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Abstract
The concentration of glutathione (GSH), the most abundant intracellular free thiol and an
important antioxidant, is decreased in the lung in both fibrotic diseases and experimental fibrosis
models. The underlying mechanisms and biological significance of GSH depletion, however,
remain unclear. Transforming growth factor beta (TGF-β) is the most potent and ubiquitous
profibrogenic cytokine and its expression is increased in almost all fibrotic diseases. In this study,
we show that increasing TGF-β1 expression in mouse lung to a level comparable to those found in
lung fibrotic diseases by intranasal instillation of AdTGF-β1223/225, an adenovirus expressing
constitutively active TGF-β1, suppressed the expression of both catalytic and modifier subunits of
glutamate cysteine ligase (GCL), the rate-limiting enzyme in de novo GSH synthesis, decreased
GSH concentration, and increased protein and lipid peroxidation in mouse lung. Furthermore, we
show that increasing TGF-β1 expression activated JNK and induced activating transcription factor
3 (ATF3), a transcriptional repressor involved in the regulation of the catalytic subunit of GCL
(GCLC), in mouse lung. Control virus (AdDL70-3) had no significant effect on any of these
parameters, compared to saline treated control. Concurrent with GSH depletion, TGF-β1 induced
lung epithelial apoptosis and robust pulmonary fibrosis. Importantly, lung GSH levels returned to
the normal whereas fibrosis persisted at least 21 days after TGF-β1 instillation. Together, the data
suggest that increased TGF-β1 expression may contribute to the GSH depletion observed in
pulmonary fibrosis diseases and that GSH depletion may be an early event in, rather than a
consequence of, fibrosis development.
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Introduction
The tripeptide γ-L-glutamyl-L-cysteinyl-glycine, glutathione (GSH), is the most abundant
intracellular free thiol and has multiple biological functions [1, 2]. GSH acts as a major
cellular storage unit of cysteine and is involved in the regulation of several cellular functions
including cell proliferation, differentiation, and apoptosis [3–6]. GSH also provides reducing
equivalents for the synthesis of deoxyribonucleotides, dehydroascorbate, and leukotrienes
[7, 8]. The most important function of GSH, however, is in antioxidant defense and
detoxification of electrophiles [9–11]. GSH can directly scavenge free radicals as well as
detoxify hydrogen peroxide and lipid peroxides through GSH peroxidase-catalyzed reactions
or electrophiles through glutathione-S-transferase catalyzed reactions [12]. Emerging
evidence indicates that GSH is also involved in redox signaling through modification of
protein cysteine residues [13–19]. As GSH is involved in many cell processes, maintenance
of intracellular GSH homeostasis is critical for cell survival and function.

The lung is exposed constantly to environment pollutants, many of which are oxidants in
nature. The epithelial surface of the lower respiratory tract must have mechanisms to protect
itself from the damaging effects of oxidants. It has been reported that GSH concentration in
the lung lining fluid is higher than that in the plasma [20], suggesting a critical role of GSH
in lung antioxidant defense. Importantly, it has been reported that GSH concentration is
decreased in the lung lining fluid in patients with fibrotic diseases such as idiopathic
pulmonary fibrosis (IPF), cystic fibrosis (CF), acute respiratory distress syndrome (ARDS),
and asbestosis [21–26]. A decreased GSH concentration has also been observed in
experimental lung fibrosis models [27–30]. The mechanism underlying the GSH depletion
in lung fibrotic diseases, however, is unclear. Transforming growth factor beta (TGF-β) is
the most potent and ubiquitous profibrogenic cytokine and its expression is increased in
almost all fibrotic diseases. Studies from this and other laboratories have shown that TGF-
β1 decreases intracellular GSH concentration in various types of cells in vitro [31–35].
Whether increased TGF-β expression is also responsible for the decrease in GSH levels in
vivo, however, remains to be determined.

In the present study, we show that increasing TGF-β1 expression in mouse lung to the levels
comparable to those found in lung fibrotic diseases via an adenovirus-mediated gene transfer
technique down-regulated the expression of GCL, the rata-limiting enzyme in de novo GSH
synthesis, and decreased GSH levels in the lung, accompanied by massive fibrotic responses
that lasted for at least 21 days although lung GSH levels have returned to the normal by
then. These data suggest that increased TGF-β1 expression may contribute to the depletion
of GSH in lung fibrotic diseases and that GSH depletion may be an early event in, rather
than a consequence of, lung fibrosis development.

