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Abstract
Transforming growth factor (TGF)-β upregulates plasminogen activator inhibitor type 1 (PAI-1)
in a variety of cell types, and PAI-1 is considered to be an essential factor for the development of
fibrosis. Our previous studies demonstrated that TGF-β decreased intracellular glutathione (GSH)
content in murine embryonic fibroblasts (NIH/3T3 cells), whereas treatment of the cells with
GSH, which restored intracellular GSH concentration, inhibited TGF-β-induced collagen
accumulation by blocking PAI-1 expression and enhancing collagen degradation. In the present
study, we demonstrate that GSH blocks TGF-β-induced PAI-1 promoter activity in NIH/3T3 cells,
which is associated with an inhibition of TGF-β-induced JNK and p38 phosphorylation.
Interestingly, although exogenous GSH does not affect phosphorylation and/or nuclear
translocation of Smad2/3 and Smad4, it completely eliminates TGF-β-induced binding of
transcription factors to not only AP-1 and SP-1 but also Smad cis elements in the PAI-1 promoter.
Decoy oligonucleotides (ODN) studies further demonstrate that AP-1, SP-1, and Smad ODNs
abrogate the inhibitory effect of GSH on TGF-β-induced PAI-1 promoter activity and inhibit
TGF-β-induced expression of endogenous PAI-1. Furthermore, we show that GSH reduces TGF-
β-stimulated reactive oxygen species (ROS) signal. Blocking ROS production with
diphenyleneiodonium or scavenging ROS with a superoxide dismutase and catalase mimetic
MnTBaP dramatically reduces TGF-β-induced p38 and JNK phosphorylation as well as PAI-1
gene expression. In composite, these findings suggest that GSH inhibits TGF-β-stimulated PAI-1
expression in fibroblasts by blocking the JNK/p38 pathway, probably by reducing ROS, which
leads to an inhibition of the binding of transcription factors to the AP-1, SP-1, and Smad cis
elements in the PAI-1 promoter.
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Coordinated control of the production and turnover of extracellular matrix (ECM)
components is crucial for normal tissue homeostasis. Fibrotic disease occurs when normal
control of this process is compromised and excess fibrous material accumulates in the
tissues (27). Fibrogenesis occurs in most tissues, suggesting that a common pathway(s) may
mediate this response (27). Although little is known about specific mechanisms, altered
expression of transforming growth factor (TGF)-β has been strongly correlated with fibrosis
(5, 6, 28, 36). TGF-β induces fibrosis by promoting net matrix protein accumulation through
increasing ECM production and inhibiting ECM degradation. Type I plasminogen activator
inhibitor (PAI-1), a physiological inhibitor of plasminogen activators, inhibits protease-
dependent fibrinolytic activity and subsequent ECM degradation. PAI-1 expression is
consistently and dramatically upregulated in a variety of fibrotic diseases as well as in
experimental animal models such as carbon tetrachloride-induced liver fibrosis (48) and
bleomycin-induced pulmonary fibrosis (30). It has also been reported that bleomycin
induces a more severe lung fibrosis in transgenic mice overexpressing PAI-1 but
comparatively less severe fibrosis in PAI-1-deficient mice (12), suggesting an important role
of PAI-1 in the development of fibrosis.

Our previous studies demonstrated that TGF-β decreased intracellular concentration of
glutathione (GSH), the most abundant intracellular free thiol and an important antioxidant,
and stimulated collagen accumulation in murine embryonic fibroblasts (NIH/3T3 cells).
Restoration of intracellular GSH levels with N-acetyl cysteine (NAC), glutathione ester, or
GSH inhibited TGF-β-induced collagen accumulation (26). Furthermore, we showed that
GSH inhibited TGF-β-induced collagen accumulation by blocking TGF-β-induced PAI-1
expression and thus stimulating collagen degradation (42). Because of the importance of
PAI-1 as a major downstream effecter of TGF-β-induced fibrosis, defining the molecular
mechanism whereby GSH inhibits TGF-β-initiated PAI-1 expression may lead to the
identification of new therapeutic targets for the fibrotic diseases associated with an elevated
PAI-1 expression.

The Smad pathway mediates the induction of many TGF-β responsive genes including
PAI-1. TGF-β signaling through the Smad pathway has been well described in the past.
Following the binding of TGF-β to the type II receptor, the type I receptor is
phosphorylated, which further phosphorylates Smad2 or Smad3. Phosphorylated Smad2 and
Smad3 form a heteromeric complex with Smad4, which translocates to the nucleus where
the complex can directly or indirectly regulate gene transcription by interacting with other
transcription factors. Increasing evidence indicates that, in addition to the Smad pathway,
other pathways, including mitogen-activated protein kinase (MAPK) pathways, are also
important in TGF-β signaling. Importantly, several recent studies have demonstrated that
MAPKs are involved in TGF-β-induced PAI-1 expression in renal epithelial cells (24),
smooth muscle cells (33), endothelial cells (44), and mesangial cells (15). Whether GSH
inhibits TGF-β-induced PAI-1 gene expression by blocking Smad, MAPK, and/or other
signaling pathways remains to be determined.

In the present study, we show that GSH reduces TGF-β-stimulated reactive oxygen species
(ROS) signal in NIH/3T3 cells and blocks TGF-β-induced JNK and p38 phosphorylation,
associated with an inhibition of TGF-β-induced PAI-1 promoter activity. Most interestingly,
we show that although GSH has no effect on the phosphorylation and nuclear translocation
of Smad proteins, it suppresses the binding of the transcription factors to activator protein
(AP)-1, specificity protein (SP)-1, and Smad cis elements in the PAI-1 promoter.
Furthermore, we show that AP-1, SP-1, and Smad decoy oligonucleotides (ODN) abrogate
the inhibitory effect of GSH on TGF-β-induced PAI-1 promoter activity and inhibit TGF-β-
induced expression of endogenous PAI-1 gene. These results suggest that GSH inhibits
TGF-β-induced PAI-1 gene expression in part by blocking JNK and p38 pathways, probably
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by reducing ROS, and the subsequent binding of the transcription factors to AP-1, SP-1, and
Smad cis elements in the PAI-1 promoter.

