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ARTICLE INFO ABSTRACT
Keywords: Pulmonary fibrosis (PF) is a chronic lung disease characterised by alveolar inflammatory injury, alveolar septal
COVID-19 thickening, and eventually fibrosis. Patients with severe Coronavirus Disease 2019 (COVID-19) may have left a

Pulmonary fibrosis certain degree of pulmonary fibrosis. PF is commonly caused by oxidative imbalance and inflammatory damage.

?)iisglt\iie stress S-allylmercapto-N-acetylcysteine (ASSNAC) exhibits anti-oxidative and anti-inflammatory effects in other dis-
Inflammation eases. However, the pharmacodynamics of ASSNAC remain unclear for PF. This investigation aimed to evaluate

TGF-p1/Smad2/3 pathway the efficacy and mechanism of ASSNAC against PF. The PF model was established by TGF-$1 stimulating HFL-1
cells in vitro. ASSNAC exhibited the potential to inhibit fibroblast transformation into myofibroblasts. Also, in the
PF mice model with bleomycin (BLM), the sodium salt of ASSNAC (ASSNAC-Na) inhalation was treated. ASSNAC
remarkably improved mice’s lung tissue structure and collagen deposition. The important indicator proteins of
PF, collagen I, collagen III, and a-SMA significantly decreased in the ASSNAC treated groups. Besides, ASSNAC
attenuated oxidative stress by reversing glutathione (GSH), superoxide dismutase (SOD) levels and interfering
with Nrf2/NOX4 signaling pathways. ASSNAC showed an anti-inflammatory effect by reducing the number of
inflammatory cells and inflammatory cytokines, such as TNF-a and IL-6, and blocking the NF-kB signaling
pathway. ASSNAC inhibited fibroblast differentiation by blocking the TGF-f1/Smad2/3 signaling pathway. This
study implicates that ASSNAC alleviates pulmonary fibrosis through fighting against oxidative stress, reducing
inflammation and inhibiting fibroblast differentiation.

1. Introduction characterized by extracellular matrix (ECM) deposition and myofibro-
blast activation. In this condition, the lung tissue becomes irreversible
Pulmonary fibrosis (PF) is a chronic progressive lung disease that is scarred over time, which leads to lung function decline [1-3]. PF is

Abbreviations: PF, pulmonary fibrosis; COVID-19, Coronavirus Disease 2019; ASSNAC, S-allylmercapto-N-acetylcysteine; BLM, bleomycin; ASSNAC-Na, the so-
dium salt of ASSNAC; ECM, extracellular matrix; ROS, reactive oxygen species; GSH, glutathione; SOD, superoxide dismutase; TGF-p1, transforming growth factor 1;
Nrf2, NF-E2 related factor-2; HO-1, Heme Oxygenase-1; Keapl, Kelch—like ECH—associated protein 1; ARE, anti-oxidative response element; NOX4, nicotinamide
adenine dinucleotide phosphate oxidase 4; NF-kB, Nuclear factor kappa-B; IkB-a, Inhibitor kappa B alpha; NAC, Acetylcysteine; NACA, N-acetylcysteine amide;
COPD, chronic obstructive pulmonary disease; SAMC, S-allylmercaptocysteine; HFL-1, Human fetal lung fibroblast 1; H&E, Hematoxylin and Eosin; IL-6, Interleukin-
6; TNF-0, tumor necrosis factor-o; FBS, Fetal bovine serum; ELISA, enzyme-linked immunosorbent assay; BCA, bicinchoninic acid; TBST, tris buffer solution tween;
PMSF, phenylmethyl sulfonyl fluoride; a-SMA, a-smooth muscle actin; BALF, bronchoalveolar lavage fluid; RIPA, Radio Immunoprecipitation Assay; PVDF, poly-
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mostly occurring people with age between 50 and 70 years old [4]. It is
similar to cancers with high mortality rate and the median survival time
is only 2-5 years [5]. PF is one of the lung injury characteristics in the
patients with severe COVID-19 and the autopsy results of the first case of
COVID-19 showed severe PF [6]. Therefore, it is important to investigate
safe and effective treatment strategies for PF.

The research shows that oxidation imbalance, inflammatory injury,
and excessive accumulation of ECM result in PF [7,8]. Bleomycin (BLM)
induces oxidative stress by increasing reactive oxygen species (ROS) and
subsequent DNA damage [9-11] and subsequently causes inflammatory
response and triggers the activation of transforming growth factor pl
(TGF-p1), the major cytokine causing tissue fibrosis [12]. GSH and SOD
are the crucial component of antioxidant defence systems. Hence,
increasing the contents of GSH and SOD are helpful to fight against
oxidative stress. Nicotinamide adenine dinucleotide phosphate oxidase
4 (NOX4), the main enzyme for regulating oxidative stress, is overex-
pressed in pulmonary diseases. Oxidative stress induced by NOX4 can
regulate the fibroblasts’ differentiation by TGF-f [13]. Nrf2 activation is
a key defense mechanism against oxidative stress. Under normal con-
ditions, Nrf2 is sequestered by repressor Kelch—like ECH—associated
protein 1 (Keapl) in the cytoplasm and promotes its ubiquitination [14].
Under stress conditions, oxidants and electrophiles can covalently
modify the reactive cysteine residues in Keapl, resulting in the confor-
mation changes of Keapl that inactivate the Keapl —Cul3 E3 ligase [15,
16]. Nrf2 is released from Keapl and translocates to the nucleus to
induce the transcription of downstream genes [17,18]. The
up-regulation of NOX4 and down-regulation of Nrf2 exhibite continuous
redox imbalance, which shows that NOX4 and Nrf2 play a key role in PF
[19,20].