Materials and Methods
Overexpression of TGF-β1 in the lung by adenovirus-mediated gene transfer techniques

AdTGF-β1223/225, an adenovirus expressing constitutively active TGF-β1 [36], and
AdDL70-3, a control virus constructed based on human adenovirus 5 (Ad5) DNA sequences
with expanded deletions in early region 1 (E1) and region 3 (E3) [37] (kindly provided by
Dr. Jack Gauldie, Health Sciences Center, McMaster University, Ontario, Canada) were
propagated in human embryonic kidney (HEK)-293 cells and purified by double Cesium
chloride density gradient centrifugation. Virus counts and activity were determined by UV
spectrophotometery and colony formation assay. To study the mechanism underlying GSH
depletion in the pulmonary fibrosis, 7–8 week old male C57BL mice were anesthetized and
intranasally instilled with 40 µl of saline, AdDL70-3 (109pfu), or AdTGF-β1223/225 (109pfu)
as we have described previously [38]. Food and water were allowed ad libitum during the
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experimental period. Mice were sacrificed one or three weeks after instillation. All animal
experimental procedures were approved by the University of Alabama at Birmingham
Institutional Animal Care and Use Committee and conducted at the UAB Animal Resource
Center under specific pathogen-free conditions.

Bronchoalveolar lavage and lung tissue collection
Seven days after saline/AdDL70-3/AdTGF-β1223/225 instillation, mice were anesthetized
and bronchoalveolar lavage (BAL) performed with 0.9 ml of saline. BAL solution was
centrifuged and the supernatant (BALF) was either stored at −80°C for TGF-β1 or urea
analysis or acidified with m-phosphoric acid immediately for the measurement of GSH,
glutathione disulfide (GSSG), and ascorbate. After lavage, the pulmonary artery was
cannulated and the vascular bed was perfused using 310 mOsm phosphate-buffered saline
(PBS). The left main stem bronchus was inflated with 4% paraformaldehyde under constant
pressure of 25 cm H2O while the right lobes of the lung were snap-frozen as described
previously [38, 39].

Measurement of total and active form of TGF-β in BALF by ELISA
The amounts of total and active TGF-β proteins in the BALF were measured using a ELISA
kit from eBioscience (84-7344-88) as we have described previously [40].

Measurement of GSH, glutathione disulfide, and ascorbate concentration in BALF and
lung tissue

The concentrations of GSH, glutathione disulfide (GSSG), and reduced ascorbate in BALF
were determined using a HPLC method as described previously [41]. Concentrations of urea
in BALF and in the plasma were measured using a commercially available kit (Teco
Diagnostics, Anaheim, CA) and the dilution factors of epithelial lining fluid (ELF) were
calculated based on urea concentrations in the plasma and in BALF, which were used to
normalize the antioxidant concentrations in ELF. Total GSH contents in lung tissue were
measured using a recycling assay as we have described previously [42]. The protein contents
were measured by a BCA kit and GSH concentrations calculated based on standard curve
run together with the samples and normalized by protein content.

Real-time PCR analysis of GCL mRNAs in the lung
Total RNA was isolated using Trizol reagent (Invitrogen) according to manufacturer’s
instructions. Extracted RNA was then treated with RNA-free (Ambion) DNase and
quantitated. One microgram of total RNA was reverse-transcribed using the TaqMan
Reverse Transcription Kit (Applied Biosystems) to produce cDNA for use in real-time PCR.
Real-time PCR was performed on an Applied Biosystems 7300 using TaqMan Gene
Expression Assays. Briefly, each sample was analyzed for a given gene in separate 25 µL
reaction mixtures containing 12.5 µL 2× TaqMan Universal PCR Master Mix, 10 pmol of
primers and 5 pmol of TaqMan probe, and 100 ng of total RNA for 40 cycles of 95°C for 15
s and 60°C for 1 min. Gene specific TaqMan assays for mouse Gclc (Mm00802658_m1),
Gclm (Mm00514996_m1), and Gapdh (Mm99999915_g1) were used. Relative changes in
the expression were determined by normalizing the relative amount of gene-specific mRNA
comparative threshold (Ct) to the Gapdh (housekeeping gene) Ct using the comparative
cycle threshold (ΔΔCT) method.

