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Abstract

Introduction Inflammation and oxidative stress are key factors in the development of pulmonary fibrosis (PF) by promot-
ing the differentiation of fibroblasts through modulating various pathways including Wnt/B-catenin, TGF- and mTOR
signalling.

Objective and methods This study aimed to evaluate the effects and elucidate the mechanisms of vistusertib (VSB) in treat-
ing pulmonary inflammation/fibrosis, specifically by targeting the mTOR pathway using various in vitro and in vivo models.
Results Lipopolysaccharide (LPS)-induced inflammation model in macrophages (RAW 264.7), epithelial (BEAS-2B) and
endothelial (HMVEC-L) cells revealed that treatment with VSB significantly reduced the IL-6, TNF-a, CCL2, and CCL7
expression. TGF-P induced differentiation was also significantly reduced upon VSB treatment in fibrotic cells (LL29 and
DHLF). Further, bleomycin-induced inflammation and fibrosis models demonstrated that treatment with VSB significantly
ameliorated the severe inflammation, and lung architectural distortion, by reducing the inflammatory markers expression/
levels, inflammatory cells and oxidative stress indicators. Further, fibrosis model results exhibited that, VSB treatment sig-
nificantly reduced the a-SMA, collagen and TGF- expressions, improved the lung architecture and restored lung functions.
Conclusion Overall, this study uncovers the anti-inflammatory/anti-fibrotic effects of VSB by modulating the mTOR activa-
tion. Although VSB was tested for lung fibrosis, it can be tested for other fibrotic disorders to improve the patient’s survival
and quality of life.
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mTOR  Mammalian target of Rapamycin
NE Neutrophil elastase

NO Nitric oxide

PBS Phosphate buffer saline

PI3K Phosphoinositide 3-kinase

PIFD PirfenidoneROS: Reactive oxygen species
Tef-p Tumor growth factor-§

TNF Tumor necrosis factor

VSB Vistusertib

Introduction

Idiopathic pulmonary fibrosis (IPF), a type of interstitial
lung anomaly, is considered a progressive, chronic, and
fatal disease of unknown aetiology [1]. IPF remains a
rare, orphan disease with global incidence and prevalence
reported as 0.09-1.30 and 0.33—4.51 per 10,000 of the
population respectively. Due to poor prognosis, the life
expectancy of IPF patients is 2-5 years if left untreated.
However, the approval of pirfenidone and nintedanib for
the treatment of IPF was a significant milestone for the
development of anti-fibrotic therapies [2, 3]. Although
these agents decelerate disease progression, mortality
remains largely unchanged which demands the iden-
tification of novel therapeutic approaches. To date, the
pathophysiology of IPF has not been fully explored as it
involves many different cellular, molecular, and immu-
nological pathways for the development of the disease
[4, 5]. The initiation of pulmonary fibrosis may be driven
via microenvironmental injuries to alveolar epithelial
cells (AECs). Microenvironmental injuries include a
variety of intrinsic (age, genetic and gender) or extrin-
sic factors such as viral infection (COVID-19), cigarette
smoke, or occupational exposures [6]. Pollutants and
exogenous oxidants both promote the synthesis of oxi-
dants and stimulate inflammatory cells, which release
free radicals that result in damage to alveolar cells [7]. It
has been postulated that alveolar epithelial cell apoptosis
and elevated cellular oxidative stress are related to mito-
chondrial ROS production [8]. It has been stated that one
of the main contributing factors to the aetiology of IPF
is oxidant-antioxidant imbalances in the lower respira-
tory tract. Supporting that, myeloperoxidase and eosino-
phil cationic protein levels were shown to be elevated in
IPF patients bronchoalveolar lavage fluid. Additionally,
there is evidence associating enhanced myeloperoxidase
with epithelial damage in IPF [9]. In lung injury condi-
tions, AEC2 cells may stimulate an immune response
to absolve the microenvironmental exposure. Once the

@ Springer

insults are cleared, the inflammatory response fades away
and the remaining AEC2s proliferate to heal injuries of
the tissue, eventually leading to resolution [10]. On the
other hand, if the insults continue, the injured epithelium
and recruited inflammatory cells secrete a variety of sig-
nalling molecules including IL-4, IL-6, IL-1B, TNF-a,
CTGF, PDGF, FGF, and TGF-f that modulate epithelial
repair, promote fibroblast recruitment and myofibroblast
activation, collagen synthesis, ECM deposition, apopto-
sis of AEC2 cells, EMT activation and ultimately fibrosis
[11-13]. In addition to oxidative stress, EMT also plays
a critical role in developing fibrosis. Although the source
of myofibroblasts in IPF is debatable, it has been sug-
gested that ATII (alveolar type II) cells that underwent
EMT could serve as the origin of these cells in fibrosis
[13]. Overall, oxidative stress, inflammation, and EMT
are critical processes that activate one another and induce
fibrosis, so addressing these events may be potential tar-
gets for treating IPF.