Nuclear factor kappa-B (NF-kB) regulates the transcription of many
genes related to inflammation, cell apoptosis, and proliferation [21].
Inhibitor kappa B alpha (IkB-a) is a cytoplasmic inhibitor of NF-kB,
inhibiting the production of pro-inflammatory cytokines such as
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) and causing
anti-inflammatory responses [22,23]. Therefore, inhibiting the NF-xB
signaling pathway could be a potential treatment target for PF. TGF-p1 is
closely related to inflammation, immune response, and matrix synthesis
[24,25]. TGF-B1 can activate the Smad2/3 signaling pathway, and the
phosphorylation of Smad2 and Smad3 further promotes the expression
of TGF-pl and pro-fibrotic genes [26]. Also, the TGF-$1/Smad2/3
pathway is the key to linking oxidative stress and inflammation
signaling pathways. Therefore, inhibiting TGF-$1/Smad2/3 signaling
pathway is beneficial to fight against PF [27]. A large number of studies
have reported that oxidative stress caused inhibiting Nrf2 pathway,
inflammation caused activating NF-kB pathway and fibrosis caused
activating TGF-p1/Smad2/3 pathway are three key pathways in PF
initiation and deterioration [28-30]. Therefore, anti-oxidation and
anti-inflammatory have become the new therapeutic strategy to fight
against PF [31].

Aerosol treatment can precisely deliver drugs to the lungs, which is
an appropriate strategy for pulmonary diseases. The lungs have a rich
capillary network and a thin alveolar epidermal cell layer, which acts as
unique advantages for improving bioavailability [32]. Compared with
oral administration, pulmonary drug delivery can reduce adverse effects
on the gastrointestinal tract and avoid the first-pass effect, thus
enhancing the drug bioavailability.

Acetylcysteine (NAC), a commonly used thiol-containing antioxi-
dant, plays an anti-fibrotic effect by providing GSH, eliminating ROS
antagonistic oxidative damage and improving the antioxidant effect of
the organism. The previous research has shown that NAC has an anti-
fibrotic effect on rats [33]. However, the bioavailability of NAC is
very low and more than 600 mg doses per day needed to be provided to
combat GSH deficiency caused by oxidative stress [34,35]. It was re-
ported that N-acetylcysteine amide (NACA) increased bioavailability by
6-7 folds and GSH replenishing capacity by 3—4 folds than NAC [36].
S-allylmercapto-N-acetylcysteine (ASSNAC), containing NAC or NACA
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structure, could also provide GSH and resist oxidative stress [37].
Therefore we chose NAC as the positive control in this experiment.
ASSNAC is the derivative of allicin, which plays an important role in
anti-oxidation, anti-inflammation, and against chronic obstructive pul-
monary disease (COPD) [37-39]. S-allylmercaptocysteine (SAMC) is an
analogous structure of ASSNAC and exhibits an anti-fibrotic effect [40].
However, the efficacy and mechanism of ASSNAC against PF in vitro and
in vivo has not been reported yet. In this study, ASSNAC aerosol inha-
lation was developed to assess its therapeutic efficacy and mechanism
for PF. Our research demonstrated that ASSNAC fought against PF by
anti-oxidantive and anti-inflammatory mechanisms. All these studys
provide the potential future application of ASSNAC for PF treatment.

2. Material and methods
2.1. Drugs and reagents

ASSNAC (purity >96%) was synthesis of our laboratory based on
earlier reports [41,42]. To improve the solubility of ASSNAC,
ASSNAC-Na salt was made before the experiments. NAC was obtained
from Beyotime Biotechnology (Shanghai, China). BLM was acquired
from Shanghai Yuanye biology Co., Ltd (Shanghai, China). Fetal bovine
serum (FBS) was received from Biological Industries (Beit Haemek Ltd.,
Israel). F12K medium was bought from M&C Gene Technology Co., Ltd
(Beijing, China). TGF-pl was received from PeproTech Co., Ltd
(PeproTech, USA). The enzyme-linked immunosorbent assays (ELISA)
kits were obtained from Shanghai Multi Sciences Biotech Co., Ltd
(Shanghai, China). BCA protein assay kit was bought from biosharp Co.,
Ltd (Guangzhou, China). Commercial assay kits for SOD and GSH were
obtained from Nanjing Jiancheng Bioengineering Research Institute Co.,
Ltd (Nanjing, China). Antibodies against IkBa, NF-kB p65, and p-NF-kB
p65, a-SMA, TGF-f1, Smad2/p-Smad2, Smad3/p-Smad3, and collagen I
were received from Cell Signaling Technologies (Danvers, MA, USA).
Anti-NOX4 was purchased from Proteintech Group Inc. (Chicago, IL,
USA). Anti-GAPDH Anti-Nrf2 and anti-HO-1 were obtained from Abcam
(Cambridge, UK). Anti-collagen III was acquired from Bioss Biotech-
nology Co., Ltd (Beijing, China). Sirius Red was obtained from Macklin
Co., Ltd (Macklin, China). Wright-Giemsa reagent was purchased from
Solarbio Biotechnology Co., Ltd (Solarbio Biotechnology, Beijing,
China). All other chemicals used were of analytical grade.

