROSIS IN VITAL ORGANS, such as the lung, kidney,
and heart, is a major cause of morbidity and mortality (7).
Despite the high frequency and severity of these fibrotic
diseases, there are few, if any, effective therapies because the
pathophysiological processes leading to fibrosis remain poorly
defined. Fibrosis is a complex tissue response characterized by
increased production and deposition of extracellular matrix
(ECM), of which collagens are a major component (7, 67).
Various cytokines, chemokines, and growth factors have been
shown to play important roles in the development of fibrosis;
however, transforming growth factor (TGF)-3 is considered to
be the most potent and ubiquitous profibrogenic mediator (8,
20, 23, 46, 71). Despite intensive investigations, the complex

molecular mechanisms underlying TGF-$-stimulated collagen
accumulation are still not completely defined.

In vitro, TGF-B1 lowers the intracellular concentration of
reduced glutathione (GSH), the most abundant intracellular
free thiol and an important antioxidant, in a variety of cell
types (2, 40, 52, 61, 62). A decreased GSH content has also
been demonstrated in animals with experimentally induced
fibrosis (10, 54) and in the lung lining fluid of patients with
fibrotic lung diseases such as idiopathic pulmonary fibrosis and
cystic fibrosis (9, 11, 59). Furthermore, aerosolized adminis-
tration of N-acetylcysteine (NAC), a precursor of GSH, atten-
uates bleomycin-induced lung fibrosis in mice (25). Although
NAC may function as a reductant directly modulating signaling
pathways or other biological processes, these observations
suggest that GSH depletion may contribute to the development
of fibrosis. We previously demonstrated that TGF-3 decreased
cellular GSH content in mouse embryonic fibroblasts (NIH-
3T3) (40). Restoration of intracellular GSH concentration with
exogenous GSH, NAC, or GSH ester reduced TGF-$3-stimu-
lated collagen accumulation, suggesting that GSH depletion is
critical for TGF--stimulated collagen accumulation (40).

In the present study, we clearly demonstrate that GSH
supplementation blocks TGF-B-induced collagen accumula-
tion by restoring collagen degradation through the inhibition of
protease inhibitor plasminogen activator inhibitor (PAI)-1 ex-
pression/activity and subsequent activation of plasminogen.

MATERIALS AND METHODS

Cell culture and treatment. NIH-3T3 cells were obtained from the
American Type Culture Collection (Rockville, MD). Cells were
grown routinely on 10-cm culture dishes in DMEM (GIBCO) con-
taining 10% fetal bovine serum (FBS; Hyclone, Logan, UT), 100
units/ml penicillin, and 100 pg/ml streptomycin [complete medium
(CM)] at 37°C in a humidified 95% air/5% CO, atmosphere. The cells
were treated under the same conditions as described below for all
experiments unless specifically indicated: cells were seeded at a
density of 2 X 10° cells/ml and cultured in CM for 24 h and then
serum starved for 24 h in the medium containing 0.1% FBS. After
serum starvation, the cells were treated with TGF- (R&D Systems,
Minneapolis, MN) and/or other compounds in serum-free medium for
various periods of time as indicated.

Northern blot analyses of mRNA content. Northern blot analysis of
steady-state mRNA content was performed as described previously
(39). Briefly, RNA (20 png) was electrophoresed through a 1.2%
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agarose-1.1% formaldehyde gel, transferred onto nylon membranes,
which were hybridized at 60°C with [*?P]dCTP (ICN Biomedical
Research Products, Costa Mesa, CA)-labeled PAI-1, procollagen
a2(I), and 18S cDNAs sequentially after stripping off the probe. The
membranes were scanned and radioactivity was quantified with In-
stantlmager (Packard Instruments).

Preparation of cell lysates and Western blot analysis. The cells
were lysed with a cocktail containing 1% Nonidet P-40, 1 mM
phenylmethylsulfonyl fluoride, 1 wg/ml leupeptin, 1 pg/ml aprotinin,
and 1% phosphatase inhibitor (Sigma Chemical, St. Louis, MO). The
cell lysates were centrifuged at 14,000 g for 30 min at 4°C, and the
supernatant was used for Western analyses as described previ-
ously (39). Autoradiographic bands were semiquantitated via densi-
tometric analysis (QuanityOne image analysis software; Bio-Rad,
Hercules, CA).