The TGF-B/SMAD signalling pathway plays a cru-
cial role in the development of pulmonary fibrosis [14].
TGF-B-mediated AKT signalling, downstream of PI3K
may further activate mTOR signalling. mTOR is a serine/
threonine kinase in the PI3K family that regulates protein
and lipid production, survival, cell cycle progression,
proliferation, and senescence [15, 16]. Sustained and
enhanced activation of mTOR signalling can be driven
by circulating nutrients, growth factors, and proinflam-
matory cytokines [17, 18]. Identifying its key role in
growth and proliferation (but not limited to), research-
ers have also showcased that mTOR is deregulated in
many diseases (other than inflammation) such as cancer
and fibrosis which makes it an extremely targetable and
beneficial approach to the treatment of diseases [19, 20].
Currently, several dual mTOR, as well as mTOR/PI3K
inhibitors, are under investigation to treat different solid
cancers [21], reflecting that repurposing of these inhibi-
tors may be effective against pathologic pro-fibrotic
fibroblasts which prolongs fibrosis. On the other hand,
mTOR signalling has been reported to be elevated in lung
inflammation and fibrosis [22, 23]. However, consider-
ing the link between TGF-B (which is central to fibro-
sis) and mTOR complexes (MTORC1 and mTORC?2), a
suitable therapeutic approach may contribute to the dual
inhibition of mTOR and TGF-p. Vistusertib (AZ-2014) is
a dual inhibitor of mMTORC1/mTORC?2 which was inves-
tigated for various solid cancers [24—26]. Conversely, the
anti-fibrotic effect of VSB has not been reported. There-
fore, we evaluated the scientific and dose rationale for re-
positioning VSB as a potential therapeutic agent for IPF.
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Methodology
In vitro experimentation
Cell lines and cell culture

RAW 264.7 (Mouse macrophages) and BEAS-2B (Human
bronchial epithelial cells) cells were purchased from ATCC
and were cultured as described earlier [27]. LL29 cells
(lung fibroblasts from IPF patient), primary lung fibroblast
cells (DHLF-Diseased (IPF) human lung fibroblasts), and
HMVEC-L (Human lung microvascular endothelial cells)
were purchased from LONZA (MD, USA) and cultured
in Ham’s F-12 K, FGF™-2 medium and EGM™-2 MV
Microvascular Endothelial Cell Growth Medium-2 respec-
tively. All experiments were performed in three biological
repeats using three cell types (early passages) and at the
confluence of 70-80%.

LPS stimulation

HMVEC-L or BEAS-2B or RAW 264.7 cells were seeded in
6 well plates at 3 x 10° cells/well seeding density and after
attaining 70% confluency, cells were serum starved for 6 h.
Post-serum starvation, cells were stimulated with LPS (500
ng/mL for RAW 264.7 cells, and 5 pg/mL for BEAS-2B
and HMVEC-L cells) and simultaneously cells were treated
with either vistusertib (VSB-1.25, 2.5 and 5 uM) or dexa-
methasone (DEX- 100 ng/mL) followed by incubation for
18 h. After that, cell supernatant was collected for quantify-
ing inflammatory markers by ELISA and subsequently, cells
were harvested for RT-qPCR analysis.

TGF-B stimulation

DHLF or LL29 (3.5 x 10° cells/well) cells were counted and
seeded in 35 mm dishes and after reaching 70% confluency,
cells were subjected to serum starvation overnight. Post-
serum starvation cells were stimulated with TGF-p (5 ng/
mL) and treated with either vistusertib (VSB- 1.25, 2.5 and
5 uM) or pirfenidone (PIFD- 500 uM) in serum-free media
for the next 48 h as described earlier [28] and then cells
were subjected to either gene/protein expression analysis.

