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Abstract

Alveolar macrophages are believed to induce oxidative stress via reactive oxygen
species (ROS) when silica particles are inhaled. This process can contribute to the
pathogenesis of silicosis, but the mechanism is unclear. A traditional Chinese herbal
derivative, sodium tanshinone IIA sulfonate (STS), displays significant antioxidant
effects. Here, we determine whether STS can attenuate the oxidative stress induced by
silica. Traditionally, studies on the toxic effects of silica have focused on
monocultures of macrophages or fibroblasts. A coculture model of macrophages (Raw
264.7) and pulmonary fibroblasts (MRC-5) was used in this study to mimic a more in
vivo-like environment. We investigated the protective effects of STS on the abnormal
proliferation of MRC-5 fibroblasts in an in vitro model. The results showed that
fibroblast viability increased with the accumulation of intracellular ROS induced by
cocultured Raw 264.7 cells after silica exposure. Treatment with STS markedly
ameliorated the silica-induced cell proliferation and oxidative stress. Western blotting
and immunofluorescence analysis of the Nrf2 and thioredoxin (Trx) system were
conducted, and the results confirmed that treatment with STS enhanced nuclear Nrf2
accumulation and mediated antioxidant Trx system expression. These findings suggest
that silica exposure might induce some level of oxidative stress in fibroblasts and that
STS might augment antioxidant activities via up-regulation of the Nrf2 and Trx

system pathways in MRC-5 cells in vitro.
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1. Introduction

Silicosis, a disease caused by chronic inhalation of crystalline silica, is
characterized by inflammation and scarring in the form of nodular lesions in the lungs.
The presence of silicosis has been known for centuries, and industrial dust has led to
the increase of silicosis worldwide, especially in developing countries. However, the
pathological mechanism of silicosis is unclear. Recent studies have found that when
silica particle is inhaled, it is inevitably engulfed by macrophages that act as the
primary barrier and release cytokines, such as TGF-f1 (1). These stimulate fibroblast
proliferation and the production of collagen around the silica particles, resulting in
pulmonary fibrosis and the formation of silicotic nodules (2). However, enhancing
anti-inflammatory therapy has shown limited therapeutic efficacy in silicosis.

During the development of silicosis, contact between alveolar macrophages and
silica drives the subsequent pathogenic process. The uptake of silica particles by
macrophages triggers the production of reactive oxygen species (ROS) via the
oxidative stress pathway, which in turn contributes to pulmonary damage and
macrophage death by apoptosis (3). In addition, recent evidence has suggested that
nonphagocytic cells, including fibroblasts, also produce ROS following stimulation
by cytokines and growth factors (4) (5). Sustained ROS generation perpetuates the
continuum of phagocytosis, cell death, inflammatory cell recruitment and silica
deposition, and it is responsible for progressive and irreversible lung injury (6) (7) (8).
These data suggest that scavenging excessive ROS could be a possible therapeutic
approach to modulate the fibrogenic response.

Over the past few decades, studies have found an emerging role for the
transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2) in resistance to
oxidative stress. Under normal conditions, Nrf2 is predominantly sequestered in the
cytoplasm with its chaperone. Oxidative insults cause dissociation of the chaperone
complex, triggering the translocation of Nrf2 from the cytoplasm to the nucleus (9).
Then, nuclear Nrf2 binds to the antioxidant response element (ARE) and up-regulates

the transcription of genes, such as thioredoxin (Trx) and thioredoxin reductase (TrxR)
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(10), which are critical to the cellular antioxidant process (11) (12). Trx, TrxR and
NADPH comprise the Trx system, which plays an important role in some biological
functions such as the regulation of redox (13). To clear ROS, TrxR is involved in
catalyzing oxidized Trx to regenerate its reduced form using NADPH (14). We have
previously observed the relationship between Nrf2 and Trx in a rat silicosis model
(15). In addition, knockdown of Nrf2 in mice can substantially increase susceptibility
to a variety of exogenous toxicities and disease situations associated with oxidative
pathology (16) (17) (18), whereas pharmacological boosting of Nrf2 activity with
chemoprotective agents protects animals from oxidative damage (19). However,
activating the Nrf2 and Trx pathways has seldom been studied in alleviating oxidative
stress in silicosis.