2.2. Cell cultures and PF model in vitro

The Human fetal lung fibroblast 1 (HFL-1) cells were received from
BeNa Culture Collection (HeBei, China; source: ATCC) and cultured in
an F12K medium containing 10% FBS at 37 °C using an incubator with
5% CO5/95% air.

Before experiments, HFL-1 cells were starved for 12 h to maintain a
low basal level of a-smooth muscle actin (a-SMA) expression. Cells were
then treated with ASSNAC-Na for another 48 h after 3 h treatment with
TGF-p1 (5 ng/mL). The grouping settings were: Control group: cultured
in a medium; Model group: first incubated with TGF-p1 for 3 h and then
cultured for another 48 h in a medium; Treatment groups of ASSNAC:
first stimulated with TGF-p1 (5 ng/mL) for 3 h and then cultured in
different concentrations of ASSNAC (30 pM, 60 pM, 90 pM) for another
48 h; Positive control group: first stimulated with TGF-p1 (5 ng/mL) for
3 h and then cultured in NAC (200 pM) for another 48 h. Western blot
analysis was then carried out to determine the related protein expres-
sions of PF.

2.3. MTT assay

The viability of HFL-1 cells was investigated by MTT assay after
treating different concentrations of ASSNAC for 24 or 48 h. Briefly, 20 pL
MTT solutions (5 mg/mL) was added to each well and incubated for 4 h
at 37 °C. Subsequently, after removing the supernatant, the formed blue
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for mazan crystals were dissolved using DMSO (150 pL per pore). Cell
viability was tested by measuring the optical density (OD) at 490 nm
using the microplate reader (Infinite® M200 PRO, TECAN, Switzerland).

2.4. Wound healing and collagen protein staining experiments

Wound healing experiments were carried out according to the pre-
vious study [43,44]. HFL-1 cells were cultured in a 6-well plate, and a
scratch was made across the cell monolayer of the cultured well using a
sterile 200 pL micro-pipette tip. Then, HFL-1 cells were treated with
ASSNAC (90 uM) and TGF-1 (5 ng/mL), and the cells were incubated in
an F12K medium without FBS for 12 h at 37 °C in 5% CO». The scratch
was observed and captured under an inverted optical microscope at 0, 6,
and 12 h (Microscope: IX71, Olympus, Japan). The widths of the scratch
were analyzed by Image J software and the percentages of the migration
rates were compared respectively. The migration rate was calculated
using the following Eq. (1).

scratcheddistance(6,/12h)

1 1
scratcheddistance(Oh) x 100% M

Migrationrate(%) = 1 —

Collagen protein staining was performed as described previously
[45]. HFL-1 cells were seeded into 6-well plates at 10,000 cells/well in a
2 mL culture medium without FBS for 12 h at 37 °C in 5% CO,. They
were then treated with TGF-p1 (20 ng/mL) for 3 h, followed by ASSNAC
(90 uM) treatment, and cultured for another 72 h in a medium. The cells
were stained using Sirius Red, and the images were recorded under an
inverted optical microscope. Image J software was used to assess the
results, and the staining area was calculated.

2.5. Experimental animals

Adult male SPF C57BL mice (8-9 weeks, 20-23 g) were bought from
Jinan Pengyue Experimental Animal Breeding Co., Ltd (Jinan, China).
All mice were kept at 20-25 °C with a humidity of 45~60% RH with a
12 h light/dark cycle. The mice were given free access to water and food
and received 7 days of adaptive feeding before experiments. All our
experimental protocols were approved by the Animal Care and Use
Committee of Shandong University (No. 2016020, Jinan, Shandong,
China).

2.6. Grouping and modeling

30 mice of C57BL/6 were randomly divided into five different
experimental groups: Control group (C); Model group (BLM, 5 mg/kg),
Low dose ASSNAC (25 mg/kg, L), High dose ASSNAC (50 mg/kg, H),
Positive control group (NAC, 100 mg/kg). Except for the control group
that received intratracheal saline, other mice received BLM injection
intratracheally (5 mg/kg) on O day. From 1-28 days, mice were inhaled
with ASSNAC-Na or NAC daily. Control and model groups mice inhaled
the same saline volume. The weight changes of mice were recorded
every two days during the experimental period. After 28 days, the mice
were used for the experiments.

2.7. Histopathological and immunohistochemistry experiments

For histological analysis, the left middle lungs were harvested, fixed
by 4% paraformaldehyde for 24 h, dehydrated in ethyl alcohol, and cut
into a slice of 5 ym thickness. The slice was stained with Hematoxylin
and Eosin (H&E) and Masson’s Trichrome to evaluate the pathological
changes in the lungs. Image J software was used to analyze Masson’s
staining results.

The expressions of a-SMA, NOX4, TGF-p1, and p-Smad2 in lung tis-
sues were studied by immunohistochemistry analysis. In brief, the sec-
tions were dewaxed, and rehydrated, and the antigen was retrieved with
citrate buffer. To eliminate nonspecific binding, the samples were
incubated with 1% serum in PBS at 37 °C for 30 min. Following
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blocking, the sections were incubated with rabbit antibodies against
anti-a-SMA, anti-TGF-p1, anti-NOX4, and p-Smad2 overnight at 4 °C.
The secondary antibody with HRP-labeled goat was incubated, and a
DAB detection kit was used to visualise finally. The microscope was used
to photograph these sections at 400 x (Eclipse, Nikon, Japan). Image J
software was used to assess the results, and the average optical density
(AOD) was calculated.