MATERIALS AND METHODS
Cell culture and treatment

Mouse embryonic fibroblast NIH/3T3 cells were originally obtained from American Type
Culture Collection (Manassas, VA). Mv1Lu cells (kindly provided by Dr. Daniel Rifkin,
New York University) are mink lung epithelial cells stably transfected with a luciferase
reporter gene driven by 800 bp of human PAI-1 promoter (1). Cells were routinely cultured
in DMEM (Cellgro, Herndon, VA) containing 4 mM L-glutamine, 1.5 g/l sodium
bicarbonate, and 4.5 g/l glucose supplemented with 10% (vol/vol) FBS (Hyclone, Logan,
UT), 100 U/ml penicillin, and 100 µg/ml streptomycin (GIBCO BRL) in a humidified
atmosphere with 5% CO2 at 37°C.

Plasmids
The deletion constructs of PAI-1 were kindly provided by Dr. David Luskotoff (The Scripps
Research Institute, La Jolla, CA) (41). All the fragments generated had an identical 3′ end
EcoRI site at position +71 and with different 5′ ends. p800luc was generated from the
HindIII site at position −800, p549luc from the SphI site at position −549, and p187luc from
the RsaI site at position −189 of human PAI-1 promoter and subcloned into vector p19LUC.
pRL-TK-luciferase expressing Renilla luciferase was from Promega (Madison, Wisconsin).
The dominant negative (DN) JNK and DN p38 constructs as well as the empty vectors were
generated as described previously by Yeo et al. (45).

Transient transfection and reporter gene assays
NIH/3T3 cells were plated into 24-well culture plates (1 × 105 cells/well) and cotransfected
with p800Luc (luciferase) reporter constructs (0.4 µg/ well) and pRL-TK-luciferase (Renilla
luciferase, used to normalize the transfection efficiency; 2.5 ng/well) using Lipofectamine
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. In experiments
with DN, cells were transfected with an equal amount (1 µg) of control empty vector
(pIRES2-EGFP for p38; pCDNA3 for JNK), DN-p38, or DN-JNK1 plus pRL-TK-luciferase
with (for promoter activity analysis) or without (for determination of endogenous PAI-1
expression) reporter construct p800Luc (1 µg). After transfection, the cells were carefully
washed three times with culture media and treated with GSH or TGF-β (1 ng/ml) with or
without GSH (5 mM) for various periods of time as indicated in the figure legends.
Luciferase activity (firefly luciferase and Renilla luciferase) in the cell lysates were
evaluated using the Dual Luciferase Reporter Assay System (Promega) and normalized
based on transfection controls in each experiment. The expression of endogenous PAI-1 was
determined by measuring PAI-1 antigen in the medium by ELISA.

To inhibit the binding of transcription factor to specific cis elements in the PAI-1 promoter,
double-stranded decoy ODN for AP-1 (5′-GGAACATGAGTTCATCTATTTC-3′, P-Box),
SP1-1 (5′-GT-GGGTGGGGCTGGAACAT-3′), and Smad (5′-
GGGAGAGACAGACACAGGCAG-3′) were synthesized commercially (Invitrogen) based
on the published human PAI-1 promoter sequence (7, 8, 10, 21, 22, 41). Complementary
strands were annealed by heating equimolar mixtures of positive and negative strands in 10
mM Tris·HCl, pH 8.0, 200 mM NaCl, and 1 mM EDTA at 95°C for 5 min, followed by
cooling to room temperature over a period of 1 h. Transfections were performed in 24 wells
as described above. Each decoy was used at a final concentration of 312 nM in transfection
studies.
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Preparation of cell lysates and isolation of nuclear fractions
After the incubation period, the cells were washed twice with PBS and lysed with 200 µl of
ice-cold lysis buffer for 30 min on ice. The lysates were collected by scraping cells and
passing them through a 22 G needle several times to shear chromosomal DNA and to reduce
the viscosity of the lysates. Unbroken cell debris were removed by centrifugation at 15,000
g for 30 min. The supernatants were collected, and protein content was measured using the
BCA protein assay reagent kit (Pierce, Rockford, IL).

The nuclear fractions were isolated as described previously (11). Briefly, cells were washed
twice with ice-cold PBS, scraped off into cold 0.75 ml of PBS, and packed by brief
centrifugation (14,000 g for 1 min at 4°C). The pellets were resuspended in 400 µl of
hypotonic buffer (10 mM HEPES, pH 7.9, 0.5% Igepal, 2 mM MgCl2, 10 mM KCl, 0.1 mM
EDTA, 1.0 mM DTT, 0.5 mM PMSF, 1.0 µg/ml leupeptin, 1.0 µg/ml aprotinin) in a
microfuge tube and incubated for 10 min on ice. Cell suspensions were packed again at
14,000 g for 1 min at 4°C, and the pellets incubated on ice for 30 min with 100 µl of high-
salt buffer (50 mM HEPES, pH 7.9, 300 mM NaCl, 50 mM KCl, 0.1 mM EDTA, 1.0 mM
DTT, 0.5 mM PMSF). After centrifugation at 14,000 g for 5 min, the supernatants were
collected, and protein content was measured using BCA protein assay reagent kit and stored
immediately at − 80°C until use.

Western blot analysis
Cell lysates or nuclear fractions equivalent to 20–50 µg of protein were resolved on a SDS-
PAGE gel. The separated proteins were electrophoretically transferred onto a PVDF
membrane and blocked with 5% nonfat dry milk. The membranes were probed overnight
with specific antibodies to phospho-ERK (1:500), ERK (1:1,000), phospho-p38 (1:500), p38
(1:1,000), phos-pho-JNK (1:500), JNK (1:1,000), Smad4 (1:500), Smad2/3 (1:500),
phospho-Smad2/3 (1:1,000), or TATA binding protein, a loading control for nuclear protein,
and then with the corresponding horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h after washing. The protein bands were visualized by chemiluminescence
using the ECL detection system (Amersham, Piscataway, NY). The bands were analyzed
semiquantitatively using QuantityOne imaging software (Bio-Rad, Hercules, CA). All the
antibodies except phospho-Smad2/3 (Cell Signaling Technology, Beverly, CA) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Isolation of RNA and northern blot analysis
Total cellular RNA was isolated using TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. RNA (20 µg) was separated on 1.2% agarose gels containing 5%
(vol/vol) formaldehyde. The RNA was transferred overnight to nylon membranes and UV-
crosslinked to the membranes. The blots were hybridized using a standard protocol as we
have described previously (26) with cDNA probes labeled with [32P] by random priming
(Invitrogen). The blots were probed consecutively with a human PAI-1 and β-actin cDNAs.
After hybridization, the membranes were washed with 2× SSC/0.1% SDS solution and then
0.1× SSC/0.1% SDS at 65°C. Membranes were scanned, and radioactivity was quantitated
using an InstantImager (Packard).