Sodium tanshinone IIA sulfonate (STS) is a water-soluble derivative of
tanshinone IIA, an important ingredient in the well-known traditional Chinese herb
Danshen (Salvia miltiorrhiza). With superior bio-availability and various
pharmacological actions, STS has been used for the treatment of antioxidative stress
and reversing myocardial fibrosis, among other conditions (20). However, there are
few studies available on the efficacy of STS in pulmonary fibrosis, and the exact
mechanisms of the protective actions of STS in silicosis remain largely undefinable.

Monoculture studies of pulmonary fibroblasts are the predominant form of silica
particle toxicological testing in vitro, but it is difficult to show the specific mechanism
of silica particle pathogenesis both in vitro and in vivo. Cocultures of multiple cell
types have been proposed to be superior to monoculture and to more adequately
reflect a signaling environment in vivo (21) (22). In this study, we cocultured
macrophages (Raw 264.7) with lung fibroblasts (MRC-5) in a transwell system to
determine the potential toxic effects of silica particles and to explore the protective
effects of STS. The effects were indirectly similar to those observed in lung tissue and
further support the hypothesis that macrophages mediate the pulmonary response
following silica exposure. Through the measurement of crystalline silica particles,
ROS production, fibroblast viability, and transcription factor and downstream

antioxidant protein expression in MRC-5, this study determined that silica exposure
1
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may induce oxidative stress to stimulate the proliferation of fibroblasts and that
treatment with STS may augment antioxidant activities via the up-regulation of
Nrf2/Trx to restore the oxidant/antioxidant equilibrium and to attenuate MRC-5

fibroblast activation in vitro.

2. Materials and methods

2.1 Silica particles and STS
Silica particles (Sigma-Aldrich Co. LLC.) with a nominal size of 0.5-10 um

(approx. 80% between 1-5 um) were used. The morphology of the crystalline silica
particles was assessed by transmission electron microscopy (TEM, JEOL, JEM-2100)
and scanning electron microscopy (SEM, HITACHI, S-4800) (Fig. 1A&B). For cell
culture, silica was first prepared as stock solution in phosphate-buffered saline (PBS)
at a final concentration of 2 mg/mL after sonication. The silica stock solution was
kept at 4°C and used within 1 week.

STS was obtained from the National Institutes for Food and Drug Control
(Beijing, China) and was prepared fresh as a 0.5 mg/mL stock solution in PBS. The

molecule structure of STS is shown in Fig. 1C.
2.2 Cell culture
Human fetal lung fibroblasts (MRC-5) (Cell Culture Center of Peking Union

Medical College, China) and murine macrophage cells (Raw 264.7) (Xiang Ya Central
Experiment Laboratory, China) were used in this experiment. Briefly, MRC-5 cells
were cultured in minimal essential medium (MEM) with 10% fetal bovine serum
(FBS, Gibco) and 1% non-essential amino acids (NEAA, Gibco). Raw 264.7 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) and supplemented
with 10% FBS, 100 units/mL penicillin G (Sigma), and 100 mg/mL streptomycin
(Sigma). All cells were maintained in an incubator at 37°C and 5% COs,.

To prepare the coculture, inserts with a 0.4 pm pore size were removed from a
polyester Transwell (Corning, USA) and seeded with Raw 264.7 cells (6-well
Transwell: 1.5 x 10° cells/well, 96-well Transwell: 3 x 10° cells/well, individually) in
complete media in an empty companion dish for at least 12 h. MRC-5 cells (6-well

Transwell: 2 x 10° cells/well, 96-well Transwell: 4 x 10° cells/well, individually) were
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plated at the bottom of each plate well and allowed to adhere for at least 12 h without
apical chamber inserts. Then, the inserts were returned to the Transwell. MRC-5 cells
were maintained in 2.5ml or 235 pl of MEM without serum in the basolateral
chamber while Raw 264.7 cells were maintained in 1.5 ml or 75 pul of DMEM without
serum in the apical chamber. Cells were exposed to silica solution at a final
concentration of 12.5, 25, 50, or 100 pg/mL for 24 h. As the control group, an MRC-5
monoculture was seeded on the Transwell, and as the negative control group, a
coculture of Raw 264.7 and MRC-5 cells without silica was kept under the same
culture conditions. Furthermore, to explore the role of STS, MRC-5 cells were
supplemented with various concentrations of STS (0, 1, 5, 10, 25, or 50 pg/mL) in the
basolateral chamber with silica exposure (final concentration of 50 ug/mL only) and