In vivo experimentation for BMC-induced
pulmonary inflammation and fibrosis

Animals and BMC administration
Male, specific pathogen-free grade C57BL/6 mice, weigh-

ing 25-30 g, were used for this study. All animal procedures
were accepted by the institutional animal ethics committee,

CSIR-IICT, Hyderabad (IAEC-IICT-63-2022). Bleomy-
cin (BMC-3 mg/kg) was injected intratracheally to trigger
pulmonary inflammation and fibrosis, and saline was simi-
larly administered to the vehicle group and the VSB alone
group to replicate the delivery pattern. For the inflamma-
tory model, on the 7" day after disease induction, mice were
randomly divided into 6 groups (n=28): (1) vehicle control,
(2) BMC control, (3) BMC+ DEX (Dexamethasone- 1 mg/
kg, i.p.), (4) BMC+VSB (1.5 mg/kg, oral), (5) BMC+ VSB
(3 mg/kg, oral) and (6) BMC+ VSB (6 mg/kg, oral). The
doses of BMC and DEX were selected based on previous
studies [29, 30]. The doses of VSB were obtained from the
conversion of human dose to mice dose calculation formula
and based on the literature on mTOR inhibitors such as
rapamycin [31]. The mice were treated once every day from
the 7" day until the 15" day, and then on day 15, animals
were sacrificed followed by a collection of both lobes of the
lung for additional evaluations. Some parts of the right lobe
were collected in an RNA isoplus-containing tube for RT-
qPCR analysis and the rest of the lung tissue was cut into
small pieces for different assays and experiments. The left
lobe was gently perfused with formalin buffer to improve
fixation, and the tissues were subsequently preserved in for-
malin buffered solution until the paraffin blocks were made.
Further, formalin-fixed tissues were embedded in paraffin
and used for histopathology and various tissue staining pro-
cedures. For the fibrosis model, the mice were divided into
6 groups (n==6) on the 7" day after modelling: (1) vehicle
control, (2) BMC control, (3) BMC + PIFD (50 mg/kg, oral),
(4) BMC + VSB (3 mg/kg, oral), (5) BMC + VSB (6 mg/kg,
oral) and VSB alone (6 mg/kg, oral). Dosing was given once
a day starting from the 7" day till the 21° day. On the last
day i.e. 22" day, all animals were sacrificed after measuring
lung function parameters and tissues were collected in the
same way as described for the inflammatory model.

Lung function measurements by FlexiVent

Before sacrificing animals on the 22" day, lung function
parameters were evaluated by the FlexiVent system as
described earlier [32]. Briefly, animals were anaesthetized
with sodium pentobarbital (100 mg/kg) and various pul-
monary function parameters were measured. Following the
tracheostomy, a cannula was placed into the trachea, and
various manoeuvres, including Deep Inflation, SnapShot60,
QuickPrime30, and pressure-volume loop, were recorded.
Inspiratory capacity (IC) was measured by deep inflation
perturbation, whereas with SnapShot60 manoeuvre param-
eters such as total resistance (Rrs), elastance (Ers), and
compliance (Crs) were obtained. The parameters such as
tissue damping (G) and tissue elastance (H) that describe
the mechanical behavior of the lungs were obtained from
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QuickPrime3 perturbation and Static compliance (Cst),
Parameter A (estimate of inspiratory capacity), Parameter
K (curvature of the PV curve), and area (hysteresis of the
lungs) were extracted from a Pressure-Volume loop (PV
curve).

Histopathology (H&E), AB-PAS staining, and Masson’s
trichrome staining

For histopathological studies, formalin-fixed tissue sec-
tions (5 pm) were subjected separately to hematoxylin/
eosin (H&E), Masson’s trichrome, and Alcian Blue periodic
acid Schiff’s (AB-PAS) staining according to manufactur-
er’s protocols. In whole-lung sections, all histopathological
analysis and determinations were made by two indepen-
dently working examiners in a blinded manner. Images were
examined and acquired at 4X and 20X in an Olympus iX81
microscope (Olympus Life Science, Germany).