Western blotting
Lung tissues were homogenized in 0.25 M sucrose buffer containing protease inhibitor
(Sigma P8340) and phosphatase inhibitor cocktails (Sigma, P5726) and then centrifuged at
3,000 × g for 10 min at 4°C. The supernatants were centrifuged at 105,000 × g for 30 min at
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4°C. The protein concentrations in the supernatants were measured using a BCA protein
assay kit (Pierce, Rockford, IL). The amounts of GCLC, GCLM, vimentin, alpha smooth
muscle actin (α-SMA), activating transcription factor 3 (ATF3), as well as phosphorylated
and non-phosphorylated JNK proteins were determined by Western blotting techniques
using specific antibody to GCLC, GCLM, vimentin (SCBT, SC-6260), α-SMA (Biocare
Medical LLC), ATF3 (SCBT, sc-188), JNK (SCBT, sc-7345), pJNK (abcam, ab4821),
pERK (SCBT, sc-7383), ERK (SCBT, sc-94), pP38 (SCBT, sc-7973), p38 (SCBT, sc-7972),
4HNE (Alpha Diagnostic, HNE-11S), and nitrotyrosine (Alpha Diagnosis, NITT-12A),
respectively.

Measurement of GCL activity in lung tissues
GCL activity in lung tissue was measured using a fluorescence-based microliter plate assay
as described before [43]. Briefly, 50 µl of GCL reaction cocktail (400 mM Tris, 40 mM
ATP, 20 mM L-glutamic acid, 2.0 mM EDTA, 20 mM sodium borate, 2 mM serine, 40 mM
MgCl2) were added to each well on a 96-well plate, 6 wells per sample (3 for the activity
and 3 for GSH-baseline) and followed by 50 µl of sample. After 5 min pre-incubation, the
reaction was initiated by adding 50 µl of 2 mM cysteine to GCL activity wells. The plate
was then vortexed, covered, and incubated at 37°C for 30 min. The reaction was stopped by
adding 50 µl of 200 mM sulfosalicylic acid and then 50 µl of 2 mM cysteine was then added
to GSH-baseline wells. The plate was vortexed and held on ice for 20 min and then
centrifuged. Twenty microliters of supernatant from each well were transferred to a separate
96-well plate designed for fluorescence detection and 180 µl of
naphthalenedicarboxaldehyde (NDA) derivatization solution (50 mM Tris, pH 10, 0.5 N
NaOH, and 10 mM NDA in Me2SO, v/v/v 1.4/0.2/0.2) was added. The plate was covered to
protect the wells from light and allowed to incubate at room temperature for 30 min. NDA-
glutamylcysteine and NDA–GSH fluorescence intensity were measured on a fluorescence
plate reader (472 ex/528 em). The results were calculated based on the standard curve
obtained with different concentrations of GSH solutions at the same time.

TUNEL assay
Apoptosis of airway epithelial cells was analyzed using a TUNEL assay kit from Roche (Cat
No 11684817001) following the protocol provided by the manufacturer. Multiple digital
images [×200] around proximal bronchial structures where fibrosis was identified most in
this model from each mouse [4–6 mice/group] were captured. Number of apoptotic events
was manually counted from a total of 500 to 1000 cells and the apoptotic index was
calculated by dividing the total number of apoptotic cells by total number of cells and
multiplying by 100.

Masson’s trichrome staining of collagens
Masson’s Trichrome staining technique was employed to reveal collagen deposition as we
have described previously [39]. Briefly, the sections were deparaffinized and hydrated
through gradient alcohol, subsequently fixed in Bouin's mordant fluid, and the sections
sequentially stained using Weigert's hematoxylin, Biebrich Scarlet-Acid Fuchsin, and
Aniline Blue solutions.

Immunohistochemistry staining of α-SMA
Immunohistochemical staining of α-SMA was conducted as we have described previously
[38, 39]. Briefly, sections were deparaffinized and hydrated through graded alcohol series.
Endogenous peroxidase activity was quenched with 3% hydrogen peroxide. After blocking
with 10% normal horse serum, sections were probed with primary antibody (α-SMA 1:200
dilution) at 4°C overnight and then with biotin-conjugated secondary antibody (Vector,
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Burlingame, CA) for 1 hour at room temperature. After incubation with avidin-biotin
enzyme reagent (Vector, Burlingame, CA) the color was developed with DAB
chromophoric solution (Scytek Labs, Utah, USA) at room temperature for 5 min and then
counterstained with Harris’s hematoxylin (Sigma).