co-incubated for 24 h (Fig. 1D).
2.3 Cell viability

The measurement of cell viability was performed using an MTT ((4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) assay. Briefly, Raw 264.7
cells were plated in the 96-well chamber inserts, and MRC-5 cells were added to the
bottom; the cells were then incubated at 37°C for 12 h. As a control group, MRC-5
cells were solo seeded at 4 x 10° cells/well before incubating for 12 h. Then cells
were treated with various concentrations of STS and/or silica suspension and then
incubated at 37°C for an additional 24 h in silica/STS groups. Alternatively, the
medium was replaced with DMEM containing a final concentration of 107, 10, 107,
10'6, or 107 M H,0, and cultured for 24 h. After the incubation, the inserts and media
in the bottom were removed, and then, 100 pL of MTT solution (0.5 mg/mL in PBS)
and 100 pL of DMEM were added into each bottom well. MRC-5 cells were
incubated under the same conditions for an additional 4 h. MTT was cleaved by living
cells into visible formazan crystals during this incubation. The formazan crystals were
dissolved in DMSO, and the resulting absorbance was measured at 490 nm using an
enzyme-linked immunosorbent assay. The relative cell viability was calculated and
compared with the absorbance of the negative control group. All MTT assays were

performed more than five times.
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2.4 Intracellular ROS measurement

Intracellular ROS production was analyzed using a DCFH-DA probe according
to the manufacturer’s instructions (Jiancheng Biotech, Nanjing, China). DCFH-DA, a
nonfluorescent cell-permeant compound, is cleaved by endogenous esterases within
the cell, and the de-esterified product can be converted into the fluorescent compound
DCF upon oxidation by intracellular ROS. To estimate intracellular ROS, after 24 h of
incubation, MRC-5 cells were loaded with 100 nM DCFH-DA for 10 minutes at 37°C,
washed with PBS, and immediately analyzed using a fluorospectrophotometer
(SHIMADZU, RF-5301PC) at an excitation wavelength of 485 nm and an emission
wavelength of 538 nm. The level of total ROS is expressed as fluorescence

intensity/mg protein.
2.5 Western blot analysis

Whole MRC-5 extracts were prepared using lysis buffer (50 mM Tris -HCI, pH
7.4; 150 mM NaCl; 1% sodium deoxycholate; 0.1% SDS) (KeyGEN Biotech, China)
on ice after 24 h of incubation. The protein concentration was determined by
Bicinchoninic acid (BCA) assay (Thermo Scientific, Rockford, IL, USA). Equal
amounts of protein extracts (50 pg) were separated by 10% or 15%
SDS-Polyacrylamide gel electrophoresis and then transferred onto a polyvinylidene
difluoride (PVDF) membrane (GE Healthcare, Piscataway, NJ, USA). The
transblotted membranes were blocked with 5% nonfat milk in TBS containing 0.1%
Tween 20 (TBST) for 1 h. The membranes were incubated overnight at 4°C with
specific antibodies against Nrf2 (1:1000 dilution, Abcam, UK), Trx (1:1000 dilution,
Cell Signaling Technology, USA), TrxR (1:500 dilution, Santa Cruz Biotechnology,
USA) and B-actin (1:1000 dilution, Cell Signaling Technology, USA). The blots were
then incubated with the corresponding horseradish peroxidase (HRP)-conjugated
secondary antibody (1:2000 dilution, Cell Signaling, USA) for 2 h. The blots were
developed using ECL plus western blot detection reagents (Thermo Scientific, USA)
and detected with a Molecular Imager Bio-Rad Gel Doc™ XR+ with Image Lab™

Software (Bio-Rad, California, USA).
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2.6 Confocal laser scanning microscopy