2.8. Analysis of relevant indicators of bronchoalveolar lavage fluid
(BALF) and lung tissue

After treatment, in each group of mice, BALF was collected with
0.8 mL saline three times. All BALF was centrifuged at 1000 rpm for
10 min at 4 °C. The supernatant of BALF was collected and stored at
— 80 °C to analyze TGF-pl, IL-6 and TNF-a further. The cells were
resuspended in 100 pL PBS solution. Total cells were counted using a
hemocytometer. Under light microscopy, to distinguish macrophages
and neutrophils, Wright-Giemsa stain was used to resuspend the PBS
solution. The number of macrophages and neutrophils were calculated
based on different cell morphologies under the microscope.

The tissue was homogenised by adding sterile physiological saline
under an ice bath, and 10% tissue homogenate was obtained. The lung
tissue homogenate was centrifuged at 3500 rpm for 10 min at 4 °C, and
the obtained supernatant was used for analysis. The GSH and SOD levels
were examined using the commercial Kkits.

2.9. Western blot analysis

The HFL-1 cells and mouse lung tissue proteins were extracted using
radio immunoprecipitation assay (RIPA) buffer containing 1% phenyl-
methyl sulfonyl fluoride (PMSF). The proteins were determined using a
BCA protein assay kit. Equal quantities of proteins were separated by
SDS-PAGE and then transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore Corp., Billerica, MA, USA). The membranes were
blocked with 5% defatted milk powder in tris buffer solution tween
(TBST) at room temperature for 1.5 h and incubated with primary an-
tibodies overnight at 4 °C with shaking subsequently. After being
washed three times for 10 min with TBST, the membranes were incu-
bated with HRP-labeled goat-anti-rabbit/ mouse IgG antibody for 1 h at
room temperature. They were washed three times again with TBST for
10 min. The protein band intensity was measured with the Image LabTM
software (Bio-Rad, Hercules, USA).

2.10. Statistical analysis

All experimental data were analyzed by origin 8.5 and GraphPad
Prism 6.0 software. Numerical data are shown as the mean =+ standard
deviation (SD) for at least triplicate experiments. Tukey’s test and
ANOVA were used for statistical analysis, and p < 0.05 indicates sta-
tistical significance.

3. Results

3.1. Effect of ASSNAC on the proliferation of HFL-1cells and migration of
TGF-p1-induced HFL-1cells

The cytotoxic effect of ASSNAC on HFL-1 cells was examined by the
MTT assay. As shown in Fig. 1A and B, ASSNAC is not cytotoxic to HFL-1
cells in the range of 0-120 pM after culturing for 24 and 48 h. Hence, it
did not affect HFL-1cells viability at 120 uM or less in the subsequent
experiments. The activated fibroblasts migration occurs in the pre-
liminary stage of injury repair and promotes PF development [46,47].
Thus, a wound-healing assay was used to evaluate the effects of ASSNAC
on the migration of TGF-plinduced fibroblasts. HFL-1 cells were treated
with TGF-p1 (5 ng/mL), followed by ASSNAC (90 pM), and cultured for
6, 12 h. As shown in Fig. 1C and D, ASSNAC inhibits the migration of
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Fig. 1. Effect of ASSNAC on the activity of HFL-
1s and migration of TGF-pl-induced HFL-1 s.
The viability of HFL-1 cells, treated with
different concentrations of ASSNAC for 24 h (A)
and 48h (B), was investigated by the MTT
assay. The wound-healing assay of HFL-1 cells
with ASSNAC treatment for 6 h and 12h (C)
and the migration rate (D). Scale: 500 um. Data
are expressed as the mean +SD (n=3).
##p < 0.01, vs the control group; *p < 0.05,
**p < 0.01, * **p < 0.001 compared with the
TGF-f1 group.
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Fig. 2. Effect of ASSNAC on the expressions of collagen I and a-SMA and collagen deposition in HFL-1cells stimulated with TGF-p1 in vitro. Collagen I and a-SMA
protein expressions were investigated by Western blot analysis with TGF-p1 induction and ASSNAC treatment in HFL-1cells (A-C). Sirius red staining of HFL-1 cells,
Control group: without TGF-B1 and ASSNAC; TGF-B1 group: treat with TGF-p1; Treatment group: treat with TGF-B1 and ASSNAC (D). Scale: 200 um (100 x), 100 pm
(200 x). Semi-quantitative analysis of collagen staining area (E). Data are expressed as the mean + SD (n = 3). ##p < 0.01, ###p < 0.001 vs the control group;
*p < 0.05, * *p < 0.01, * **p < 0.001 compared with the TGF-p1 group.
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HFL-1 cells induced with TGF-f1.