Measurement of hydroxyproline
The hydroxyproline content in mouse lungs was measured as we have described previously
[38]. Briefly, lung tissue was homogenized in 300 µl of PBS and hydrolyzed with 12 N HCl
at 110°C for 24 hrs. After cooling, samples were mixed with equal amounts of citrate–
acetate buffer (5% citric acid, 1.2% glacial acetic acid, 7.25% sodium acetate, and 3.4%
sodium hydroxide) and 10 × volume of chloramine-T solution (1.4% chloramine-T, 10% N-
propanol, and 80% citrate–acetate buffer) and incubated at room temperature for 30 min.
Ehrlich’s solution (2.5 g p-dimethylaminobenzaldehyde added to 9.3 ml of n-propanol and
3.9 ml of 70% perchloric acid) was added and the plate incubated at 65°C for 30 min. After
the samples were cooled down on ice, the absorbance was measured at 550 nm. Standard
curves were generated for each experiment using hydroxyproline reagent. Results are
expressed as micrograms of hydroxyproline per milligram protein.

Data analysis
Data are presented as means ± SEM and evaluated by one-way ANOVA. Statistical
significance was determined by Turkey’s test whereby p < 0.05 was considered significant.

Results
Effects of TGF-β1 on GSH concentration in mouse lung

Although it has been reported that TGF-β decreases GSH concentrations in different types
of cells in vitro, whether this is the case in vivo is unknown. To elucidate whether increased
TGF-β expression could possibly contribute to the decrease in GSH concentration in lung
lining fluid observed in patients with lung fibrotic diseases, we utilized a mouse model
whereby TGF-β1 expression in the lung was increased by intranasal instillation of AdTGF-
β1223/225, an adenovirus expressing constitutively active TGF-β1. Mice instilled with
AdDL70-3, a virus vector, or saline were used as controls. The results show that TGF-β
protein content in BALF was significantly increased by day 7 in mice intranasally instilled
with AdTGF-β1223/225 but not AdDL70-3 as compared to saline instilled controls (the
amounts of total TGF-β protein in BALF: saline, 205 ± 18 pg/ml, AdDL70-3, 270 ± 27 pg/
ml, AdTGF-β1223/225, 6,900 ± 721 pg/ml; active TGF-β in BALF: saline, 252 ± 11 pg/ml,
AdDL70-3, 218 ± 12 pg/ml, AdTGF-β1223/225, 2,041 ± 433 pg/ml). The BALF TGF-β1
levels detected in our animal model are comparable with those found in different lung
fibrotic diseases including IPF [44–47], suggesting that our animal model is a clinically
relevant model.

Associated with the increase in lung TGF-β expression, the concentration of GSH in ELF
was significantly decreased by day 7 (Fig 1A) although the level of glutathione disulfide
(GSSG) was not significantly changed (data not shown), leading to an increase in the ratio
of GSSG to GSH (Fig 1B), an indicator of oxidative stress. The total GSH content in lung
tissue was also significantly decreased in TGF-β1 treated mice (Fig 1C). However, the GSH
concentrations in lung tissue and ELF of TGF-β1 treated mice returned to the normal by day
21 (data not shown). In addition to depleting GSH, increasing TGF-β1 expression in the
lung also decreased the concentration of reduced ascorbate (Fig 1D), another small molecule
antioxidant present in the lung lining fluid. Control virus had no significant effects on GSH
level although it slightly decreased the ascorbate concentration, compared to saline treated
mice. These data suggest that increased TGF-β1 expression may contribute to the depletion

Liu et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of GSH observed in fibrotic lung diseases and that GSH depletion may not be a consequence
of lung fibrosis.

Effects of TGF-β1 on GCLC and GCLM mRNA and protein expression as well as GCL
activity in mouse lung

To explore the mechanism whereby TGF-β1 decreases GSH in mouse lung, we further
investigated the effects of TGF-β1 on the expression of both catalytic and modifier subunits
of GCL, the rate-limiting enzyme in de novo GSH synthesis. The results show that
increasing lung TGF-β1 expression down-regulated the expression of both catalytic (GCLC)
and modifier (GCLM) subunit mRNAs and proteins (Fig 2A& 2B), which was accompanied
by a decrease in GCL activity (Fig 2C) in lung tissue. No significant change in GCL mRNA
and protein expression or GCL activity was detected in mice administrated with control
virus as compared to saline treated group. These data suggest that TGF-β1 decreases GSH
level in vivo at least in part by suppressing the expression and activity of GCL.