Total PAI-1 ELISA
A total PAI-1 ELISA assay was developed in our laboratory based on a previously described
method with modifications (3). Plates were coated with 100 µl of capture antibody (10 µg/
ml; cat. no. H34G6; Molecular Innovations, Southfield, MI) diluted in 25 mM carbonate
buffer (pH 9.4) and incubated overnight at 4°C. The wells were then blocked with 250 µl of
blocking buffer (TBS containing 3% BSA Fraction V; Fisher Scientific, Pittsburgh, PA) by
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incubating at 37°C for 30 min and then washed three times with 300 µl of wash buffer (TBS
containing 0.05% Tween 20). PAI-1 standards (cat. no. MPAI-I91L, Molecular Innovations)
ranging from 0 to 5,000 pg/ml were used in the assay. Samples and standards (100 µl),
diluted in the blocking buffer, were added to each well and incubated at 25°C for 30 min
with vigorous shaking (500 rpm). The wells were washed and then incubated with 100 µl of
1:5,000 diluted rabbit polyclonal anti-mouse PAI-1 antibody (cat. no. ASMPAI-GF,
Molecular Innovations) at 25°C for 30 min. After washing, 100 µl of HRP-conjugated anti-
rabbit antibody (1:10,000, Santa Cruz Biotechnology) was added to each well, and the plate
was incubated for another 30 min at room temperature. One-hundred microliters of TMB
ready-to-use substrate (Sigma, St. Louis, MO) was added to each well for color
development. The enzyme reaction was stopped after 5 min with 50 µl of 1 N H2SO4, and
the absorbance was measured at 450 nm. The results were calculated based on the standard
curve run under the same conditions.

Measurement of intracellular ROS
After treatment, the cells were washed with PBS and then incubated with 10 µM 2′,7′-
dichlorodi-hydrofluorescein diacetate (DCFDA) in the dark with rotation for 30 min. After
further washing, fluorescence was measured, and multiple images were captured using a
Nikon TE2000E2 microscope. The intensity of fluorescent staining (green) due to oxidation
of DCFDA was quantified using the imaging software. The average fluorescence intensity
from four independent samples for each treatment is presented.

EMSA
Nuclear protein extracts were prepared for EMSA as described earlier (11). The protein
content of the nuclear extract was determined using the BCA kit (Pierce). The ODNs for
AP-1 (P-Box), SP1-1, and Smad (the same as used in transfection experiments) were end-
labeled with [γ-32P]ATP using T4 polynucleotide kinase as recommended by the
manufacturer (Promega). Nuclear proteins (2 µg) from control and treated cells were
incubated with 32P-labeled ODN probe under binding conditions for 20 min at room
temperature in a final volume of 20 µl. Ten times non-radiolabeled (cold) ODNs were used
for competition studies to reveal the specificity of the binding. After binding, protein-DNA
complexes were electrophoresed on a native 4.0% polyacrylamide gel using 0.5× TBE
buffer. The gel was then dried and scanned, and signals were quantified using InstantImager
(Packard).

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

RESULTS
GSH blocks TGF-β-induced PAI-1 promoter activity

In the previous studies, we have demonstrated that GSH selectively blocked TGF-β-induced
PAI-1 expression at both mRNA and protein levels in NIH/3T3 cells without affecting the
autocrine function of TGF-β or TGF-β-induced collagen mRNA expression (42). To
evaluate whether the inhibition of PAI-1 expression by GSH occurred at the transcriptional
level, we studied the effect of GSH on TGF-β-induced PAI-1 promoter activity using
p800luc reporter construct that contains 800 bp of the proximal promoter sequences of
human PAI-1 gene (Fig. 1). As shown in Fig. 2A, 1 ng/ml TGF-β increases the luciferase
activity by 7.5-fold compared with the unstimulated cells after normalized by transfection
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control. Importantly, treatment of the cells with exogenous GSH causes a concentration-
dependent inhibition of PAI-1 promoter activity induced by TGF-β (Fig. 2A). To confirm
this finding, Mv1Lu cells, a mink lung epithelial cell line stably transfected with luciferase
reporter gene driven by the same 800 bp of human PAI-1 promoter sequence, were treated
with 1 ng/ml TGF-β in the presence or absence of GSH. The luciferase activity in the cell
lysate was measured 24 h after treatment. The results show that 5 mM GSH also
dramatically reduces TGF-β-induced luciferase activity in Mv1Lu cells, although 1 or 2.5
mM GSH have no significant effect (Fig. 2B). GSH under the concentrations used does not
cause obvious cytotoxicity based on the cell number and morphology study (data not
shown). Collectively, these findings indicate that exogenous GSH inhibits TGF-β-induced
PAI-1 expression by blocking transcription of PAI-1 gene.

GSH has no effect on TGF-β-induced Smad2/3 phosphorylation or Smad2/3/4 nuclear
translocation

Smads are the major signaling molecules that mediate TGF-β’s cellular responses including
PAI-1 gene expression. Therefore, we explored the effect of GSH on Smad signaling
components in TGF-β-stimulated NIH/3T3 cells. The results show that within 10 min of
TGF-β treatment, there is a significant increase in the phosphorylation of Smad2/3 and the
nuclear translocation of phosphorylated Smad2/3 and Smad4 (data not shown), which
persists until the end of the experiment (60 min) (Fig. 3). Importantly, GSH treatment has no
significant effect on the TGF-β-induced Smad2/3 phosphorylation or nuclear translocation
of phosphorylated Smad2/3 or Smad4 (Fig. 3A and Fig. 3B).