Determination of collagen degradation. We assessed collagen
degradation by measuring the time-dependent reduction of collagen-
bound radioactivity after pulse-chase labeling the cells with [*H]pro-
line (19, 24, 57). In brief, the cells were seeded on 12-well plates at
a density of 2 X 10° cells/ml in CM. After 24 h, the medium was
replaced, and the cells were incubated in serum-free medium for 6 h,
followed by CM containing 1 pCi/ml [*H]proline (ICN Biomedical
Research Products) and 25 pg/ml ascorbic acid for 18 h. Subse-
quently, the cells were washed three times with prewarmed medium
containing 2 mM cold proline (16) and treated with TGF-3 (1 ng/ml)
or solvent (the chase medium) in the presence or absence of GSH (1,
2.5, or 5 mM), plasminogen (5 pg/ml; Calbiochem, San Diego, CA),
tranexamic acid (TXA, 10 mM), aprotinin (5 pg/ml), or mouse active
PAI-1 (20 ng/ml, Molecular Innovations) in the chase medium for
various periods of time as indicated. In preliminary studies, we
examined collagen degradation in the medium and ECM/cell sepa-
rately. The results showed that >95% of the collagen degradation was
associated with the ECM/cell portion. Therefore, total collagen deg-
radation, including the degradation in media and ECM/cells, was
analyzed together. In brief, media and the cells/ECM lysates were
collected together at each time interval after treatments and heated at
95°C for 10 min to inactivate endogenous proteases. We determined
newly synthesized collagens by measuring the amount of collagenase-
sensitive radioactivity (collagen) as described previously (19, 51) with
slight modification. Briefly, proteins were precipitated with ice-cold
TCA (final concentration 5%) in the presence of bovine serum
albumin (100 pg). TCA precipitates were then resuspended in colla-
genase digestion buffer (50 mM Tris pH 7.5, 5 mM CaCl,, 2.5 mM
N-ethylmorpholine), and collagens were digested with highly purified
collagenase at 37°C for 4 h. Undigested proteins were then precipi-
tated with TCA, and the radioactivity in the supernatant was deter-
mined via liquid scintillation counting. Total collagen degraded at
timex was calculated by the following

cpm at time, — cpm at time,
(cp 0 P )XIOO

% collagen degraded = ;
cpm at time

where timeo represents the time just before TGF-f3 or solvent was
added and timey represents the time when samples were collected after
TGF-f or solvent treatment.

Zymographic analysis of tissue type plasminogen activator activity.
After treatment, the media were collected and concentrated by ultra-
filtration, and cells/ECM were collected with 1% Triton X-100 in PBS
buffer. The activities of tissue- and urokinase-type plasminogen acti-
vator (t-PA and u-PA) were determined by zymographic analysis (29).
Briefly, equal amounts of proteins were loaded onto 12% polyacryl-
amide gel containing 2 mg/ml casein in the presence of 5 pg/ml
plasminogen. After electrophoresis, we initiated the enzyme reaction
by incubating the gel in 0.1 M glycine-NaOH (pH 8.3) at 37°C for
16 h, and we developed the lytic areas by staining the gel with a
solution containing 30% methanol, 10% glacial acetic acid, and 0.5%
Coomassie blue G250. The gels were destained in the same solution
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without dye and scanned with Bio-Rad Fluor-s MultImaging system.
The photo-negative images of the gels were presented in the figures
and assessed semiquantitatively with QuantityOne image-analyzing
software. To avoid the possible interference of matrix metalloprotein-
ases (MMPs), EDTA (2 mM) was included in the glycine-NaOH
buffer during the incubation period. Gels without plasminogen were
also run simultaneously to ensure that the lytic areas were plasmino-
gen activators. The bands were identified based on both molecular
weight and the loss of lytic activity upon inclusion of the plasmin
inhibitor aprotinin (2 pg/ml).

Determination of plasmin activity in the medium. Plasmin activity
was measured according to the manufacturer’s protocol using a
specific chromogenic substrate Tosyl-glycyl-prolyl-lysine-4-nitrani-
lide-acetate (Chromozym PL from Roche Applied Sciences), which is
cleaved by plasmin into a residual peptide and 4-nitroaniline (73). The
assay was carried out at 25°C in a 0.5-ml reaction mixture containing
final concentrations of 33 mM Tris (pH 8.2), 6.4 mM NacCl, and 0.5
mM Chromozym PL dissolved in 100 mM glycine-0.2% vol/vol
Tween 20 buffer. The absorbance of 4-nitroaniline produced was
monitored at 405 nm. We calculated plasmin activity using the
extinction coefficient for 4-nitroaniline (e405 nm = 1 X 10* M ™!
cm ™). To ensure specificity, the results were confirmed by inclusion
of plasmin inhibitor aprotinin (2 pg/ml), which almost completely
inhibited plasmin activity.