Effects of TGF-β1 on JNK phosphorylation and ATF3 expression in mouse lung
It has been reported that TGF-β suppresses the expression of phase II enzymes including
GCLC by inducing the repressor ATF3 in mammary epithelial cells [48] whereas JNK is
involved in the induction of ATF3 by different stimuli [49–51]. To further explore the
mechanism whereby TGF-β1 suppresses the Gclc gene expression in vivo, we compared the
expression levels of ATF3 protein as well as the phosphorylation status of JNK in lung
tissue of mice instilled with saline, control virus, or TGF-β1 expressing virus by Western
analysis. The results show that instillation of AdTGF-β1223/225, but not AdDL70-3,
increased JNK phosphorylation and ATF3 protein level (Fig 3A) in mouse lung tissue. No
significant effect of overexpression of TGF-β1 on the phosphorylation of ERK or p38 was
detected (Fig 3B). These data suggest that activation of the JNK pathway, which leads to
increased expression of the transcriptional repressor AFT3, may be involved in TGF-β1
suppression of Gclc gene expression in mouse lung.

Induction of oxidative modifications of proteins and lipids by TGF-β1 in mouse lung
To determine whether increased TGF-β1 expression, which led to decreases in the
concentrations of GSH and ascorbate in the lung, causes oxidative modifications of lipids
and proteins, we assessed the levels of 4-hydroxynonenal (4-HNE)-protein adducts, a lipid
peroxidation indicator, and protein 3-nitrotyrosine, a protein oxidation product, by
immunohistochemistry and Western blotting techniques. The results show that increasing
TGF-β1 expression in mouse lung to the level comparable to those found in lung fibrotic
diseases was associated with significant increases in the amounts of both 4-HNE-protein
adducts (Fig 4A&4B) and protein nitrotyrosine (Fig 4C&4D). Again, control virus
administration did not cause any significant increase in either protein oxidation or lipid
peroxidation, compared to saline instilled mice. The results suggest that increased TGF-β1
expression may contribute to the increase in oxidative modifications of proteins and lipids
observed in these fibrotic lung diseases.

TGF-β1 induced apoptosis in airway epithelial cells associated with massive fibrotic
responses in mouse lung

It has been reported that TGF-β1 decreases GSH concentration, which was associated with
induction of apoptosis in different types of cells in vitro [31, 33]. To investigate whether
increasing TGF-β1 expression in the lung, which led to a decrease in GSH level in BALF
and lung tissue as shown in Fig 1 is associated with an increase in apoptotic cell death in
mouse lung, TUNEL assay was conducted with lung tissue paraffin sections. The results
show that increasing lung TGF-β1 expression dramatically increased the number of
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apoptotic cells in airway epithelium in mouse lung by day 7 although the virus vector alone
had no significant effect, compared to saline instilled control mice (Fig 5). Accompanied
with the increase in epithelial apoptosis, TGF-β1 induced massive fibrotic responses in the
lung revealed by trichrome staining, α-SMA immunohistochemical staining, hydroxyproline
measurement, and Western analyses of vimentin as well as α-SMA (Fig 6A&B).
Importantly, the results show that lung fibrosis (collagen deposition and hydroxyproline
accumulation) in TGF-β1 treated mice persisted at least 21 days (Fig 6C).

Discussion
GSH concentration in the lung lining fluid is considerably reduced in fibrotic lung diseases
[21–26]; the underlying mechanism and the biological significance of GSH depletion,
however, is unclear. In this study, we show that increasing the expression of TGF-β1, the
most potent and ubiquitous profibrogenic cytokine whose expression is increased in almost
all fibrotic diseases, in mouse lung to the levels comparable to those found in lung fibrotic
diseases [44–47] decreased GSH and ascorbate concentrations and increased the amounts of
oxidatively modified proteins and lipids in BALF and/or lung tissue by day 7, accompanied
by airway epithelial cell apoptosis and lung fibrosis. Importantly, lung GSH levels returned
to the normal whereas fibrosis persisted at least 21 days after TGF-β1 challenge. These
results suggest that increased TGF-β expression may contribute to the depletion of GSH in
the lung lining fluid observed in fibrotic lung diseases and that GSH depletion may be an
early event in, rather than a consequence of, lung fibrosis development.