JNK and p38 MAPKs mediate TGF-β-induced PAI-1 expression, whereas GSH blocks TGF-
β-induced JNK and p38 MAPK phosphorylation

In addition to Smad pathway, three members of the MAPK family, ERK, JNK, and p38, are
also implicated in TGF-β-induced gene expression. To know whether MAP kinases are
involved in TGF-β-stimulated PAI-1 gene expression in our cell model, we examined the
effects of pharmacological inhibitors for p38 (SB-202190) and JNK (SP-600125) on TGF-β-
induced PAI-1 protein and mRNA expression in NIH/3T3 cells (TGF-β has no effect on
ERK phosphorylation, see below). The results show that incubation of the cells with either
p38 or JNK inhibitor significantly reduces TGF-β-stimulated PAI-1 protein (Fig. 4A) and
mRNA (Fig. 4B) expression. Neither JNK nor p38 inhibitor at the concentration used caused
obvious cytotoxicity based on the cell morphology and number analyses (data not shown).
These data indicate that both p38 and JNK pathways play a significant role in TGF-β-
induced PAI-1 expression in our cell model.

To further validate the role of MAPKs in the induction of PAI-1 by TGF-β, we tested
whether DN-p38 and/or DN-JNK could block TGF-β-induced PAI-1 promoter activity or
endogenous PAI-1 expression. NIH/3T3 cells were cotransfected with p800luc and the
expression vectors encoding DN-p38 or DN-JNK or control vectors and then treated with
TGF-β. The luciferase activity was measured in the cell lysates while PAI-1 protein
concentration was determined in the medium 24 h after TGF-β treatment. The data show
that overexpressing DN-p38 or DN-JNK markedly inhibits TGF-β-induced PAI-1 promoter
activity (Fig. 5A) and blocks the endogenous PAI-1 expression induced by TGF-β (Fig. 5B).
Together, our data indicate that p38 and JNK signaling pathways are important in the
induction of PAI-1 expression by TGF-β in NIH/3T3 cells.

To determine whether GSH inhibits TGF-β-induced PAI-1 expression by blocking MAPK
pathways, effects of GSH on the phosphorylation of JNK, p38, and ERK MAPKs in TGF-β-
treated NIH/3T3 cells were examined by Western blot using phospho- and non-
phosphorylated p38, ERK, and JNK antibodies. As shown in Fig. 6, TGF-β increases the
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phosphorylation of both JNK (Fig. 6A) and p38 MAPK (Fig. 6B) but has no effect on ERK
phosphorylation up to 120 min (Fig. 6C). Importantly, treatment of NIH/3T3 cells with GSH
completely blocks TGF-β-stimulated phosphorylation of p38 and JNK MAPKs (Fig. 6A and
B).

ROS mediate TGF-β activation of JNK/p38 pathway and induction of PAI-1, whereas GSH
attenuates ROS signal in TGF-β treated fibroblasts

TGF-β has been shown to increase ROS production through NAD(P)H oxidases, and ROS
mediate the induction of many TGF-β-responsive genes. Our previous studies also showed
that TGF-β increased superoxide production in NIH/3T3 cells (26). To further elucidate
whether GSH blocks MAPK activation and PAI-1 induction in TGF-β-treated fibroblasts by
reducing ROS signal, the effect of exogenous GSH on TGF-β-stimulated ROS production
was studied using the redox-sensitive fluorescence dye DCFDA. The results show that
treatment of NIH/3T3 cells with 1 ng/ml TGF-β for 1 h leads to a significant increase in the
fluorescence intensity in the cells, suggesting an increased ROS level. Both 1 and 5 mM
GSH almost completely block TGF-β-induced fluorescence signal, although GSH by itself
has no significant effect on the basal level of ROS (Fig. 7).

To determine whether ROS are involved in the activation of p38 and JNK pathways and
subsequent induction of PAI-1 by TGF-β, we examined the effect of diphenyleneiodonium
(DPI), which inhibits NAD(P)H oxidase and other flanoproteins, or MnTBaP, a mimetic of
catalase and superoxide dismutase, on TGF-β-induced PAI-1 protein expression by ELISA
and the phosphorylation of p38 and JNK by Western blotting. The results show that
MnTBaP alone has no significant effect on the basal level of p38 or JNK phosphorylation,
although DPI slightly increases the phosphorylation. Importantly, phosphorylation of p38
and JNK induced by TGF-β is substantially inhibited by DPI or MnTBaP (Fig. 8A). In
parallel with the effect on JNK and p38 phosphorylation, DPI and MnTBaP also
significantly reduce TGF-β-stimulated PAI-1 protein expression (Fig. 8B). Neither DPI nor
MnTBaP at the concentration used causes obvious toxicity to the cells based on the cell
morphology and cell number analysis (data not shown). Together, the data suggest that ROS
are involved in TGF-β-induced p38 and JNK activation and PAI-1 expression and that GSH
blocks TGF-β-induced MAPK activation and PAI-1 expression probably by reducing
cellular ROS levels.

AP-1, SP-1, and Smad decoy ODN abrogate the inhibitory effect of GSH on TGF-β-induced
PAI-1 promoter activity and inhibit the expression of endogenous PAI-1 gene induced by
TGF-β

Both human and mouse PAI-1 promoter contains multiple transcription factor binding sites
such as Smad binding elements, AP-1, SP-1, and NF-κB binding sites. These sites have been
shown to be responsive to different stimuli. To identify the cis acting elements in the PAI-1
gene promoter that mediate the inhibitory effects of GSH, transient transfection was
performed with p800Luc, a luciferase reporter construct containing the major cis regulatory
elements from the promoter region of human PAI-1 gene (41), and two deletion constructs,
p549luc and p187luc (see Fig. 1, top, for the detailed structures of these constructs). The
luciferase activity was then analyzed in the cells treated with TGF-β in the presence or
absence of GSH. As shown in Fig. 9A, TGF-β treatment increases the luciferase activity in
the cells transfected with p800Luc as well as the deletion constructs. The degree of the
induction is proportional to the length of the promoter region present in the constructs.
Importantly, treatment of cells with GSH significantly reduces TGF-β-induced luciferase
activity in all three constructs used. It is interesting to note that GSH almost completely
inhibits TGF-β-induced luciferase activity in p549Luc- or p187Luc-transfected cells but
only partially in p800Luc-transfected cells. These data suggest that GSH inhibits TGF-β-
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induced PAI-1 expression by interfering with cis element(s) that are presented in these two
short constructs.