RT-PCR. Total RNA was treated with RNase-free DNase I (Pro-
mega, Madison, WI) at 37°C for 30 min and reverse transcribed into
cDNAs with oligo (dT) 12-18 as primer. We performed PCR with a
DNA thermal cycler (Biometra) using the following primers for
murine plasminogen (74): forward primer 5'-AAC TAC TGC CGG
AAC CCA GAT-3’ (corresponding to murine plasminogen cDNA
988-1009 bp) and reverse primer 5'-GGT CTT CGA ATG CCT GTG
TGG A-3" (complementary to 1239-1260 bp). The PCR conditions
were: denaturation at 94°C for 30 s, annealing at 56°C for 30 s,
elongation at 72°C for 45 s for 35 cycles, and finally at 72°C for 5
min. GAPDH was amplified at the same time to show the equal
amplification conditions among samples. PCR was also conducted
with DNase I-digested RNAs without reverse transcription to exclude
the possibility of DNA contamination in RT-PCR reactions. The
amplified cDNA fragment (273 bp) were subjected to 1.2% agarose
gel electrophoresis and visualized by ethidium bromide staining.

Reverse zymographic analysis of PAI-1 activity. Reverse zymog-
raphy was performed as described previously (26) with minor modi-
fications. Samples were applied to mini 12% SDS-PAGE gels con-
taining purified human plasminogen, casein, and conditioned medium
(CM) from MDA-MB-231 cells (used as a source for PA’s). After
electrophoresis at 4°C, SDS was washed out with 25% Triton X-100,
and the gel was incubated at 37°C for 18 h in 0.1 M glycine (pH 8.3)
containing EDTA (2 mM) to block the activity of MMPs in the CM.
Consequently, the PA in CM of MDA-MB-231 cells converted the
plasminogen throughout the gels into plasmin, which in turn degraded
the casein in a diffuse pattern. By this method, PAI-1 activity yields
dark bands on the lightly stained background, due to an inhibition of
casein degradation. Two parallel control gels were treated similarly,
but they did not contain either casein or plasminogen. The former
served as a control to assure that the dark bands in the casein-
containing gels did not result from just staining of sample proteins and
the latter to demonstrate the degradation of casein in the gel is due to
the generation of plasmin. Band intensity was determined with the
Bio-Rad’s Fluor-s Multlmaging system and QuantityOne image-
analyzing software.

ELISA analysis of PAI-1 antigen. PAI-1 antigen was measured with
a commercially available ELISA kit (Molecular Innovations, South-
field, MI) that detects active and inactive PAI-1, as well as PAI-1/PA
complexes as described before (49, 53). CM (100 wl) was incubated
in 96-well plates coated with capture antibody followed by addition of
rabbit anti-murine PAI-1 polyclonal IgG (1:2,000). The bound poly-
clonal antibody was subsequently reacted for 30 min with secondary
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antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG,
1:10,000). 3,3',5,5'-Tetramethylbenzidine was used as the substrate
for color development, and the absorbance was measured at 450 nm.
The concentrations of PAI-1 in the samples were determined by
comparison to known amounts of human PAI-1 (0-5 ng/ml).

Statistical analysis. Data were presented as means = SE and were
evaluated by one-way analysis of variance. Statistical significance was
determined post hoc by Tukey’s test wherein P < 0.05 was considered
significant.

RESULTS

Effects of GSH supplementation on TGF-[3-induced procol-
lagen a2(I) mRNA and protein expression. We reported pre-
viously that TGF-3 increased procollagen a2(I), one of the
three procollagen chains that compose collagen I, but not
procollagen al(IIT), mRNA in NIH-3T3 cells (40). We also
reported that GSH supplementation blocked collagen protein
accumulation induced by TGF-f in these same cells. In this
study, we found that neither 5 mM GSH nor 4 mM GSH ester,
which were shown in our previous study to restore intracellular
GSH concentration in TGF-f3-treated NIH-3T3 cells (40), had
significant effects on TGF-f-induced procollagen o2(I) mRNA
expression (Fig. 1); however, GSH dramatically reduced TGF-
B-stimulated accumulation of procollagen «2(I) protein by
75% (Fig. 2). These data suggest that GSH supplementation
abrogates TGF-B-mediated collagen accumulation through
posttranscriptional mechanisms.