TGF-β is a multi-functional cytokine, which plays a central role in the development of lung
fibrosis. It has been reported that TGF-β1 causes time-and dose-dependent depletion of GSH
concentration in human alveolar epithelial and pulmonary endothelial cells in vitro [31–34].
Our previous studies have also shown that TGF-β1 decreased the GSH concentration in
cultured fibroblasts (NIH3T3 cells) [35]. In this study, we further show that increasing TGF-
β1 expression in mouse lung by an adenovirus mediated gene transfer technique led to
decreases in GSH concentrations in ELF and lung tissue. As control virus did not have any
significant effect on GSH level although it slightly decreased ascorbate concentration in
BALF, it is suggested that the decrease in the lung GSH is caused by TGF-β1 not by viral
vector. Importantly, it has been reported that TGF-β1 concentrations in BALF of lung
fibrotic diseases including IPF, sarcoidosis, bronchopulmonary dysplasia, and acute
respiratory distress syndrome (ARDS) range between 1,000 pg/ml to 4 µg/ml [44–47].
Considering that the dilution factors of BALF are normally from 10 to 100 in human and the
dilution factors for our BALF vary between 10–20, these data suggest that the TGF-β1 level
detected in our animal model is clinical relevant. These data also suggest that increased
TGF-β expression may contribute to the depletion of GSH observed in the lung lining fluid
of fibrotic lung disease patients.

Although a few types of cells can directly uptake intact GSH from surrounding fluid most
cells depend on de novo synthesis to maintain their intracellular GSH homeostasis [10]. De
novo GSH synthesis is a two-step process catalyzed by the cytosolic enzymes glutamate
cysteine ligase (GCL) and GSH synthase (GS). GCL, composed of a heavy or catalytic
subunit (GCLC; Mr ~73 kDa) and a light or modifier subunit (GCLM; Mr ~31 kDa), is the
rate-limiting enzyme in de novo GSH synthesis [52]. Studies from this and other
laboratories have shown that regulation of Gcl gene expression is critical for maintaining
intracellular GSH homeostasis under both physiological and pathological conditions [41,
53–56]. In this study, we show that associated with the depletion of GSH, overexpression of
TGF-β1 in mouse lung tissue suppressed the expression of both Gclc and Gclm genes at
mRNA and protein levels and decreased GCL activity (Fig 2). These data suggest that TGF-
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β1 decreased lung GSH in vivo at least in part by suppressing Gcl gene expression and
thereby the biosynthesis of GSH.

The catalytic submit of GCL (GCLC) possesses all of the enzymatic activity and is feed-
back inhibited by the final product, GSH [57]. Although it has been reported that
overexpression of GCLC alone is sufficient to increase the GCL enzyme activity and
subsequent GSH synthesis in cells [57–59] both subunits are believed to be required for the
optimal enzyme activity in vivo due to a low concentration of glutamate and a high
concentration of GSH under physiological conditions [57, 59]. Association of GCLM with
the catalytic subunit GCLC lowers the apparent Km for the substrate glutamate and ATP and
increases the apparent Ki for GSH [60, 61]. Interestingly, it has been reported that the
expressions of GCLC and GCLM are regulated independently under some conditions [53,
54, 62] but coordinately in other situations [62, 63]. The mechanism underlying the
coordinate or disassociate regulation of two submits of GCL in these different situation is
unknown. In this study, we show that overexpression of TGF-β1 in mouse lung suppressed
not only the Gclc but also the Gclm gene expression at both mRNA and protein levels. Our
data are consistent with previous studies on GCLC by other laboratories, which show that
TGF-β1 suppressed the promoter activity of the Gclc gene and thereby the GCLC mRNA
and protein expression in cultured cells [32–34, 48]. As regarding GCLM, one study showed
that TGF-β1 had no effect on Gclm gene expression in TGF-α overexpressing hepatocytes
[33]. The mechanism underlying such discrepancy between our results and theirs is unclear
and probably related to differences in cell types (TGF-α overexpressing hepatocytes vs.
various types of lung cells) and the environment (in vitro vs. in vivo). Nonetheless, although
the mechanism underlying the inhibition of Gclm gene expression by TGF-β1 is unknown at
the moment, the results from this study suggests that increased TGF-β1 expression may
contribute importantly to the GSH depletion observed in fibrotic diseases and that TGF-β1
decreases GSH in vivo at least in part by suppressing the expression of GCL