To further identify the cis element(s) in PAI-1 promoter that mediates GSH effect, we
examined the effects of decoy ODNs corresponding to AP-1-like (P-Box), SP1-1, and Smad
elements present in these two short constructs (see MATERIALS AND METHODS as well as Fig. 1 for
detailed information of the sequences) on TGF-β-induced PAI-1 promoter activity in the
presence or absence of GSH. NIH/3T3 cells were cotransfected with p800Luc plasmid and
SP1–1, AP-1-like (P-Box), or Smad ODN and then treated with TGF-β with or without
GSH. The results show that all three ODNs significantly inhibit TGF-β-induced luciferase
activity (Fig. 9B). Importantly, the degree of inhibition of TGF-β-induced p800Luc activity
by SP-1 ODN, AP-1 ODN, or Smad ODN alone is comparable to that caused by the ODN
plus GSH. In other words, addition of GSH does not further inhibit TGF-β-induced p800Luc
activity in the presence of the ODNs. The results suggest that GSH inhibits TGF-β-induced
PAI-1 promoter activity by blocking the binding of transcription factors to SP-1-like, AP-1-
like, and Smad cis elements in the PAI-1 promoter even though GSH has no effect on TGF-
β-induced phosphorylation and/or nuclear translocation of Smad2/3/4.

The luciferase reporter constructs used in this study are driven by human PAI-1 promoter.
To confirm that TGF-β induces PAI-1 expression in NIH/3T3 cells through increasing the
binding of the transcription factors to AP-1, SP-1, and Smad cis elements, effects of AP-1,
SP-1, and Smad ODNs on TGF-β-induced expression of endogenous PAI-1 were studied.
The results show that treatment of NIH/3T3 cells with 1 ng/ml TGF-β for 24 h increases
PAI-1 protein concentration in the medium 12-fold, whereas AP-1, SP-1, and Smad ODNs
significantly reduce TGF-β-induced PAI-1 expression by 40–50% (Fig. 9C). These data
suggest that TGF-β induces the binding of the transcription factors to these cis elements in
PAI-1 promoter, which mediate the induction of PAI-1 gene in NIH/3T3 cells.

GSH blocks TGF-β-induced binding of transcription factors to SP-1, AP-1, and Smad
elements in PAI-1 promoter

To further confirm the involvement of AP-1, SP-1, and Smad sites in the inhibitory effect of
GSH on TGF-β-induced PAI-1 expression, EMSA was performed using the same ODNs
that were used for the decoy experiments. As shown in Fig. 10, treatment of NIH/3T3 cells
with TGF-β enhances the binding of transcription factors to AP-1 (left), SP-1 (middle), and
Smad (right) ODNs, which was blocked by the corresponding cold ODNs, indicating the
specificity of the binding. Importantly, GSH completely blocks the TGF-β-induced binding
of transcription factors to these cis elements. These data further suggest that GSH inhibits
TGF-β-induced PAI-1 promoter activity by blocking the binding of transcription factors to
AP-1, SP-1, and Smad sites in the PAI-1 promoter region and therefore the transcription of
the gene.

DISCUSSION
PAI-1 is of particular interest because its expression is elevated in variety of fibrotic
disorders. TGF-β, a predominant fibrotic cytokine, is a major inducer of PAI-1. Therefore,
defining the signaling pathways that mediate GSH inhibition of TGF-β-induced PAI-1
expression reported in our previous study could further reveal the molecular mechanism
underlying GSH’s antifibrotic effects. The major new finding from the present study is that
GSH inhibits TGF-β-induced PAI-1 expression by blocking JNK and p38 MAPK
phosphorylation, probably by reducing ROS, which leads to an inhibition of the binding of
transcription factors to AP-1, SP-1, and Smad cis elements in PAI-1 promoter and thereby
PAI-1 gene transcription. This conclusion is supported by the following results: 1)
pharmacological inhibitors and DN mutants of p38 and JNK block TGF-β-induced PAI-1
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expression, suggesting that JNK and p38 pathways are involved in the TGF-β-induced
PAI-1 expression in our cell model; 2) GSH inhibits TGF-β-stimu-lated phosphorylation of
p38 and JNK; 3) GSH attenuates TGF-β-induced ROS signal, whereas DPI and MnTBaP,
which reduce ROS by different mechanisms, block TGF-β-induced p38/JNK
phosphorylation and PAI-1 expression; 4) GSH inhibits TGF-β-induced binding of
transcription factors to AP-1, SP-1, and Smad cis elements in the PAI-1 promoter, although
it has no effect on the phosphorylation and/or nuclear translocation of Smad2/3 and Smad4;
5) AP-1, SP-1, and Smad decoy ODN inhibit TGF-β-induced endogenous PAI-1 gene
expression and abrogate GSH inhibitory effects on TGF-β-induced PAI-1 promoter activity.

The Smad signaling pathway is critical for the induction of many TGF-β-responsive genes
including PAI-1. Upon the binding of TGF-β to the membrane receptor, TGF-β signaling is
transduced to the nucleus by a series of events involving phosphorylation of Smad2/3 and
nuclear translocation of Smad2/3 and Smad4 complex. Interestingly, we show, in the present
study, that GSH has no effect on the phosphorylation of Smad2/3 or nuclear translocation of
Smad2/3 and Smad4; however, it completely blocks the binding of transcription factors to
the sequences containing Smad binding elements in human PAI-1 promoter. Decoy ODN
studies further show that Smad ODN abrogates the inhibitory effect of GSH on TGF-β-
induced PAI-1 promoter activity and inhibits TGF-β induction of endogenous PAI-1 gene
expression. These data suggest that GSH inhibits TGF-β/Smad signal transduction by
interfering with Smad DNA binding rather than the phosphorylation or nuclear translocation
of Smad proteins. It should be mentioned that, although similar, the Smad binding site
identified in the mouse PAI-1 promoter is only 44% identical to that identified in human
PAI-1 promoter. Therefore, the conclusion is not exclusive, and the possibility of the mouse
Smad binding site being regulated differently from the human sequence cannot be ruled out.