Effects of TGF-B and GSH supplementation on collagen
degradation. As GSH supplementation blocks TGF-f-medi-
ated collagen protein accumulation through a posttranscrip-
tional mechanism, we further examined whether it alters col-
lagen degradation in TGF-f3-treated NIH-3T3 cells. The results
showed that TGF-3 (1 ng/ml) inhibited collagen degradation (8
and 24 h), whereas these inhibitory effects were reversed by
GSH supplementation (Fig. 3). For example, by 24 h, 35% of
newly synthesized collagen was degraded in untreated cells,
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Fig. 1. GSH or GSH ester (GSHE) had no effect on transforming growth
factor (TGF)-B-stimulated procollagen a2(I) mRNA expression in NIH-3T3
cells. The cells were pretreated with 5 mM GSH or 4 mM GSHE for 30 min
and then treated with TGF-B (1 ng/ml) in the presence or absence of
GSH/GSHE for 24 h. Procollagen a2(I) mRNA was analyzed by Northern
hybridization and normalized by 18S mRNA as described in MATERIALS AND
METHODS. *P < 0.05 compared with respective untreated control (n = 4).
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Fig. 2. GSH abrogated the increase in procollagen o2(I) protein in TGF-{3-
treated NIH-3T3 cells. Experimental conditions were the same as described in
Fig. 1. The cell lysates were prepared, separated on SDS-PAGE, and blotted on
to a membrane, which was probed with a specific antibody to procollagen a2(I)
as described in MATERIALS AND METHODS. B-Actin was used to normalize the
amount of protein loading. *P < 0.05 compared with untreated control (n =
4); TP < 0.05 compared with TGF- alone-treated cells (n = 4).

whereas only 13% was degraded in TGF-f3-treated cells. GSH
supplementation (5 mM) restored the collagen degradation rate
in TGF-f-treated cells to 29%. Although lower concentrations
of GSH (1 and 2.5 mM) partially restored the collagen degra-
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Fig. 3. GSH restored collagen degradation rate in TGF-B-treated NIH-3T3
cells. After being labeled with [*H]proline for 18 h, NIH-3T3 cells were
washed with chase medium and treated with 1 ng/ml TGF-@ in the presence or
absence of GSH in chase medium for various periods of time as indicated.
Total collagen degradation was determined as described in MATERIALS AND
METHODS. The values are means = SE of 3 separate experiments performed in
triplicate. *P < 0.05 compared with untreated control at correspondent time
point; P < 0.05 compared with TGF-3 alone-treated group at correspondent
time point (n = 6-9).

AJP-Lung Cell Mol Physiol - VOL 289 « DECEMBER 2005 + Www.ajplung.org



L940
A

TGF-B[ingiml] - - +
GSH [5mM] s s 9
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sue-type plasminogen activator (t-PA) activ-
ity and reduced plasminogen activator-plas-
minogen activator inhibitor (PA/PAI) com-
plex levels in the conditioned medium in
TGF-B-treated NIH-3T3 cells. The cells were
pretreated with 5 mM GSH for 30 min and
then treated with 1 ng/ml TGF-f in the pres-
ence or absence of GSH for 24 h. t-PA and
urokinase-type plasminogen activator (u-PA)
activities in the cell/extracellular matrix-asso-
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dation in TGF-B-treated cells, the effect was not statistically
significant (data not shown). GSH up to 5 mM had no effect on
the basal level collagen degradation. These data indicate that
GSH supplementation reduces net collagen accumulation in
TGF-B-treated cells, at least in part, by restoring collagen
degradation inhibited by TGF-f3.