3.2. ASSNAC inhibits the expression of a-SMA, collagen I, and collagen
deposition in HFL-1 cells stimulated with TGF-f1 in vitro

To further examine the inhibitory effect of ASSNAC, HFL-1 cells were
induced by TGF-f1 and then treated with ASSNAC (30 pM, 60 pM,
90 pM) or NAC. NAC plays anti-fibrotic role as its antioxidant and anti-
inflammatory effects [40]. Since ASSNAC has chemical structures
similar to that of NAC, we used NAC as the positive control in this
experiment. The protein expression of a-SMA, a typical activation
marker, and collagen I were tested by Western blot analysis. The
experimental results show that the protein expression levels of a-SMA
and collagen I dramatically increase in HFL-1 cells stimulated with
TGF-p1 compared with the control group. On the other hand, the ex-
pressions of a-SMA and collagen I decrease significantly after ASSNA
and NAC treatments (Fig. 2A-C).

Collagen deposition is the main characteristic of PF. To explore the
ASSNAC effect on collagen deposition, 20 ng/mL TGF-p1 was added to
HFL-1 cells cultured in 6-well plates, followed by ASSNAC (90 pM) for
72 h. The collagen protein was then stained in the treated HFL-1 fibro-
blasts. Collagen protein staining in the control group was mainly
concentrated around the cell nucleus and had the lighter staining.
However, the model group with 20 ng/mL TGF-f1 increased the staining
intensity, and the collagen deposition was widely distributed
throughout the cytoplasm. The collagen protein staining intensity was
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reduced in the ASSNAC (90 uM) co-treatment group than in the TGF-f1
group (Fig. 2D, E). These changes could be observed more clearly and
was marked in the Fig. 2D (200 x). Therefore, ASSNAC inhibits the
collagen deposition in HFL-1 cells stimulated with TGF-p1.

3.3. ASSNAC ameliorates BLM-induced PF

As shown in Fig. 3A, B, hematoxylin-eosin and Masson’s trichrome
staining were used to estimate the alveolar architecture and lung
fibrosis, respectively. Fig. 3A shows no damage in alveoli structures with
clear alveolar sacs in the control group. In the BLM group, BLM
administration in mice shows the destruction of normal alveoli struc-
tures, degeneration of interalveolar septa, thickening, and the infiltra-
tion of inflammatory cells in the alveolar spaces. However, the mice lung
receiving ASSNAC and NAC improved significantly compared with the
BLM group.

Masson’s trichrome staining, an important indicator of collagen
deposition and fibrosis, was carried out. As shown in Fig. 3B, no obvious
ECM deposition and fibrosis could be seen in the control group; how-
ever, in the BLM group, a significant amount of ECM deposition occurs
along with fibrosis. The treated groups with ASSNAC and NAC signifi-
cantly reduced ECM and collagen strength compared with the BLM
group. This outcome is also supported by the statistical results of the PF
area (Fig. 3C). Hence, ASSNAC significantly decreased pulmonary in-
flammatory injury and collagen deposition by BLM, which is beneficial
to ameliorating pulmonary function.

30 -

[—=—Con—e—BLM —— L —»— H —<— NAC]

27

N
I
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21

Weight (g)

Time (Day)

Fig. 3. ASSNAC ameliorated BLM-induced mice PF. The mice lung tissue specimens were stained with hematoxylin-eosin (H&E) (A) and Masson’s trichrome (B) to
estimate alveolar architecture and lung fibrosis. Scale: 200 um. (C) Masson’s trichrome staining to analyze fibrosis area. (D) The changes in mice weight during the
study period. Group settings are: Control group: administered saline by inhalation; BLM group: the mice received intratracheal BLM injection of 5 mg/kg on day 0,
and then administered saline by inhalation; Treatment groups: the mice received intratracheal BLM injection of 5 mg/kg on O day, and then administered saline
containing ASSNAC 25 mg/kg (low dose, L), 50 mg/kg (high dose, H) and NAC (100 mg/kg) by inhalation for 28 days. Data are shown as the mean + SD (n = 3).
###p < 0.001 vs the control group; * *p < 0.01, * **p < 0.001 vs the model group.
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The changes in mice’s weight were recorded during the study to
investigate the side effects of different treatments. As shown in Fig. 3D,
in the control group receiving intratracheal saline and inhaled saline,
the body weights slightly decreased within the first 7 days, and then the
body weights smoothly increased until the end of this study. The groups
with BLM-induced body weights constantly decreased for the first 7-10
days. In contrast, the body weights in the therapeutic groups that
inhaled ASSNAC or NAC were higher than the model group after 7-10
days. Thus, ASSNAC alleviated mice PF by reducing lung inflammatory
injury and collagen deposition.

3.4. ASSNAC decreases the related protein expressions of lung fibrosis

Collagen deposition in lung tissue is the most obvious pathological
feature of PF patients. Collagen I and collagen III play a key role in
developing PF. The protein expressions of collagen I and III in the BLM-
induced PF mice were examined by Western blot analysis (Fig. 4A, B, D,
E). The results reveal that collagen I and III protein expressions were
increased in the model group than in the control group. However,
collagen I and III contents were remarkably decreased in the ASSNAC or
NAC treatment groups than in the model group in a dose-dependent
manner.