Immunohistochemistry (IHC)

Formalin-fixed tissue sections (5 pum) were mounted on
poly-L-Lysine coated slides and subjected to immunohis-
tochemistry using a VECTASTAIN Elite ABC Universal
PLUS kit according to the manufacturer’s instructions. In
short, the tissue sections were deparaffinized, dehydrated,
and rehydrated followed by heat-induced antigen retrieval
with either 0.01 M citrate buffer or TE buffer. Then sections
were probed with respective primary antibodies overnight
and subsequently combined with biotinylated secondary
antibodies. Colour development was visualized with an
ImmPACT DAB EqV reagent after incubation with a VEC-
TASTAIN Elite ABC reagent. Once appropriate intensity /
brownish colour was observed, sections were counterstained
with hematoxylin and mounted with DPX mountant. Images
were acquired under the light microscope at 20X and at least
three fields of view for each image were randomly selected.

Inflammatory cells count by flow cytometry

After dissecting the animals on termination day, lung tis-
sues were collected and rinsed with 1X PBS, dissociated
with dissociating enzymes then single-cell isolation was
performed, as reported earlier with some modifications
[33, 34]. In brief, using a scalpel, lung tissues were minced
into tiny portions and these pieces were then incubated in
1X collagenase-hyaluronidase mix and DNase-I solution
for 0.5-1 h at 37 °C. Later, homogenous organoid/tissue
suspension was trypsinized and then quenched with FBS
containing DMEM media followed by straining through
a 100 pm cell strainer. Subsequently, the cell suspension
was centrifuged at 1500 rpm for 3 min and washed with
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1X PBS. After counting the single cells, cells were labelled
with CD11b, F4/80, IFN-y, CD4, and CD8 and allowed to
incubate on ice with gentle mixing at 15-minute intervals
for 45 min. Further, cells were rinsed with FBS containing
PBS and subjected to flow cytometry (BD, Biosciences,
USA) and analyzed (acquired 8000 events) using BD accuri
software.

RNA isolation, cDNA synthesis and RT-qPCR

Total RNA was extracted from cells or tissue homogenates
by the guanidinium isothiocyanate acidic phenol-chloro-
form method using RNA ISO-PLUS with the standard pro-
cess. Total RNA purity and concentration were determined
using Thermo NanoDrop2000/2000 C spectrophotometer
and 1 pg of total RNA was converted to cDNA followed by
RT-qPCR analysis was performed for quantifying the rela-
tive mRNA expression using 224" method as described
previously [35]. Sequences for all primers were optimized
and are listed in Table S1.

Western blot analysis

Total protein samples were isolated by lysis of cells or lung
tissue homogenates (10% w/v) using RIPA lysis buffer
cocktail followed by BCA protein assay was performed for
the estimation of protein concentration. An equal amount
of protein content (40 pg) was electrophoresed on SDS-
PAGE (8-10%) gel for 2 h and thereafter samples were
transferred to PVDF membrane (0.45 pm, Millipore, Bil-
lerica, MA, US). The membrane was incubated with BSA
(5% w/v prepared in TBST wash buffer) for 1 h to avoid
nonspecific binding of proteins. After incubation, blots were
probed with primary antibodies overnight at 4 °C. Further,
blots were washed with TBST wash buffer and exposed to
HRP-conjugated secondary antibody (1:10000). The immu-
noreactive bands were then developed using an ECL reagent
and ImageJ software was used for densitometry analysis.

Cytokines measurement by ELISA

The levels of TNF-q, IL-6, and MCP-1were assessed using
commercial ELISA kits according to the manufacturer’s
instructions.

Determination of nitric oxide (NO) content

Total nitric oxide (NO) content was examined using a com-
mercial detection kit based on the Griess method. Briefly,
lung tissues were homogenized in cell lysis buffer and
lysates were mixed with Griess reagent in equal volume and
then incubated for 10 min in the dark, the absorbance was
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measured at 540 nm. NO content (uM) was interpolated for
each sample from a standard curve.