Effects of TGF-3 and GSH supplementation on plasminogen
activators and plasmin activities. The plasminogen/plasmin
system has been implicated in the process of collagen degra-
dation in vivo through multiple yet not completely defined
mechanisms (12, 21, 27, 45, 65). To further elucidate the
mechanism underlying the restoration of collagen degradation
by GSH in TGF-B-treated cells we examined the effects of
GSH on cell-/ECM-associated and soluble (in the conditioned
medium) t-PA and u-PA activities in TGF-B-treated cells.
Direct zymography analysis of cel/ECM revealed two major
Iytic zones (the dark bands on the photo-negative images of the
gels) at 63 and 48 kDa, which correspond to the known
molecular masses of t-PA and u-PA (Fig. 4A). TGF-f3 inhibited
the activities of cell-/ECM-associated and soluble t-PA, but not
u-PA. Similar effects of TGF- were also observed in time-
course experiments (data not shown). Importantly, although
GSH (5 mM) alone did not affect cell-/ECM-associated or
soluble levels of t-PA or u-PA, it selectively reversed the
inhibition of TGF- on the cell-/ECM-associated t-PA activity
(Fig. 4A). Moreover, analysis of CM showed an additional lytic
band at 110 kDa, consistent with the known molecular mass of
PA/PAI-1 complex (Fig. 4B). TGF-f3 increased the levels of
PA/PAI-1 complex in the conditioned medium, whereas co-
treatment with GSH eliminated such increase. These data
suggest that GSH restores the activity of cel/ECM associated
t-PA probably by inhibiting TGF-f-induced PAI-1 expression/
activity. Consistent with the finding that GSH restored t-PA
activity, we found that GSH supplementation reversed the
inhibition of plasmin activity by TGF- (Fig. 5A).

Plasma-circulating plasminogen is presumed to be liver
derived. Whether fibroblasts also express plasminogen has not
been previously characterized. To clarify where the plasmino-
gen come from in our cell system, we performed RT-PCR
analyses to determine whether NIH-3T3 cells also express
plasminogen. Electrophoresis analysis of RT-PCR products
revealed a clear band at 273 bp, which corresponds to the
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Fig. 5. NIH-3T3 cells constitutively express plasminogen mRNA and GSH
reversed TGF-B-mediated inhibition of plasmin activity in NIH-3T3 cells. A:
plasmin activity in the conditioned media. Media were collected after treat-
ment, and plasmin activity was determined with a chromogenic substrate
Tosyl-glycyl-prolyl-lysine-4-nitranilide-acetate as described in MATERIALS AND
METHODS. B: RT-PCR showing the expression of plasminogen in NIH-3T3
cells. RNAs were isolated from untreated NIH-3T3 cells (lanes 1 and 2) or
mouse liver (lane 3, positive control). Equal amounts of RNA were used for
RT-PCR reactions (lane 1) or direct PCR reactions (lane 2) with the primers
specific for murine plasminogen and GAPDH. Lane 4, negative control (no
template). *P < 0.05 compared with untreated control; TP < 0.05 compared
with TGF-f alone-treated group (P < 0.05, n = 3-6).
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RT-PCR fragment of plasminogen amplified by the primers
(Fig. 5B, lanes 1 and 3). No detectable PCR product was found
when the same amount of RNA from NIH-3T3 cells was
directly used as the template for PCR (lane 2), indicating that
the band in lane I is not due to DNA contamination. These data
indicate that, in addition to hepatocytes, fibroblast-like cells
(NIH-3T3 cells) also express plasminogen under basal condi-
tions.

Effect of plasminogen/plasmin inhibitors on collagen deg-
radation in TGF-B- and GSH-treated cells. To further verify
the involvement of the PA/plasmin system in collagen degra-
dation in our cell model, we examined collagen degradation in
the presence or absence of the plasminogen receptor binding/
plasminogen activation inhibitor, TXA, and the plasmin active-
site inhibitor, aprotinin, in the presence or absence of exog-
enously added plasminogen. The results showed that addition
of exogenous plasminogen (5 wg/ml) enhanced collagen deg-
radation (Fig. 6). Both TXA and aprotinin partially inhibited
collagen degradation in the presence and absence of exog-
enously added plasminogen (Fig. 6, fop). These data confirm
the importance of PA/plasmin system in the degradation of
collagens in NIH-3T3 cells. Most importantly, TXA abrogated
the restorative effect of GSH on collagen degradation in
TGF-B-treated cells in the presence or absence of exogenously
added plasminogen (Fig. 6, bottom). These data provide direct
evidence that GSH supplementation restores the collagen deg-
radation in TGF-B-treated cells by, at least in part, restoring the
activity of plasminogen activator/plasmin cascade.