The MAPKs are a major signaling system used by eukaryotic cells to transduce extracellular
signals to intracellular responses (35, 43). Studies have shown that MAPK pathways are also
involved in the regulation of TGF-β-induced PAI-1 expression in various cell types with
different MAPK pathways functioning in different cells (15, 33, 44). In mesangial cells, both
JNK and ERK phosphorylation are essential for the induction of PAI-1 by TGF-β (15),
whereas in smooth muscle cells, ERK phosphorylation plays a major role for TGF-β-
induced PAI-1 expression (33). On the other hand, MEK and JNK have been shown to be
important in mediating TGF-β-induced PAI-1 expression in endothelial cells (44). In this
study, we show that TGF-β stimulates the phosphorylation of JNK and p38 but not ERK in
NIH/3T3 cells (Fig. 6). Using specific inhibitors and DN, we further demonstrate that the
phosphorylation of JNK and p38 MAPKs is required for PAI-1 induction by TGF-β.
Importantly, we have shown that GSH almost completely blocks TGF-β-stimulated
phosphorylation of JNK and p38 in the same concentration that significantly inhibited TGF-
β-induced PAI-1 promoter activity (Fig. 2) and PAI-1 mRNA/protein expression (26). These
data suggest that inhibition of JNK/p38 pathway may underlie the suppression of TGF-β-
induced PAI-1 gene expression by GSH.

Both human and mouse PAI-1 promoters near the TATA box contain AP-1-like and SP-1-
like binding sites (7, 31). It has been reported that the c-Jun homodimers and c-Jun/c-Fos
heterodimers, MAPK-activated transcription factors, bind to these elements to mediate TGF-
β responses (21). In this study, we show that GSH blocks TGF-β-induced binding of
transcription factors to AP-1 and SP-1 cis elements in human PAI-1 promoter, whereas
AP-1 and SP-1 ODNs abrogate GSH inhibitory effect on TGF-β-induced PAI-1 promoter
activity and reduce TGF-β-induced expression of endogenous PAI-1 gene. Together, these
data further suggest that inhibition of JNK/p38 pathway signaling, which leads to an
inhibition of the binding of transcription factors to the AP-1 and SP-1 cis elements in PAI-1
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promoter, may underlie the suppression of TGF-β-induced PAI-1 gene transcription by
GSH.

MAPKs interact with Smad signaling in different ways. In addition to affecting
phosphorylation and nuclear translocation of Smad proteins (20, 23, 29), MAPKs also
interact with Smad proteins and therefore modulate their DNA binding activity (17, 18, 34,
46). It has been reported that MAPK-activated transcription factors such as c-Jun and c-Fos
interact with Smad complexes and facilitate their DNA binding (18). It has also been
reported that the transcriptional activation of PAI-1 gene by Smad is mediated through the
AP-1 binding sites in the PAI-1 promoter (46). ATF-2 is a downstream substrate of both
JNK and p38 pathways. It has been shown that ATF-2 participates in transcription
complexes in association with Smad proteins (34). Furthermore, it has been shown that
TGF-β upregulates PAI-1 gene expression by activating SP-1-dependent transcription
through the induction of Smad/SP-1 complex formation (17). Using decoy ODNs and
EMSA techniques, we demonstrate in this study that GSH blocks TGF-β-induced binding of
transcription factors to not only AP-1 and SP-1 but also Smad cis elements in PAI-1
promoter although it has no effect on the phosphorylation and nuclear translocation of
Smad2/3/4. Based on these results and the results from other laboratories, it is speculated
that AP-1 and SP-1 may be involved in the binding of Smad to its cis elements in PAI-1
promoter and that GSH blocks TGF-β-Smad signal transduction by inhibiting the binding of
these cofactors to Smad proteins and thereby the binding of Smad proteins to DNA.
Nevertheless, additional studies will be needed to confirm our hypothesis.

GSH, a tripeptide, is the most abundant intracellular free thiol and plays a critical role in
regulating a variety of cellular functions including detoxification of xenobiotics, synthesis of
DNA and other endogenous compounds, and regulation of gene expression and the cell
cycle. However, the most important and well-known function of GSH is antioxidant. GSH
can directly scavenge ROS or reduce H2O2 and lipid peroxides through glutathione
peroxidase and/or glutathione S-trans-ferase-catalyzed reactions. GSH can also reduce
oxidized protein cysteine residues through glutaredoxin-mediated reactions. The molecular
mechanism whereby GSH modulates TGF-β signaling is not entirely understood at the
moment. As TGF-β increases ROS production and ROS mediate the induction of PAI-1 by
different stimuli (13, 19, 25, 37, 49), one potential mechanism whereby GSH inhibits TGF-
β-induced PAI-1 expression would be reducing ROS. Indeed, we have shown in this study
that GSH decreases DCFDA fluorescence (ROS) signal in TGF-β-treated cells (Fig. 7),
whereas DPI and MnTBaP, which reduce ROS by differentmechanisms, inhibit TGF-β
induction of PAI-1 expression. These data suggest that ROS are involved in the induction of
PAI-1 by TGF-β in our cell model and that GSH blocks TGF-β-induced PAI-1 expression
probably by reducing ROS.