Different mechanisms have been proposed for the suppression of Gclc gene expression by
TGF-β1. Franklin et al reported that TGF-β1 suppressed Gclc gene expression in
hepatocytes in part by inducing caspase-dependent cleavage of GCLC protein [33]. In this
study, we did not detect any cleaved GCLC band in lung tissue in mice instilled with
ADTGF-β1223/225, suggesting that TGF-β1 suppressed the Gclc gene expression in vivo
probably through other mechanism(s) rather than inducing GCLC protein cleavage. As
TGF-β1 reduced the amounts of both mRNA and protein of GCLC in mouse lung (Fig 2), it
is suggested that the suppression occurs at the transcription or mRNA level. Arsalane et al.
reported that although TGF-β1 had no effect on the half-life of gamma-GCShs (the old term
for GCLC) mRNA it suppressed the transcription rate of the gene revealed by nuclear run-
on assays [32]. Activating transcription factor 3 (ATF3) is a transcriptional repressor [64].
TGF-β has been shown to induce the expression of ATF3 in mammary epithelial cells,
which leads to the suppression of GCLC expression [48]. Interestingly, an increased ATF3
protein level was detected in AdTGF-β1223/225 instilled mouse lung as compared with viral
vector or saline instilled mice. These data suggest that induction of the transcriptional
repressor ATF3 may be involved in TGF-β1 suppression of GCLC expression in vivo.
ATF3 is induced by different stimuli through different signaling pathways. Chen et al
reported that hypoxia induced ATF3 expression in endothelial cells through activation of the
JNK MAPK pathway [65]. Lu et al showed, on the other hand, that the p38 signaling
pathway was involved in the induction of ATF3 by stress signals in HeLa cells [49].
Furthermore, it was reported that TNFα induced ATF3 expression in vascular endothelial
cells by activating the JNK pathway whereas the ERK pathway inhibited TNFα-mediated
induction of ATF3 mRNA [66]. In this study, we show that an increase in ATF3 expression
was accompanied by an increase in the phosphorylation of JNK, but not p38 or ERK,
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MAPK, suggesting that activation of the JNK pathway may be involved in the induction of
ATF3 by TGF-β1 in mouse lung in vivo.

The mechanism underlying the suppression of Gclm gene expression by TGF-β1 is far less
clear than that for the Gclc gene. No study had reported a down-regulation of Gclm gene
expression by TGF-β1 and little is known about the mechanism leading to a down regulation
of Gclm gene expression in other cases either [53, 63]. An interesting finding from our
previous studies is that both GCLC and GCLM expression were down regulated in several
visceral organs including the lung in old rats [63] whereas only GCLM , not GCLC,
expression was decreased in the brain of old rats and in HIV infected hepatocytes [53, 63].
These studies suggest that not only the stimuli but also the environment is important in
controlling the expression of two Gcl genes. Nonetheless, more studies are needed to
elucidate the mechanisms underlying the down regulation not only Gclm but also Gclc gene
expression under these different situations.

The biological significance of GSH depletion in the development of fibrosis remains
unclear. It has been reported that GSH depletion mediated TGF-β-induced apoptosis of
mammary epithelial cells as well as hepatocytes [31, 33]. In the previous study, we showed
that TGF-β1 decreased intracellular GSH levels in NIH3T3 cells, a murine embryo
fibroblast cell line, whereas treatment of NIH3T3 cells with exogenous GSH, GSH ester, or
the GSH pro-drug N-acetylcysteine (NAC) partially reversed TGF-β1-induced GSH
depletion and collagen accumulation [35]. We have also shown that exogenous GSH
selectively inhibited TGF-β1-induced expression of plasminogen activator inhibitor 1
(PAI-1), a protease inhibitor that plays a critical role in the development of fibrosis under
various pathological conditions, and stimulated collagen degradation in NIH3T3 cells [67,
68]. In this and recent studies, we show that, associated with depletion of lung GSH, TGF-
β1 increased PAI-1 expression and induced airway epithelial cell apoptosis, which was
accompanied by massive fibrotic responses in mouse lung [38] (Fig 6). Most importantly,
we show in this study that GSH level in the lung of TGF-β1 treated mice returned to normal
whereas fibrosis persisted 21 days after TGF-β1 instillation, suggesting that GSH depletion
may not be a consequence of fibrosis but occurs before or simultaneously with the
development of fibrosis.