Effects of GSH supplementation on TGF-[B-induced expres-
sion of type I PAI. PAI-1 plays an important role in controlling
ECM turnover in part by inhibiting the activity of plasminogen
activators/plasmin cascade (46, 48, 64). Increased PAI-1 ac-
tivity is a hallmark of tissue and organ fibrosis and TGF-f3 is a
strong inducer of PAI-1 (41). Therefore, we examined the
effects of TGF-$3 and/or GSH on PAI-1 expression and activity
by Northern hybridization, Western blotting, ELISA, and re-
verse zymography. TGF-3 increased the steady-state level of
PAI-1 mRNA in a time-dependent manner in NIH-3T3 cells
(Fig. 7A). Although neither GSH nor GSH ester had a signif-
icant effect on the basal level of PAI-1 mRNA expression, both
reduced TGF-3-stimulated PAI-1 mRNA expression (48 and
57%, respectively; Fig. 7B).

Consistent with the above results, TGF-3 substantially in-
creased the total PAI-1 protein content (Fig. 84) and activity
(Fig. 8B) in the CM as well as intracellular PAI-1 protein
content (Fig. 8C) by 24 h. GSH ester and/or GSH dramatically
reduced such stimulatory effects of TGF-3 on PAI-1 protein
content and activity, whereas neither GSH nor GSH ester
treatment induced a significant impact on basal PAI-1 protein
levels/activity.

Effects of exogenous active PAI-1 on the collagen degrada-
tion. To determine whether GSH restores collagen degradation
by inhibiting PAI-1 expression, we tested the effect of exoge-
nous active PAI-1 on the collagen degradation in TGF-{3- and
GSH-treated cells. Our data showed that addition of active
PAI-1 (20 ng/ml) almost completely eliminated the stimulatory
effect of GSH on the collagen degradation in TGF-3-treated
cells (Fig. 9). These data suggest that inhibition of PAI-1
expression is the primary mechanism by which GSH restores
the collagen degradation in TGF-3-treated cells.
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Fig. 6. Plasminogen activation/plasmin inhibitors reduced collagen degrada-
tion and abrogated the stimulatory effect of GSH on collagen degradation in
TGF-B-treated NIH-3T3 cells. Top: cells were pulse-labeled with [*H]proline
for 18 h and then treated with 1 ng/ml TGF- in the presence or absence of 10
mM tranexamic acid (TXA) or 5 pg/ml aprotinin with (+) or without (—)
exogenous plasminogen (PLG). Bottom: cells were pulse-labeled with [*H]pro-
line for 18 h and then treated with 1 ng/ml TGF-$3 with or without 5 mM GSH
and/or 10 mM TXA in the presence or absence of exogenous PLG. Collagen
degradation was determined as described in MATERIALS AND METHODS. *Sig-
nificantly different from corresponding PLG =, untreated control group;
Fsignificantly different from corresponding PLG *, TGF-B-treated group (P <
0.05, n = 6-11).

DISCUSSION

In previous studies, we demonstrated that TGF-3 concomi-
tantly decreases cellular GSH pools while increasing collagen
accumulation in murine embryonic fibroblasts (40). Addition
of exogenous NAC, GSH, or GSH ester limited the net GSH
decline and blocked collagen accumulation, suggesting that
GSH depletion may play a critical role in TGF-3’s fibrogenic
effects (40). Our current results suggest that GSH supplemen-
tation blocks TGF-B-induced collagen accumulation, at least in
part, through enhancing collagen degradation. Inhibition of
PAI-1 expression, coupled with restoration of t-PA and plas-
min activities, accounts for the augmented collagen degrada-
tion by GSH. These conclusions are based on the following
results: /) GSH blocked TGF-B-induced increase in procolla-
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Fig. 7. GSH inhibited TGF-B-induced PAI-1
mRNA expression in NIH-3T3 cells. A: time-
dependent induction of PAI-1 by TGF-B. The
cells were treated with 1 ng/ml TGF-f for
different periods of time as indicated. B:
effect of GSH or GSHE on TGF-B-induced
PAI-1 expression. The cells were treated with
5 mM GSH or 4 mM GSHE for 30 min and
then with 1 ng/ml TGF-B in the presence or
absence of GSH/GSHE for 24 h. After treat-
ment, RNA was isolated, and Northern hy-
bridization analyses of PAI-1 mRNA were
conducted as described in MATERIALS AND
METHODS. *P < 0.05 compared with un-
treated control; P < 0.05 compared with
TGF-f alone-treated group.