Immunofluorescence labeling was performed to assess the subcellular
localization of Nrf2 (1:200 dilution, Abcam, UK) and Trx (1:200 dilution, Abcam, UK)
in MRC-5 cultures. Nuclear immunofluorescence was quantified by co-localization

with DAPI under observation with a LEICA TCS SP8X (LEICA, Germany).
2.7 Knockdown of Nrf2 by lentiviral transfection

Nrf2-shRNAs were designed to target the Nrf2 gene (NM_001145412); the
specific ShARNA sequences were cloned into GV248 (Shanghai GeneChem Co., Ltd.,
Shanghai, China). A green fluorescent protein (GFP) lentiviral vector was used as a
negative control. The lentivirus was produced by transfecting lentiviral plasmids into
HEK-293T cells with Lipofectamine 2000 (Invitrogen). After transfection for 48 h,
cell supernatant containing the lentivirus was harvested and concentrated, and the
virus titer was calibrated. The lentivirus, with a final concentration of 4 x 10® TU/ml,
was stored at —80°C.

MRC-5 cells were plated at a density of 1x10* cells/well in six-well plates in
MEM supplemented with 10% FBS and 1% NEAA in a humidified atmosphere of 5%
CO; at 37°C for 12 h before transfection. The medium was then replaced with 1 ml of
serum-free medium, and the cells were transfected with lentivirus at a multiplicity of
infection (MOI) of 10 in the presence of 5 pg/ml polybrene (Sigma). The medium was
changed to complete medium after 12 h of transfection. After 72 h of incubation, the
rate of infection was observed using a fluorescence microscope, and the total cellular
RNA was extracted for further validation or the transfected cells were used for cell

function experiments.
2.8 RNA isolation and reverse transcription—polymerase chain reaction

At the indicated time points, total RNA was isolated with the SV Total RNA
Isolation System (Promega) and spectrophotometrically quantified, and reverse
transcription—polymerase chain reaction (RT-PCR) was performed with the OneTaq®
RT-PCR Kit (New England Biolabs) according to the manufacturer's instructions. The

reactions were started at first-strand cDNA synthesis, with incubation at 42°C for one
8
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hour. The PCR cycling conditions were as follows: 95°C for 30 seconds and then
immediately cycled 30 times through a 30-second denaturing step at 94°C, a
30-second annealing step at 61°C, and a 1-min extension step at 68°C. After the
cycling procedure, a final 5-min elongation step at 68°C was performed. All
amplifications were performed in the linear range of the assay. The reaction products
were separated on a 1.0% agarose gel and imaged using a Molecular Imager Bio-Rad
Gel Doc™ XR+ with Image Lab™ Software (BIO-RAD, California, USA). The

primers used are shown in table 1.
2.9 Statistical analysis

Individual dependent variable data were analyzed statistically by one-way
analysis of variance (ANOVA), followed by Duncan’s multiple range test when
appropriate. Differences between groups were considered to be significant when

p<0.05. Data are expressed as the mean +S.D.

3. Results
3.1 Effect of STS on the suppression of both silica- and H,0;-induced MRC-5

proliferation.

We first explored the viability of MRC-5 cells following treatment with either
silica or H,O, by MTT assay. As shown in Fig. 2A, the viability of MRC-5 cells
cocultured with Raw 264.7 cells was increased compared with the quiescent
monocultured MRC-5 cells, while at low concentrations (12.5 or 25 pg/mL) silica
administration had an impact on cocultured MRC-5 cells. When examining cells
treated with higher amounts of silica, MRC-5 fibroblasts treated with 50 pg/mL silica
showed peak and significant proliferation compared with the cocultured group
without silica treatment. Based on this result, 50 pg/mL silica was used for all
subsequent STS treatment experiments. As shown in Fig. 2B, a range of
concentrations of H,O, (10'3, 104, 107, 10'6, and 107 M) were used to determine their
effects on MRC-5 cell proliferation. In the case of H,O,, an increase of 20 — 30% in

cell proliferation compared with the control group was measured after treatment with
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10° M H,0,, which was the concentration that was determined for the subsequent
study. As the concentration increased further to 10 M, the toxic effect of H,0O,
became apparent. Furthermore, the toxicity of STS on MRC-5 was not obvious upto
10 pg/mL in Fig 2C. The effects of various STS concentrations below 10 pg/mL were
measured following their addition after silica or H,O, treatment as indication
previously. As shown in Fig. 2D, STS treatment (10 ug/mL) suppressed the MRC-5
proliferation induced by 50 pg/mL silica. STS administration also showed similar

effects on the cell proliferation induced by 10° M H,0, (Fig. 2E).
3.2 Effect of STS on the inhibition of silica-induced MRC-5 activation.