It has been reported that TGF-β increases ROS production by activating the membrane bond
enzyme NADPH oxidase(s) (38, 39) and by impairing mitochondrial complex IV (47).
Whether TGF-β stimulates ROS production in NIH/3T3 cells by activating NADPH oxidase
or impairing mitochondrial electron transport is unknown. Although our data show that GSH
reduces intracellular ROS signals in the TGF-β-treated cells (Fig. 7), whether GSH does so
by reducing extracellular ROS or intracellular ROS is unclear as H2O2 can diffuse across the
membrane in either direction. A decrease in the intracellular ROS could result from
scavenging of extracellular ROS, which leads to a decreased diffusion of extracellular ROS
into the cells or an increased removal of intracellular ROS (speeding up the outward
diffusion), and/or a direct reduction of intracellular ROS. Extensive studies will be needed to
fully address the question of whether GSH blocks TGF-β’s signaling by scavenging
extracellular ROS and/or by restoring intracellular GSH level (26) and thereby reducing
intracellular ROS/restoring the functions of GSH-dependent proteins/enzymes, which are
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beyond the scope of the current study. It should be mentioned that although DPI and
MnTBaP inhibit TGF-β-induced PAI-1 expression as GSH does, whether other antioxidant
compounds, such as ascorbic acid and vitamin E, would produce the same effects is
unknown. It should also be emphasized that although DPI, MnTBaP, and GSH share the
capacity to reduce ROS, the mechanisms of their actions are different. DPI inhibits ROS
production, whereas MnTBaP scavenges ROS. GSH, on the other hand, can scavenge ROS
and supply substrate for glutathione peroxidase and other GSH-dependent reactions. In
addition to reducing ROS, GSH can also reduce oxidized protein cysteine residues through
glutaredoxin-mediated reactions. Therefore, the biological effects of these three compounds
could be dramatically different in different cell systems and/or in vivo.

Currently, therapeutic options for pulmonary fibrosis are very limited. GSH and its
precursor NAC have been used clinically for the treatment of lung fibrotic diseases. It has
been reported that aerosol administration of GSH or NAC restored GSH concentration in
lung lining fluid and slowed the deterioration of lung functions in idiopathic pulmonary
fibrosis (IPF) and cystic fibrosis patients (2, 4, 9, 14, 16, 40), indicating a potential
therapeutic value of GSH/NAC in the treatment of lung fibrotic diseases. However, the
mechanism underlying the therapeutic/antifibrotic effects of GSH/NAC is not completely
defined. Our previous studies have shown that GSH blocks TGF-β-induced collagen
accumulation in fibroblast cells by blocking TGF-β-induced PAI-1 expression and thus
stimulating collagen degradation (26, 42). The present study further shows that GSH inhibits
TGF-β-induced PAI-1 expression by blocking PAI-1 gene transcription through inhibition
of JNK and p38 MAPK phosphorylation and the binding of transcription factors to AP-1,
SP-1, and Smad cis elements in the promoter of PAI-1 gene. It should be mentioned that the
GSH concentrations used in this study (1–5 mM) are not physiological extracellularly,
although they are intracellularly. The effects observed may be unique to the pharmacological
concentrations used. Nevertheless, our data provide strong evidence that GSH and NAC
treatment may be of benefit in the treatment of lung fibrosis.