gen a2(I) protein chain levels (Fig. 2); 2) TGF- suppressed
collagen degradation, whereas GSH reversed such effect (Fig.
3); 3) TGF-B induced PAI-1 expression and activity, which
was accompanied by suppression of t-PA and plasmin activi-
ties, whereas GSH supplementation inhibited TGF-f-induced

Fig. 8. GSH reduced TGF-B-stimulated in-
creases in PAI-1 protein content and activity
in NIH-3T3 cells. NIH-3T3 cells were treated
as described in Fig. 1. A: total amount of
PAI-1 antigen in the conditioned medium was
determined by ELISA; B: PAI-1 activity in the
conditioned medium by reverse zymography;
C: cellular levels of PAI-1 by Western blot
analyses as described in MATERIALS AND METH-
obs. *Significantly different from untreated
control; fsignificantly different from TGF-3
alone-treated group (P < 0.05, n = 4).
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Fig. 9. Addition of exogenous PAI-1 blocked the restorative effect of GSH on
the collagen degradation in TGF-(3-treated fibroblasts. After being labeled with
[*H]proline for 18 h, NIH-3T3 cells were washed with chase medium and
treated with 1 ng/ml TGF-f in the presence or absence of GSH and/or PAI-1
(20 ng/ml) in chase medium for 24 h. Total collagen degradation was
determined as described in MATERIALS AND METHODS. The values are means *
SE of 2 separate experiments performed in triplicate. *Significantly different
from the untreated control (P < 0.05); fsignificantly different from TGF-$ +
GSH treatment (P < 0.05).

GSH on collagen degradation in TGF-3-treated cells (Fig. 6);
and 5) addition of active PAI-1 completely eliminated the
stimulatory effect of GSH on the collagen degradation in
TGF-B-treated cells (Fig. 9).

Degradation of newly synthesized collagen can occur in both
intracellular and extracellular compartments. Before secretion,
15-30% of newly synthesized collagens are degraded intracel-
lularly (6, 42, 55, 56). Extracellular collagen degradation has
been suggested to be mediated mainly by two mechanisms:
receptor-mediated phagocytosis and subsequent intracellular
degradation and extracellular/cell surface associated protease-
mediated degradation (3, 17, 38, 45). As we measured the total
collagen degradation, we were unable to discriminate in which
compartment collagen degradation was inhibited by TGF-$3
and reversed by GSH supplementation. However, we speculate
that both TGF-B and GSH affect mainly the extracellular
collagen degradation. This speculation is based on the follow-
ing results: /) t-PA, plasmin and PAI-1 function mainly in the
extracellular compartment, and GSH supplementation elevated
the activities of t-PA and plasmin and inhibited PAI-1 expres-
sion (45); and 2) addition of exogenous active PAI-1 protein
almost completely eliminated the stimulatory effect of GSH on
the collagen degradation in TGF-3-treated cells.

Both in vitro and in vivo studies suggest that the plasmino-
gen activator/plasmin system plays an important role in extra-
cellular matrix degradation (12, 15, 21, 27, 45, 48, 65). Plasmin
activates pro-MMPs including interstitial collagenases, which
in turn degrade collagens and other extracellular matrix pro-
teins (12, 18, 43, 45). In addition to activating MMPs, plasmin
can also directly degrade fibrin, denatured collagens, as well as
components of the basement membrane and extracellular ma-
trix including type IV collagen (3, 4, 15, 20, 68). In this study,
we showed that the collagen degradation was significantly
inhibited by plasminogen activation inhibitor TXA or plasmin
inhibitor aprotinin in the presence or absence of exogenous
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plasminogen. These data further support the role of the plas-
minogen system in collagen degradation. Plasma-circulating
plasminogen is presumed to be liver derived; however, reports
also demonstrate regulatable plasminogen gene expression in
extrahepatic cells/tissues (5, 69, 74). Interestingly, we found in
this study that NIH-3T3 fibroblasts also express plasminogen
(Fig. 5). Although carry-over plasminogen from serum may
contribute in part to the plasmin activity detected in the
medium, these data suggest that fibroblasts are another poten-
tial source of plasminogen/plasmin.

In addition to plasminogen system, the activities of MMPs,
the major group of proteases involved in the regulation of ECM
turnover (12, 18, 43, 45), are also regulated by tissue inhibitors
of matrix metalloproteinases (TIMPs). Studies have shown that
TGF-f induces TIMPs and inhibits the activities of MMPs (3,
50, 63, 70). Whether TIMPs are also involved in the regulation
of the collagen degradation in our cell model and whether
TGF-B and/or GSH also affect the expression/activity of
TIMPs need to be explored further.