In conclusion, our data suggest that increased TGF-β expression contributes to GSH
depletion observed in fibrotic lung diseases by suppressing the expression of the Gcl genes
and that GSH depletion may not be a consequent of the development of lung fibrosis.
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Highlights

◆ Clinically relevant level of TGF-β1 decreases GSH in BALF and lung tissue
in mice

◆ Clinically relevant level of TGF-β1 suppresses GCLC and GCLM expression
in mouse lung

◆ Clinically relevant level of TGF-β1 induces oxidative stress in mouse lung

◆ Clinically relevant level of TGF-β1 activates JNK MAPK and induces ATF3
in mouse lung

◆ GSH level returns to the normal whereas fibrosis persists at least 21 days
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Fig. 1.
Effects of increasing TGF-β1 expression on GSH concentration in mouse lung. AdTGF-
β1223/225, AdDL70-3, or saline was administrated to mouse lung by intranasal instillation.
Seven days after instillation, mice were sacrificed. The concentrations of GSH, glutathione
disulfide (GSSG), and reduced ascorbate in BALF were determined by HPLC whereas GSH
in lung tissue determined by a recycle assay as described in the Materials and Methods
section. A) ELF GSH concentration; B) The ratios of GSSG to total GSH in ELF, calculated
by the formula of [GSSG]*2/([GSSG]*2+[GSH]); C) Lung tissue GSH content; D) ELF
ascorbate (AH2) concentration. a, Significantly different from saline treated mice; b,
significantly different from control virus treated mice (p<0.05, n=5–8).
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Fig. 2.
Effects of increasing lung TGF-β1 expression on GCLC and GCLM mRNA and protein
expression as well as GCL activity in mouse lung. AdTGF-β1223/225, AdDL70-3, or saline
was administrated to mouse lung by intranasal instillation. Seven days after instillation, mice
were sacrificed. A) Real-time PCR analyses of GCLC and GCLM mRNAs. The results were
expressed comparative to GAPDH mRNA; B) Western analyses of GCLC and GCLM
proteins. Top panel, representative Western blot; bottom panel, semi-quantified data of
Western blots (normalized to β-actin protein); C) GCL activity determined by a
fluorescence-based microplate assay. *, Significantly different from saline treated controls
(p<0.05, n=5–6).
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Fig. 3.
Effects of increasing lung TGF-β1 expression on JNK phosphorylation and ATF3
expression in mouse lung. AdTGF-β1223/225, AdDL70-3, or saline was administrated to
mouse lung by intranasal instillation. Seven days after instillation, mice were sacrificed. A)
Top panel, representative Western blots of Atf3, phosphorylated JNK, total JNK, and β-
actin; bottom panel, semi-quantified data of Western blots (normalized to β-actin). *,
Significantly different from saline treated controls (p<0.05, n=3–4). B) Top panel,
representative Western blots of ERK, pERK, p38, pP38, and β-actin; bottom panel, semi-
quantified data of Western blots.
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Fig. 4.
Increasing lung TGF-β1 expression induced oxidative modifications of lipids and proteins in
mouse lung. AdTGF-β1223/225, AdDL70-3, or saline was administrated to mouse lung by
intranasal instillation. Seven days after instillation, mice were sacrificed. A)
Immunohistochemical staining of 4HNE-protein adducts; B) Western analyses of 4HNE-
protein adducts with β-actin to show equal protein loading. Top panel, selected gel picture;
bottom panel, semi-quantified data of the bands indicated by the arrows. C)
Immunohistochemical staining of protein nitrotyrosine; D) Western analyses of protein
nitrotyrosine comparative to β-actin. Top panel, selected gel picture; bottom panel, semi-
quantified data of the bands indicated by the arrows.
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Fig. 5.
Increasing lung TGF-β1 expression induced apoptosis in lung epithelial cells in mice.
AdTGF-β1223/225, AdDL70-3, or saline was administrated to mouse lung by intranasal
instillation. Seven days after instillation, mice were sacrificed. Apoptotic cells were detected
by TUNEL assay as described in the Materials and Methods section. Positive stained cells
were quantified and expressed as percentage of total cell number. *, Significantly different
from saline treated controls (p<0.05, n=5–6 mice).
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Fig. 6.
Increasing lung TGF-β1 expression induced massive long-lasting fibrotic responses in
mouse lung. AdTGF-β1223/225, AdDL70-3, or saline was administrated to mouse lung by
intranasal instillation. Seven (A&B&C) and twenty-one (D) days after instillation, mice
were sacrificed. A) Trichrome staining of collagens and immunohistochemical staining of
α-SMA in mouse lung; B) Hydroxyproline content in lung tissue; C) Western analysis of
vimentin and α-SMA protein in lung tissue. β-actin was used as a protein loading control.
Top panel, representative Western blots; bottom panel, semi-quantified Western data. D)
Top panel, representative trichrome staining picture; bottom panel, hydroxyproline content
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in lung tissue from mice sacrificed 21 days after TGF-β1 challenge. *, Significantly
different from saline treated controls (p<0.05, n=3–4).
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