To evaluate whether fibroblast activation plays a key role in silicosis, the
expression of extracellular matrix proteins (collagen I and III) was determined. As
shown in Fig. 3 A&B, corresponding with MRC-5 proliferation, both collagen I
expression and  collagen III  expression  were increased in a
silica-concentration-dependent manner. The expression of collagen in the 50 pg/mL
silica treatment groups was significantly increased compared to the negative control
group. We also used different concentrations of STS to elucidate the possible effects
of STS on extracellular matrix degradation. Compared to the silica treatment group,
STS treatment decreased the expression of collagen I and collagen III in MRC-5 cells

in a dose-dependent manner.
3.3 STS suppressed the ROS production induced by silica in MRC-5 cells.

The effect of silica is likely to be mediated by ROS, which could play an
important role in the progress of pulmonary fibrosis. To determine whether STS exerts
its cytoprotective effects by inhibiting ROS production, intracellular ROS levels were
measured in MRC-5 stained with DCFH-DA. As shown in Fig. 4A, silica exposure
could markedly increase the generation of ROS in MRC-5 cells in a dose-dependent
manner. Interestingly, the macrophage/fibroblast coculture system showed a mild
increase in intracellular ROS generation compared with monocultured MRC-5 cells.
This finding may to some extent be due to the coexistence of the cell types and could

reflect their interaction under physical conditions. On this basis, we aimed to explore

10
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the toxic effect of silica in an in vivo-like system. The results showed that silica
exposure could clearly aggravate intracellular oxidative stress. In consideration of this,

treatment with STS markedly reduced the ROS generation induced by silica.
3.4 Effect of STS on Nrf2 protein expression in MRC-5 cells.

To investigate whether STS could affect Nrf2 expression in MRC-5 cells, the
coculture system was treated with the indicated concentration of silica or STS.
Following treatment for 24 h, the amount of Nrf2 protein was analyzed by Western
blot and immunofluorescence in MRC-5 cells (Fig. 5). We first examined Nrf2 protein
expression in whole MRC-5 cells, and the results showed that the Nrf2 expression
was increased in the negative control group compared with that in the control group,
whereas silica exposure caused a gradual decrease in Nrf2 expression (Fig. 5A). After
STS treatment, the amount of Nrf2 protein in whole cells increased, especially at 10
ug/mL STS (p < 0.05) (Fig. 5B). Moreover, to further explore Nrf2 activation, the
nuclear and cytoplasm levels of Nrf2 protein were determined (Fig. 5C). Silica
exposure resulted in decreased levels of nuclear and cytoplasmic Nrf2 in MRC-5 cells.
In addition, immunofluorescence showed that Nrf2 was barely expressed in the
cytoplasm (Fig. 5D). However, the translocation of Nrf2 protein to the nucleus was
significantly increased by STS treatment, as assessed using both Western blotting and
immunofluorescence techniques, suggesting that STS treatment might contribute to

nuclear Nrf2 protein up-regulation.
3.5 Nrf2 knockdown inhibited TrxR and Trx gene expression in MRC-5 cells.

The Trx system plays a key role in antioxidative stress. To evaluate whether the
transcription factor Nrf2 could regulate the expression of TrxR and Trx, Nrf2 was
knocked down by lentivirus transfection. First, sShARNA-Nrf2 or shRNA-control was
transfected into MRC-5 cells. After 72 h of transfection, significantly increased
expression of GFP was observed in the shRNA-Nrf2 cells using an inverted
fluorescence microscope (Fig. 6A). Next, Nrf2 mRNA expression was detected by
RT-PCR. Compared with the shRNA-control, transfection with shRNA-Nrf2

significantly ablated Nrf2 mRNA expression at 72 h post-transfection (Fig. 6B).
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These results indicate that transfection with shRNA-Nrf2 was effective in MRC-5
cells. To elucidate the downstream effectors of Nrf2, we examined Trx and TrxR
mRNA expression. We found that Nrf2 knockdown by shRNA significantly decreased
Trx mRNA and TrxR mRNA expression compared with the siRNA-control. This may
indicate that Nrf2 was an important transcription factor that could regulate the

expression of Trx and TrxR.
3.6 Effect of STS on Trx and TrxR expression in MRC-5 cells.