Under physiological conditions, cell-associated plasmin ac-
tivity is regulated at multiple levels including plasminogen/
plasminogen activator protein concentration, plasminogen/
plasminogen activator receptor number, as well as the activities
of plasminogen activator inhibitors (mainly PAI-1) (26, 45,
72). Our data demonstrate that exogenous GSH or GSH ester
inhibits TGF-B-stimulated PAI-1 expression at both the mRNA
and protein levels. GSH also abrogated formation of the
PA/PAI-1 complex and reversed the inhibitory effects of
TGF-B on cell-/ECM-associated t-PA and plasmin activities.
These results suggest that GSH enhances plasmin activity in
TGF-3-treated cells probably by blocking induction of PAI-1
protein and thereby eliminating the binding/inhibition of PAI-1
to ECM/cell-associated t-PA. The key finding that addition of
PAI-1 almost completely abrogated the restorative effect of
GSH on collagen degradation in TGF-3-treated fibroblasts
further supports the notion that GSH reverses TGF--mediated
inhibition of collagen degradation mainly by blocking the
induction of PAI-1.

The mechanisms whereby intracellular GSH concentrations
modulate TGF-B-induced PAI-1 gene expression remain un-
clear. It is interesting to note that GSH alone did not affect
basal collagen degradation, PAI-1 expression, or the activities
of t-PA/u-PA/plasmin. Most importantly, GSH has no effect on
TGF-B-stimulated procollagen o2(I) or TGF-f mRNA (data
not shown) expression. These data suggest that GSH blocks
PAI-1 expression by altering specific signaling pathways rather
than interacting directly with TGF-B/TGF-3 receptors.

There is increasing evidence that reactive oxygen species
(ROS) participate in the signaling cascades that mediate TGF-
B’s effects (22, 28, 32, 34). Our previous study demonstrated
that TGF-B is capable of producing ROS in NIH-3T3 cells.
Limiting ROS production by inhibiting NADPH oxidase com-
pletely eliminates TGF-f3-induced collagen accumulation (40),
suggesting that ROS mediate TGF-3’s effects in these fibro-
blasts. Although it remains unclear whether ROS are involved
in TGF-B-induced PAI-1 gene expression in NIH-3T3 cells,
ROS have been linked to the induction of PAI-1 expression by
several stimuli in other cell types (1, 13, 33, 60, 66, 75).
Interestingly, binding sites for activation protein 1 (AP-1), a
redox-sensitive transcription factor, have been identified in the
PAI-1 promoter (14, 30, 35, 36, 44, 47). Therefore, modulation
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of AP-1 binding to DNA may represent one potential mecha-
nism by which ROS modulates TGF-B-induced PAI-1 gene
expression. GSH is the most abundant intracellular free thiol
and an important antioxidant. GSH can directly scavenge ROS
or reduce hydrogen peroxide and organic peroxides through
glutathione peroxidase-catalyzed reactions. GSH can also reg-
ulate gene expression by modifying the redox status of protein
cysteine residues, including transcription factors, through glu-
taredoxin-catalyzed reactions (31, 37, 58). Thus GSH may
inhibit TGF-B-induced PAI-1 expression by scavenging ROS
and/or reducing oxidized protein cysteine residues induced by
TGF-B. Nevertheless, further studies are required to fully
characterize the underlying mechanism whereby GSH blocks
the induction of PAI-1 by TGF-$.

As an extension to our previous work (40), we used murine
embryonic fibroblasts to unravel the mechanism of antifibro-
genic effects of GSH. It should be emphasized that although
these fibroblast-like cells have been widely used to study
fibroblast biology, they are derived from mouse embryo. Thus
further experimentation with primary fibroblasts will be nec-
essary to extrapolate these findings to human diseases.

In summary, we have shown that GSH supplementation
restores collagen degradation in TGF-(3-treated cells, likely by
inhibiting PAI-1 expression, which constrains the loss of plas-
min activity and subsequently facilitates collagen degradation.
The results from this study shed new light on the mechanism of
TGF-B’s fibrogenic actions and provide a mechanistic under-
standing regarding the potential therapeutic value of GSH in
the treatment of fibrotic disorders.
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