In conclusion, our data suggest that GSH blocks TGF-β-induced PAI-1 expression in part by
suppressing p38 and JNK signaling and therefore the binding of transcription factors to
AP-1, SP-1, and Smad elements in PAI-1 promoter, leading to a suppression of PAI-1 gene
transcription. This study reveals a molecular mechanism by which GSH inhibits PAI-1 gene
expression and may help explain how GSH exerts its antifi-brogenic effects in fibrotic
diseases such as IPF.
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Fig. 1.
Schematic representation of the promoter region of human plasminogen activator inhibitor
type 1 (PAI-1) gene. The top represents the promoter region up to − 800 bp. The arrows
indicate the transcription factor binding sites in the promoter region, based on the published
sequences (7, 8, 10, 21, 22, 32). D-Box and P-Box contain AP-1-like cis elements. The
bottom illustrates major transcription factor binding sites in p549Luc construct. The boxes
represent the locations of the transcription factor binding sites, and the sequences are the
decoy oligonucleotides (ODNs) that are used in the study. The underlined sequences
represent the binding sites of transcription factors (22).
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Fig. 2.
Glutathione (GSH) inhibits transforming growth factor (TGF)-β-induced PAI-1 expression
at the transcriptional level. A: NIH/3T3 cells were transiently cotransfected with p800luc
reporter gene construct or p19luc control construct and pRL-TK-luciferase (transfection
control) and then stimulated with TGF-β (1 ng/ml) for 24 h in the presence or absence of
GSH (1–5 mM). B: Mv1Lu cells were treated with 1 ng/ml TGF-β with or without GSH (1–
5 mM). The luciferase activity was measured 24 h after TGF-β treatment and normalized
with transfection control as described in MATERIALS AND METHODS. a, Significantly different from the
corresponding TGF-β untreated control; b, significantly different from TGF-β-alone group
(P < 0.05, n = 3).
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Fig. 3.
GSH has no effect on TGF-β-induced Smad phosphorylation and/or nuclear translocation.
A: effect of GSH on TGF-β-induced phosphorylation of Smad2/3. B: effect of GSH on
TGF-β-induced nuclear translocation of pSmad2/3 and Smad4. NIH/3T3 cells were treated
with TGF-β (1 ng/ml) in the presence or absence of GSH (5 mM). The cells were collected
at different time points as indicated. Cell lysates and nuclear extracts were prepared, and
equal amounts of cell lysates or nuclear extract (50 µg/lane) were subjected to SDS-PAGE.
Western blotting was performed using specific antibodies as described in MATERIALS AND METHODS.
TATA binding protein (TBP) was used as a loading control for nuclear proteins.
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Fig. 4.
Pharmacological inhibitors of JNK and p38 MAPKs block TGF-β-induced PAI-1
expression. 70–80% Confluent, serum-starved NIH/3T3 cells were treated with 1 ng/ml
TGF-β in the presence or absence of p38 inhibitor SB-202190 (3 µM) or JNK inhibitor
SP-600125 (10 µM) for 24 h. The medium was collected for PAI-1 protein analysis by
ELISA (A) while the cells were collected for PAI-1 mRNA measurement by Northern
analysis (B) as described in MATERIALS AND METHODS. a, Significantly different from the
corresponding TGF-β untreated control; b, significantly different from TGF-β-alone group
(P < 0.05, n = 3–4).
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Fig. 5.
Dominant negative (DN) mutants of p38 or JNK inhibit TGF-β-induced PAI-1 expression.
A: DN-p38 and DN-JNK block TGF-β-induced p800luc promoter activity. NIH/3T3 cells
were cotransfected with the reporter gene and DN constructs or corresponding vector
(pCDNA3.1 for DN-JNK and pIRES2-EGFP for DN-p38) as indicated and then treated with
TGF-β (1 ng/ml). The luciferase activity was measured in the cell lysates 24 h after
treatment. Renilla luciferase was used to normalize the transfection efficiency. B: DN-p38
and DN-JNK block TGF-β-induced endogenous PAI-1 expression. The experimental
conditions were the same as those described for A. The PAI-1 was detected in the media by
ELISA as described in MATERIALS AND METHODS. a, Significantly different from the corresponding
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TGF-β untreated control; b, significantly different from the corresponding vector-transfected
and TGF-β-treated group (P < 0.05, n = 4–6).
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Fig. 6.
GSH blocks TGF-β-induced phosphorylation of JNK and p38 MAPKs. Serum-starved cells
were incubated with TGF-β in the presence or absence of GSH (5 mM). Cell lysates were
prepared at different time points as indicated. Equal amounts of protein (50 µg/lane) were
fractionated on SDS-PAGE gel and probed with specific antibodies for the phosphorylated
or unphosphorylated JNK (A), p38 (B), or ERK (C). *Significantly different from untreated
control (P < 0.05, n = 3).
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Fig. 7.
GSH attenuates TGF-β-induced reactive oxygen species signals in fibroblasts. NIH/3T3
cells were treated with 1 ng/ml TGF-β in the presence or absence of 1 or 5 mM GSH in a
serum-free medium for 1 h. After being washed, the cells were incubated with 10 µM 2′,7′-
dichlorodihydrofluorescein diacetate (DCFDA) in the dark with rotation for 30 min and then
washed with warm PBS twice. Fluorescence was measured, and multiple images were
captured using a Nikon TE2000E2 microscope. The intensity of fluorescent staining (green)
due to oxidation of DCFDA was quantified using the imaging software. A representative
image from each treatment group is presented in the top panel, whereas the average
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fluorescence intensity from 4 independent samples for each treatment is presented in the
bottom panel. *Significantly different from untreated control (n = 4, P < 0.05).
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Fig. 8.
Diphenyleneiodonium (DPI) and MnTBaP inhibit TGF-β-induced MAPK phosphorylation
and PAI-1 expression. A: DPI and MnTBaP inhibit TGF-β-induced p38 and JNK
phosphorylation. 70–80% Confluent NIH/3T3 cells were treated with TGF-β (1.0 ng/ml) in
the presence or absence of DPI (2 µM) or MnTBaP (50 µM) for 30 min. The cell lysates
were prepared and analyzed by Western blot using specific antibodies for phosphorylated or
unphosphorylated p38 and JNK. B: DPI and MnTBaP inhibit TGF-β-induced PAI-1
expression. The cells were pretreated with DPI (2 µM) for 2 h and then with TGF-β (1.0 ng/
ml) in the absence of DPI for 24 h or the cells were treated with TGF-β (1.0 ng/ml) in the
presence or absence of MnTBaP (50 µM) for 24 h. The media were collected to analyze the
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PAI-1 protein by ELISA. a, Significantly different from the corresponding TGF-β untreated
control; b, significantly different from TGF-β-alone treated group (P < 0.05, n = 4).

Vayalil et al. Page 25

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2013 June 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 9.
AP-1, SP-1, or Smad decoy ODN abrogates GSH inhibitory effect on TGF-β-induced PAI-1
promoter activity and inhibits TGF-β-induced PAI-1 expression. A: NIH/3T3 cells were
cotransfected with luciferase reporter constructs driven by 187 bp, 549 bp, or 800 bp of
human PAI-1 promoter region, as shown in Fig. 1, and pRL-TK Renilla luciferase reporter
construct (transfection control). After transfection, the cells were treated with TGF-β in the
presence or absence of GSH (5 mM) for 24 h. The luciferase activities (firefly luciferase and
Renilla luciferase) in the cell lysates were determined using the Dual Luciferase Reporter
Assay System (Promega), and the results were normalized based on transfection controls in
each experiment. a, Significantly different from the corresponding (transfected with the
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same reporter construct) untreated control; b, significantly different from the corresponding
TGF-β-alone treated cells (P < 0.05, n = 5–9). B: NIH/3T3 cells were transfected with
p800luc reporter construct and pRL-TK-luciferase construct (transfection control) as well as
specific ODN for AP-1, SP-1, or Smad (final concentration 315 nM) as indicated and then
stimulated with TGF-β (1 ng/ml) for 24 h in the presence or absence of 5 mM GSH. The
luciferase activities in cell lysates were measured as described above. a, Significantly
different from the untreated ODN control group (bar 1); b, significantly different from TGF-
β-treated ODN control group (bar 5) (P < 0.05, n = 5–9). C: NIH/3T3 cells were transfected
with AP-1, SP-1, or Smad ODN at a final concentration of 315 nM and then treated with 1
ng/ml TGF-β in a serum-free medium for 24 h. The conditioned media were collected, and
PAI-1 protein was determined by ELISA. a, Significantly different from the untreated
control group; b, significantly different from TGF-β-alone treated group (P < 0.05, n = 4).
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Fig. 10.
GSH inhibits TGF-β-induced binding of transcription factors to AP-1, SP-1, and Smad cis
elements in PAI-1 promoter. The ODNs used for PAI-1 promoter decoy studies were end-
labeled with [γ-32P]ATP and incubated with nuclear extracts from NIH/3T3 cells treated
with TGF-β with or without GSH for 30 min. The protein DNA complexes were then
electrophoresed on native PAGE as described in MATERIALS AND METHODS. Tenfold non-radiolabeled
(cold) ODNs were used to confirm the specificity of the binding. a, Significantly different
from the untreated control; b, significantly different from TGF-β-treated group (P < 0.05, n
= 3–4).
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