The a-SMA protein is an important sign of the transformation of fi-
broblasts into myofibroblasts. The a-SMA expression was detected by
Western blot and immunohistochemical analyses. An obvious increase
in the expression of a-SMA is shown in the BLM-induced mice lung PF
model group, and ASSNAC decreases the expression of a-SMA (Fig. 4A,
C, F, G). Consequently, ASSNAC alleviates PF by inhibiting the expres-
sion of major PF proteins.
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3.5. ASSNAC palliates PF by anti-oxidative effects in the lungs of BLM-
induced mice

Oxidative imbalance is the main reason for PF. The GSH and SOD
levels are the key indicators for evaluating anti-oxidant capacity. To
investigate the anti-oxidative effect of ASSNAC during PF, the GSH and
ROS contents were determined in mice lung tissue samples. As shown in
Fig. 5A and B, compared with the control group, the GSH and SOD levels
in the lungs of BLM-induced mice decreased. In comparison, ASSNAC
and NAC both remarkably improved the GSH and SOD levels. This shows
that ASSNAC plays an anti-oxidative role in PF treatment.

3.6. ASSNAC activates Nrf2/NOX4 signaling pathway in vivo and in
vitro and exerts anti-oxidative effects

Clinical studies indicate that excessive NOX4 expression leads to PF,
which could be relieved by inhibiting NOX4 [48]. Nrf2, a transcription
factor, induced various cytoprotective enzymes expression, including
HO-1. The Nrf2 signaling activation is important to maintain cellular
homeostasis and inhibiting oxidative stress [49]. The expressions of Nrf2
and HO-1 were activated, which reduced oxidative stress. Hence, NOX4
down-regulation and Nrf2 up-regulation contribute immensely to
recovering the body’s oxidation-reduction balance and indirectly
inhibiting PF formation. To investigate the molecular mechanism of
ASSNAC in anti-oxidation, the marker proteins (Nrf2, HO-1, and NOX4)
were analysed in vitro and in vivo by Western blotting and immunobhis-
tochemical analyses. The vitro experiment results displayed that protein
expression levels of Nrf2 and HO-1were remarkably decreased in the
model group that HFL-1 cells stimulated with TGF-p1 than control
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Western blot analysis in mice lungs with BLM induction and ASSNAC treatments. (F) a-SMA was stained brown by immunohistochemical analysis. Scale: 100 pm. (G)
The immunohistochemistry AOD analysis of a-SMA. Data are shown as the mean + SD (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the control

group; *p < 0.05, * *p < 0.01, * **p < 0.001 compared with the BLM group.
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group, while the group treatment with both ASSNAC and NAC reversed
these changes (Fig. 6A-C). The level of NOX4 was increased in the
TGF-p1 group than control group, while the group treatment with both
ASSNAC and NAC remarkably decreased in a dose-dependent manner.
(Fig. 6D-E). In vivo, the results show that the expressions of Nrf2 and
HO-1 decrease, while NOX4 significantly increases in the mouse lung
tissue induced with BLM by Western blot analysis. However, ASSNAC
reversed the expression of oxidative/anti-oxidative factors (Fig. 7A-E).
Immunohistochemical analysis of NOX4 presents similar results (Fig. 7F,
G). Hence, ASSNAC plays an anti-oxidative role by blocking NOX4 and
activating the Nrf2 pathway. Studies demonstrate ASSNAC amelioration
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of PF through the anti-oxidative signaling pathway.

3.7. ASSNAC ameliorates PF by reducing inflammation

To further investigate the anti-inflammatory activity of ASSNAC, the
inflammatory cells in BALF were collected and counted by Wright-
Giemsa staining. As shown in Fig. 8A, Neutrophils were stained laven-
der and macrophages were stained navy blue. In Fig. 8B, the number of
total cells, neutrophils and macrophages were counted. In the BLM
group increased dramatically than in the control group. However, the
number of cells, including total cells, macrophages, and neutrophils,
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Fig. 6. The effect of ASSNAC against fibrosis through Nrf2, NF-xB and TGF-p1/Smad2/3 signaling pathway in vitro. The expressions of proteins were estimated by
Western blot analysis with TGF-p1-induced and ASSNAC treatment in HFL-1cells. Data are shown as the mean + SD (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001
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Fig. 7. The effect of ASSNAC against fibrosis through Nrf2 signaling pathway in vivo. (A-E) The expressions of Nrf2, HO-1 and NOX4 were checked by Western blot
analysis in mice lung with BLM induction and ASSNAC treatment. (F) The protein expression of NOX4 was analysed by immunohistochemical staining. Scale:
100 um. (G) The immunohistochemistry AOD analysis of NOX4. Data are shown as the mean + SD (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001 compared with

the control group; *p < 0.05, * *p < 0.01, * **p < 0.001 vs the model group.

significantly reduced in the ASSNAC or NAC treated group compared
with the BLM group. In addition, IL-6 and TNF-« levels in BALF were
determined (Fig. 8C, D). Compared with the control group, IL-6 and
TNF-a remarkably increased in the BLM group, while treatment with
ASSNAC or NAC decreased. Consequently, ASSNAC reduces inflamma-
tion, which is beneficial to ameliorating PF in mice.