Statistical analysis

Statistical analysis was performed using student’s t-test
(unpaired, two-tailed), one-way or two-way ANOVA
(Tukey’s or Dunnett’s multiple comparison test). The statis-
tical analysis was conducted using Graph Pad Prism version
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Fig. 1 Vistusertib attenuates inflammatory damage induced by LPS.
(a) LL29 cells were stimulated with TGF- and subjected to western
blot analysis for specified antibodies. (b) In parallel, the C57BL/6
mice were treated intratracheally with vehicle control and bleomycin
(3 mg/kg). After 21 days, lung tissues were collected and subjected to
immunoblot assay for specified antibodies. (¢-q) For the inflammatory
in vitro model, cells were co-treated with LPS (for RAW 264.7-500
ng/mL and for BEAS-2B and HMVEC-L- 5 pg/mL) and VSB with
different concentrations and incubated for 18 h. Expression of pro-
inflammatory cytokines were measured by RT-qPCR and ELISA.
Gene expression analysis of pro-inflammatory markers in LPS-
induced RAW 264.7 (c-f), BEAS-2B (g-j), and HMVEC-L (k-n) cells.
ELISA assay was performed using culture media supernatant of LPS-
induced RAW 264.7 (0-q), and HMVEC-L (r-t) cells. Results were
depicted as Mean + SEM (n=3). Values of #p <0.01, and *p <0.001
were considered significant between vehicle control vs. LPS control,
TGF-B control, or BMC control. Values of *p<0.05, **p<0.01, and
***%p<0.001 were considered significant between LPS control vs.
treatment groups. ‘NS’ signifies non-significant

9. Results were depicted as Mean + SEM. Values of p <0.05
were considered significant.

Results

Vistusertib inhibits LPS-induced inflammatory
markers expression and TGF-f induced fibroblast-
differentiation in vitro

The unresolved lung inflammation precedes the develop-
ment of pulmonary fibrosis as part of a healing process [36—
38]. Various inflammatory and fibrotic cascades of genes
are known to be modulated by several signalling pathways
including mTOR. It was clearly shown that mTOR and
its downstream signalling molecules were highly upregu-
lated in IPF patient samples [39]. Similarly, in our study,
p-P7°S6Kinase and p-mTOR expression levels were highly
elevated in both TGF-f stimulated cells and BMC-induced
fibrosis tissues (Fig. 1a-b and Fig.S1b-c). In the progression
of IPF, inflammation and epithelial cell injury cause further
damage to the lungs and a decline in lung functions [40].
Hence, identifying the compounds which have both anti-
inflammatory and anti-fibrotic activity could be a viable
option to position against IPF. Therefore, we investigated
the anti-inflammatory and anti-fibrotic activity of vistusertib
on relevant cellular models. To assess the anti-inflammatory
activity, the LPS induction model in epithelial cells (BEAS-
2B), endothelial cells (HMVEC-L) and macrophages (RAW
264.7) were performed as these cell types play a criti-
cal role in disease induction and progression. Further, for
anti-fibrotic experiments, the TGF-B induced differentia-
tion model in LL29 and DHLF cells was employed. Before
embarking on anti-inflammatory and anti-fibrotic activities,
we performed cytotoxicity assays to select safe doses for cell
lines. Based on the cell viability assay result (Fig.S2), safe
concentrations of VSB (1.25, 2.5, and 5 uM) were selected
and validated for further experiments. Next, we assessed the
effect of VSB against gene and protein expression of inflam-
matory markers by RT-qPCR and ELISA respectively in
LPS-induced RAW 264.7, BEAS-2B, and HMVEC-L cells.
RT-gPCR results showed that gene expression of Tnf-a, 1I-6,
Ccl-2, and Ccl-7 were significantly (p <0.05) upregulated
in LPS-treated cells whereas VSB treatment significantly
(»<0.05) downregulated these markers as shown in Fig. lc-
n. Consistent with gene expression changes, the protein
levels of inflammatory markers (TNF-o, IL-6, and MCP-
1) were significantly (p <0.05) elevated in LPS-induced
cells, however, they were reduced when treated with VSB
(Fig. lo-t, Fig. S3) in all three cell types. Similarly, DEX
treatment also showed a significant (p <0.05) reduction in
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Fig. 2 Vistusertib reduces TGF-B induced fibroblast differentiation
and ECM deposition LL29. (a-b) or DHLF (c-d) cells were co-treated
with TGF-f and VSB for 48 h and subjected to RNA isolation, cDNA
synthesis followed by RT-qPCR analysis to detect the mRNA levels
of a-SMA and COLI1A1 or COL3A]1. In parallel, western blot analysis
was performed after co-treatment with TGF-f3 and VSB or PIFD in
LL29 (e) or DHLF (f) cells. Results were depicted as Mean+ SEM
(n=3). Values of "5 <0.001 were considered significant between
vehicle control vs. TGF-f control. Values of *p <0.05, **p <0.01, and
**%p <0.001 were considered significant between TGF-f3 control vs.
treatment groups. ‘NS’ signifies non-significant.

levels of these inflammatory markers in LPS-stimulated
cells.