According to the effect of STS on the induction of Nrf2, we wondered whether
the Trx system was involved in the STS mechanism of action. As shown in Fig.
6C&D, STS treatment increased Trx and TrxR protein expression, as assessed by

western blotting and/or immunofluorescence analysis.

4. Discussion

Most silica particles are engulfed by macrophages in the process of entering the
lung in vivo, and interstitial macrophages are activated after particle uptake to produce
ROS (23). Therefore, this study used a macrophage/fibroblast coculture system to
determine if the interaction of macrophages with silica in vitro could affect the
underlying fibroblasts, as their activation plays a key role in the pathophysiologic
process of silicosis. Fibroblasts, activated and differentiated into myofibroblasts and
acquiring a pro-fibrosing phenotype, are defined by the expression of extracellular
matrix proteins (collagen I and III) and cell proliferation (24). Our current study
demonstrated for the first time that exposure to silica could significantly promote the
proliferation and activation of MRC-5 cells in a coculture system. The results shown
in Fig. 2A demonstrated that the viability of MRC-5 cells coculture with Raw 264.7
cells was increased compared with the quiescent monocultured MRC-5 cells. By
contrast, macrophage/fibroblast coculture with silica treatment showed significantly
increased proliferation compared with the negative control group. Additionally,
collagen I and III expression was significantly increased in the silica treatment group
compared with the negative control group (Fig. 3A). These results indicated that the

coculture model could partially simulate the complex in vivo environment, enabling

12
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the exploration of silica pathogenesis mediated by the stimulation of fibrogenesis.

The abnormal proliferation and activation of MRC-5 cells by silica could
therefore be partially attributed to the increased intracellular ROS levels. First, a
growing body of evidence indicates that ROS may act as a fundamental signaling
molecule in many cellular processes. Previous reports have indicated that low
concentrations of H,O, (~10 nM—10 uM) are effective at stimulating the growth of
mammalian fibroblasts in a cell culture system (25) (26). It is now clear that H,O, can
stimulate growth responses in a variety of mammalian cell types when added
exogenously to the medium. In the present study, 10° M H,0, (Fig. 2B) was needed to
promote maximal proliferation of MRC-5 cells. Additionally, mice deficient for ROS
production through the NADPH-oxidase pathway do not develop pulmonary fibrosis
after the intranasal administration of bleomycin, suggesting that
NADPH-oxidase-derived ROS are essential for the development of pulmonary
fibrosis (27). These data are in agreement with previous publications indicating that
there is a significant decrease in erythrocyte GSH, GPx and SOD as well as a
significant increase in the MDA level in silicotic patients, suggesting oxidative stress
status (28). We have previously observed that both ROS and MDA levels are
markedly increased during the early stage of silica exposure in rat lung (15). Second,
a recent publication also confirmed that ROS increase active TGF-B1 release, which
works as a fibrotic factor and directly induces the activation of human lung fibroblasts
(29). Moreover, superoxide production is markedly enhanced in vascular smooth
muscle cells after TGF-B1 stimulation (30), suggesting a positive feedback loop in
TGF-B1 activation by ROS. We found that the concentration of TGF-1 in Raw 264.7
supernatants gradually increased with the silica-concentration-dependent exposure
(data not shown). In this study, the results show that indirect silica exposure of
fibroblasts moderately increased the generation of ROS in a dose-dependent manner
and that this was accompanied by fibroblast proliferation and activation. Collectively,
these data suggest that blocking fibroblast activation by scavenging excessive ROS
could be a possible therapeutic approach to modulate the fibrogenic response.