3.8. ASSNAC blocks NF-kB signaling pathway in vivo and in vitro

Since the NF-xB signaling pathway could activate various inflam-
matory cytokines expressions, it is considered the key inflammatory
signaling pathway. To analyse the anti-inflammatory mechanism of
ASSNAC, the proteins’ expression of NF-kB signaling pathway were
tested by Western blot analysis in vivo and in vitro. In vitro, the results
showed that the expression level of NF-kB p65 was markedly elevated
with TGF-f1 stimulated group than control group, while the group
treatment with both ASSNAC and NAC significant decrease the levels of
NF-xB p65. Compared with TGF-pl group, the levels of IkB-a was
increased significantly after treatment with ASSNAC or NAC (Fig. 6F-H).
In vivo experiments, compared with the control group, the expressions of
p-NF-xB p65 and NF-kB p65 remarkably increase in the BLM group.
Conversely, the IkB-a level decreases in the model group. However, it
becomes the opposite in the treatment group with ASSNAC or NAC
(Fig. 8E-H). Thus, ASSNAC could play an anti-inflammatory role by
blocking the NF-kB p65 signaling pathway. This demonstrates that
ASSNAC leads to anti-fibrosis by blocking the inflammatory pathways.

3.9. ASSNAC blocks TGF-f1/Smad2/3 signaling pathway in vivo and in
vitro

Because the TGF-$1/Smad pathway is activated in the BLM-induced
fibrosis [50], it is necessary to understand whether ASSNAC affects the
TGF-p1/Smad signaling activation through immunohistochemical and

Western blot analyses. The immunohistochemical results indicate that
TGF-p1 and p-Smad2 significantly increased in the model group with
BLM treatment but decreased after ASSNAC or NAC treatment in mice
lung tissues (Fig. 9A, B). Furthermore, the Western blot analysis exam-
ined the expressions of TGF-p1, p-Smad2/3, and Smad2/3 in vivo and in
vitro. In vitro, ASSNAC could inhibit TGF-p1-induced phosphorylation
levels of Smad2 and Smad3 (Fig. 6I-K). In vivo, the results reveal that
ASSNAC could attenuate BLM-induced phosphorylation of Smad2 and
Smad3 and the TGF-p1 levels, consistent with immunohistochemical
analysis (Fig. 9C-F). Furthermore, the TGF-p1 level in BALF also dem-
onstrates that BLM stimulation leads to TGF-p1 production, but it could
be inhibited by ASSNAC or NAC treatment (Fig. 9G). Thus, ASSNAC
could block the TGF-$1/Smad2/3 signaling pathway to alleviate PF.

4. Discussion

PF is a chronic and progressive disease leading to rapid and fatal
respiratory failure caused by environmental and genetic factors [51]. In
the early stage, oxidative stress and continuous inflammation are the
main reasons for PF, and fibroblasts transform into myofibroblasts
gradually in the later stage [52]. Hence, reducing oxidative stress,
inhibiting inflammatory reactions, and fibroblast differentiation are
effective strategies for PF. Previous studies have demonstrated that
ASSNAC could reduce oxidative stress and inhibit inflammation [37,39].
Also, ASSNAC reduced inflammation was caused by COPD [39,53].
Thus, the therapeutic potential of ASSNAC as an anti-oxidative and
anti-inflammatory agent for PF was studied.

TGF-f1 is the main regulator factor of ECM accumulation and EMT in
PF [54]. TGF-f1 stimulation can promote the transformation of fibro-
blasts into myofibroblasts in vitro, which influence the expression of
a-SMA and extracellular matrix proteins such as collagen I [55].
Therefore, the PF model was established by TGF-p1 stimulated HFL-1
cells to investigate the anti-fibrotic effect of ASSNAC in vitro. The
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results demonstrate that ASSNAC inhibits the migration of HFL-1 cells
(Fig. 1C, D), the transformation of fibroblasts into myofibroblasts and
the expression of a-SMA and collagen I in vitro (Fig. 2). Hence, ASSNAC
exhibits the anti-fibrotic potential in vitro.

Bleomycin, a cytotoxic drug, forms a complex with metal ions and
molecular oxygen. These complexes generated ROS in lung tissue and
caused PF. This direct oxidative damage with BLM stimulated in lung
tissue was followed by an inflammatory response and fibrotic alterations
[56]. Hence, BLM is used to cause PF in experiment [57]. The patho-
logical changes in lung tissue and the protein levels of PF are important
factors reflecting PF. In the lung tissue with PF, the alveolar structure are
destroyed, a large number of inflammatory cells infiltrate and collagen
deposition. It has been observed that ASSNAC significantly reduced the
infiltration of inflammatory cells, remarkably improved alveolar struc-
ture and fibrosis (Fig. 3 A-C). The expression of a-SMA and extracellular
matrix proteins including collagen I and III reflect the degree of fibrosis
in lung tissue. The results showed that ASSNAC reversed the protein
levels of collagen I, collagen III and a-SMA (Fig. 4). Thus, ASSNAC could
markedly reduce collagen deposition in BLM-stimulated mouse lungs
and alleviates PF.

Various pulmonary diseases and pathological conditions are attrib-
uted to oxidative stress [58]. It has been proven that BLM stimulation
could advance oxidative stress damage and accelerate ROS production
[59]. Chronic inflammatory pulmonary illness and BLM-induced PF are

both accompanied by diminished activity of GSH, a crucial constituent
of antioxidant defence systems [60,61]. SOD also is a crucial component
of antioxidant defence systems. The reduction of superoxide radical (03)
was catalyzed into hydrogen peroxide (H202) by SOD, which reaction
helps maintain the redox balance. This study confirms that ASSNAC
improves the GSH and SOD levels and follows dose dependence. ASS-
NAC contains the structure of cysteine, which is an important part of
GSH synthesis in vivo. It is speculated that ASSNAC provides GSH to the
organism, which indirectly affects the SOD level and consequently im-
proves the cells’ ability against oxidative stress, as proved in earlier
studies [62-64].