Numerous reports have shown that Tanshinone ITA has antioxidant properties and
13
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that it can alter the expression and/or activity of specific anti-oxidant enzymes to
protect cells from oxidant damage (31). It has been reported that STS can markedly
modulate the redox-sensitive steps to attenuate angiotensin II-induced collagen I
expression in cardiac fibroblasts in vitro (20). In this study, we explored the potential
protective mechanism of STS, which was used to treat MRC-5 cells. The results
showed that both the proliferation and activation of MRC-5 fibroblasts induced by
silica were reversed by STS treatment and that STS eliminated the excessive ROS
production. These findings suggest that the effect elicited by STS might be due to its
potent antioxidant property and its ability to mitigate fibrosis. Although the protective
effects of STS against fibrosis have been widely investigated, the molecular
mechanisms remain elusive, especially because the direct target of STS is unknown.
The salient findings of this study are summarized as follows: 1) STS markedly
decreased ROS generation via the Nrf2/Trx pathway to exert its antioxidant function;
2) STS may increase the myofibroblastic dedifferentiation associated with Nrf2
activation. These observations shed new light on the potential anti-fibrotic properties
of STS in silicosis.

First, the oxidant/antioxidant imbalance in pulmonary fibroblasts was associated
with decreased nuclear Nrf2 expression. Nrf2, a transcription factor, directly regulates
pathways that control ROS homeostasis and antioxidant defense by modulating the
transcription of critical genes to influence the onset and severity of pulmonary fibrosis.
In a murine model of bleomycin-induced pulmonary fibrosis, researchers have shown
increased sensitivity to bleomycin and more severe inflammatory lesions in
Nrf2-knockout mice (32). In the present study, silica treatment gradually attenuated
the induction of total Nrf2 in cocultured MRC-5 cells with increasing doses of silica
(Fig. 5), accompanied by increasing ROS levels. Our results are in agreement with
recent evidence showing decreased total Nrf2 expression in fibroblastic foci in
idiopathic pulmonary fibrosis (IPF) lung biopsies (33). Moreover, the
down-regulation of Nrf2 was confirmed in our previous results in a rat silicosis model,
which showed that Nrf2 was absent in rat lungs on day 30 after silica inhalation (15).

These results suggest that low Nrf2 expression could be the reason underlying redox
14
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balance disorders. Previous studies have provided evidence indicating that the Nrf2
transcription factor binds to the ARE in the Trx and TrxR promoters in response to
oxidative stress stimuli, leading to the induction of Trx and TrxR expression (34) (35)
(36). We further found that Nrf2 knockdown by shRNA significantly decreased Trx
mRNA expression and TrxR mRNA expression compared with the siRNA-control
(Fig. 6B). Additionally, we have previously reported that silica can induce ROS
accumulation and some oxidative cellular damage by down-regulating both the
mRNA and protein expression of Trx and TrxR in vitro (37). These data are in
agreement with data showing that ROS are counterbalanced by a web of antioxidant
systems in the body and that the Nrf2/Trx pathway might play a key role in ROS
homeostasis. However, STS treatment could significantly up-regulate the intracellular
expression of Nrf2 not only in the cytoplasm but also in the nucleus (Fig. SC&D).
Furthermore, it could induce the nuclear translocation of Nrf2 and subsequently
increase the protein expression of Trx and TrxR (Fig. 6C&D), which consequently
enhanced the resistance to oxidative stress induced by silica. Hence, the role of STS
we observed was that of facilitating Nrf2 translocation to the nucleus, where Nrf2
played a pivotal role in the transcriptional activation of Trx and TrxR, which mitigated
the oxidative stress induced by silica.

Except for a clear antioxidative role in respiratory diseases, Nrf2 has been found
to be involved in cellular differentiation, including the myofibroblastic differentiation
of fibroblasts during IPF (38). In that study, Nrf2 knockdown induced oxidative stress
and myofibroblastic differentiation in control fibroblasts. Conversely, Nrf2 activation
increased antioxidant defenses and myofibroblastic dedifferentiation in IPF fibroblasts.
Furthermore, Nrf2 has been found to down-regulate the collagen I mRNA level in
mice (39). In agreement with this, we found that the Nrf2 down-regulation induced by
silica was associated with the up-regulation of collagen I/IIl expression. However,
STS treatment down-regulated the collagen I/IIl expression accompanied by Nrf2
activation. Further research is needed to explore the exact mechanism underlying the

effect on STS-induced Nrf2 activation.
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5. Conclusions

Our results suggest that STS likely inhibited silica-induced MRC-5 proliferation
and activation by inducing Nrf2 expression and up-regulation of the oxidative
response genes Trx and TrxR. This finding may form the basis of a new strategy for

treating silicosis.
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Fig. 1 SEM (A) and TEM (B) images of silica showing an overview of the scale
structure and dispersion, with scale bars of 5 um or 0.5 pm individually. (C) The
molecular structure of STS. (D) Macrophage/fibroblast coculture system.
Macrophages (Raw 264.7) were cultured on the apical side of polyester Transwell
inserts (0.4 pm pore size), while lung fibroblast cells (MRC-5) were cultured in the
basolateral chamber of the Transwell. Macrophages were exposed to silica particles at
various doses without or with STS treatment, and the effects on the underlying
fibroblasts were assayed.

Fig. 2 Effects of STS on silica/H,0O, induced fibroblast proliferation. Raw 264.7 and
MRC-5 cells were grown in coculture, followed by exposure of different
concentrations of silica/H,O,, as well as STS (1, 5, 10, 25, or 50 pg/mL) addition.
After 24 h, cell proliferation was determined with the MTT assay. The experiments
were repeated five times with reproducible results. *P <<0.05 vs. negative control
group; #P <<0.05, ##P <<0.01 vs. the control group. & <<0.05 vs. silica/ H,O,
treatment group.

Fig. 3 Effects of STS on silica-induced collagen type I/III expression. Collagen type
I/IIT expression (A&B) was determined by Western blotting. The experiments were
repeated three times with reproducible results. *P <<0.05 vs. control; *P <<0.05 vs.
negative control group. #P <<0.05, ##P <<0.01 vs. silica treatment group.
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Fig. 4 Effects of STS on the silica-induced production of ROS. Raw 264.7 and
MRC-5 cells were grown in coculture, followed by exposure of Raw 264.7 cells to
various doses of silica without or with STS (1, 5, 10, 25, or 50 pg/mL). After 24 h,
DCFH-DA fluorescence was measured by a fluorospectrophotometer (A&B). The
experiments were repeated three times with reproducible results. *P <<0.05, "P <
0.01 vs. control; *P <<0.05, **P <C(0.01 vs. negative control group. #P <<0.05, ##P
<C0.01 vs. silica treatment group.

Fig. 5 Effects of silica and STS on the expression of antioxidative proteins. (A&B)
Western blot results are shown: one for Nrf2 in silica-treated groups (left) and one for
Nrf2 in STS-treated groups (right). Silica decreased the amount of Nrf2 in whole cells,
and the high dose of STS up-regulated the expression of Nrf2 in whole cells. *P <
0.05 vs. control; #P <<0.05 vs. negative control group. &P <<0.05 vs. silica
treatment group. (C) Total form Nrf2 in the nucleus and cytoplasm were prepared and
determined using Western blot. (D) Immunofluorescence staining of Nrf2 plus or
minus silica and/or STS. With exposure to 50 pg/mL silica particles for 24 h, Nrf2
immunofluorescence (green) is barely observed in the cytoplasm but is clearly present
with added STS. The magnification (630x) in all panels is the same. Scale bar = 25
pm. Nuclei are stained blue with DAPI.

Fig. 6 TrxR and Trx gene and protein expression in MRC-5 cells was inhibited by
Nrf2 knockdown and increased by STS treatment. (A) Transfection efficiency
detected by fluorescence microscopy. GFP-emitted green fluorescence (left) and same
fields of vision under an optical microscope (right). More than 80% of cells were
infected with lent-GFP at an MOI of 10 after 72 h of treatment. (B) Antioxidant
mRNA levels by RT-PCR. The Lent-GFP-Nrf2-/- lentivirus significantly decreased
the Nrf2 mRNA level and the Trx/TrxR mRNA level in MRC-5 cells. The effects of
STS on Trx and TrxR protein expression, examined using immunofluorescence
microscopy (C) and/or western blotting (D).
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