PF may be caused by the imbalance between oxidation and anti-
oxidation. Thus, activating the anti-oxidative signaling pathway might
be an effective solution for PF. ROS are generated by the electron
transfer of nicotinamide adenine dinucleotide phosphate (NADPH) ox-
idase to oxygen, which NADPH requires catalysed through NOXes con-
taining seven subunits [65]. ROS accumulation is mainly attributed to
the NOX4 isoform [66]. NOX4 plays a key role in regulating the pro-
liferation and differentiation of fibroblasts and the apoptosis of epithe-
lial cells [67]. The outcome displays that the expression of NOX4 is
significantly increased in the model group than in the control group,
which reverses with ASSNAC treatment in vivo and in vitro. (Fig. 6D-E,
Fig. 7D-G). Hence, ASSNAC remarkably affects anti-oxidation and
anti-fibrosis by inhibiting the expression of NOX4.
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##p < 0.01, ###p < 0.001 compared with the control group; *p < 0.05, * *p < 0.01, * **p < 0.001 vs the BLM group.

The activation of the Nrf2 signaling pathway is extremely important
for fighting against oxidative stress and exerting protective effects in
fibrosis. After the Nrf2 signaling pathway is activated, Nrf2 binds to anti-
oxidative response element (ARE) in the cell nucleus, promoting the up-
regulation of HO-1 and GCLM [39]. Nrf2 signaling pathway is activated,
increasing the anti-oxidant levels such as SOD to keep the intracellular
redox balance [68]. ASSNAC significantly increased the Nrf2 and HO-1
levels in vivo and in vitro (Fig. 6A-C, Fig. 7A-C). Dose dependence is not
remarkable, which may be caused by Western Blot semi-quantitative test
error. ASSNAC molecule is a modified cysteine, including NAC and
S-allyl mercaptan conjugated by a disulfide bond. Hence, a
thiol-exchange reaction could exist between ASSNAC and the free
cysteine residue on the oxidative stress sensor of Keap1, causing Nrf2 to
release from the Keapl-Nrf2 complex. Thus, ASSNAC probably allevi-
ates PF by activating Nrf2/NOX4 anti-oxidative pathway.

BLM-induced PF causes an inflammatory reaction in the lung tissue
and activates the fibrosis axis subsequently. In regulating the expression
of inflammatory factors, NF-xB has been considered the most important
transcription factor. Generally, NF-kB forms a complex with the inhib-
itory subunit and remains inactive in the cytoplasm. Nevertheless, once
the organism is provoked by inflammatory stimulation, IkB-a is phos-
phorylated and degrades by ubiquitin-dependent proteasomes. Howev-
er, NF-kB dissociates from IkB-a and migrates to the nucleus, motivating
the cytokines transcription, such as IL-6 and TNF-a [69,70]. Thus, to
further investigate the anti-inflammatory activity of ASSNAC, this study
examines the contents of inflammatory cells and the levels of
pro-inflammatory cytokines containing TNF-o and IL-6 in BALF. The

10

results show that the contents of inflammatory cells and TNF-a and IL-6
levels significantly reduced after ASSNAC treatment. Also, ASSNAC
effectively up-regulated the IkB-a level and down-regulated the NF-xB
p65 and p-NF-xB p65 levels in PF mice lungs. Therefore, it could be
inferred that ASSNAC plays an anti-inflammatory role by reducing the
phosphorylation of IkB-a to block the NF-xB signaling pathway.

In the progression of PF, TGF-f plays a vital role in promoting
epithelial cells mesenchymal transition and differentiation of fibroblasts
into myofibroblasts [71]. TGF-B1 induces fibroblasts to transform into
myofibroblasts, a key event in PF development. The TGF-f1 levels in
BALF and lung tissue were increased significantly with BLM induction,
and ASSNAC reversed this (Fig. 9C, D, G). Smad2 and Smad3 are two
main downstream regulators which promote tissue fibrosis with
TGF-B-mediation. In the cytoplasm, Smad proteins are phosphorylated
under the stimulation of activated TGF-p, and then the activated
Smad2/3 proteins transfer into the nucleus and regulate the transcrip-
tions of target genes [72]. The phosphorylation levels of Smad2and
Smad3 were significantly reduced by ASSNAC treatment (Fig. 6I-K,
Fig. 9C, E, F). Hence, it could be concluded that ASSNAC alleviates PF by
blocking the TGF-$1/Smad2/3 signaling pathway.

In summary, it is demonstrated that ASSNAC could alleviate PF with
BLM-induced mice by fighting against oxidative stress, reducing
inflammation and inhibiting fibroblast differentiation. We infer that
ASSNAC provides cysteine for GSH synthesis and fights against oxida-
tion imbalance through activating signaling pathway, to reduce
inflammation and pulmonary fibrosis subsequently. Based on its po-
tential, it is expected to become a promising new drug for PF treatment.
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Besides, adopting an inhalable form to deliver ASSNAC-Na into the lung
has unique advantages of improving bioavailability, reducing adverse
gastrointestinal effects, and avoiding the first-pass effect on the liver
compared with oral administration. Hence, this study on ASSNAC might
provide new pathways for PF therapy in the future.
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