Transition of fibroblast to myofibroblast (differentia-
tion) and excessive collagen deposition are crucial events
in the development of fibrosis. RT-qPCR and western blot
analysis of fibrotic markers in TGF-f induced LL29 cells
showed elevated levels of COLIAI, COL3Al and a-SMA,
compared to control cells. On the other hand, treatment with
VSB significantly (p <0.05) lowered the same (Fig. 2a-b,
and e). In line with LL29, DHLF cells also exhibited similar
results (Fig. 2c-d, and f). Western blot analysis showed that
treatment with pirfenidone did not change protein levels of
fibrotic markers in both cell lines (LL29 and DHLF). Taken
together, our data suggests that VSB inhibited inflammatory
and fibrotic injury in vitro.
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Fig. 3 Treatment with vistusertib alleviates lung injury in bleomycin-
induced pulmonary inflammation model. (a) The mice were divided
into six groups: the vehicle control group, the BMC model group (with
bleomycin- 3 mg/kg), BMC+DEX (1 mg/kg) group, BMC+VSB
(1.5 mg/kg) group, BMC + VSB (3 mg/kg) group, BMC + VSB (6 mg/
kg) group and dosed once daily for 7 days, after 7 days of BMC induc-
tion, followed by sacrifice. (b) Body weight measurement. (c-g) H&E
staining and semi-quantitative analysis for intra-alveolar infiltration
(black arrow), alveolar hemorrhage (yellow arrow), septum conges-
tion (black asterisk), and intra-alveolar fibrin in mice pulmonary sec-
tions. (h) Goblet cell hyperplasia (black arrow) and mucin deposition
(black asterisk) was assessed by the AB-PAS Staining. Results were
depicted as Mean+SEM (n=5). Values of *#» <0.001 were consid-
ered significant between vehicle control vs. BMC control. Values of
*p<0.05, **p<0.01, and ***p<0.001 were considered significant
between BMC control vs. treatment groups

Vistusertib attenuates early alveolar inflammation
in a murine model of bleomycin-induced pulmonary
inflammation

Bleomycin-induced lung injury/fibrosis is a sequential
process, upon bleomycin administration AEC injury/death
promotes the inflammation and immune cell infiltration
for 14 days. Then these events stimulate the fibrotic cyto-
kine expressions and fibroblast proliferation which eventu-
ally progress to pulmonary fibrosis [41]. Hence, to check
the effect of VSB on inflammation, the bleomycin-induced
pulmonary inflammation model was adapted as shown in
the schematic representation in Fig. 3a. On the 15" day of
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intratracheal bleomycin (BMC) injection, with or without
VSB treatment, the mice from the inflammatory model were
weighed and euthanized, and lung tissue samples were taken
for further investigation. Body weight analysis revealed that
body weights in all the groups except sham control were
progressively reduced (Fig. 3b). However, compared to
BMC control, VSB-treated mice significantly (p <0.05)
improved their body weights. Further, as visualized in
Fig. 3¢-g, hematoxylin and eosin (H&E) staining of lung tis-
sues showed intact alveoli and lung architecture in the vehi-
cle control group, while with BMC induction lung tissues
exhibited obvious intra-alveolar infiltration of inflammatory
cells, damage to the lung architecture, alveolar haemorrhage
accompanying septal thickness, and disturbed array of fibrin
in the alveolar cavity. In contrast, DEX or VSB treatment
markedly mitigated the alveolar inflammation/infiltration
of cells and reduced the overall alveolar damage. Goblet
cell hyperplasia, indicative of bronchial remodelling, was
examined by AB-PAS staining, and the results revealed a
significant increase in the number of goblet cells and mucus
deposition in BMC control animals compared to the sham
control group. On the other hand, VSB treatment reduced
the number of goblet cells and mucin deposition (Fig. 3h).

VSB inhibits the expression of inflammatory
markers in the BMC-induced lung inflammation
model

To determine the extent of inflammatory reaction under the
intervention of VSB in the BMC-induced lung inflammation
model, pro-inflammatory markers and macrophage markers
were examined. As shown in Fig. 4a-d, the mRNA levels of
pro-inflammatory markers such as Tnf-a, Il-1f5, Ccl2, and
Ccl7 in the BMC group were significantly (p < 0.05) higher
compared to the vehicle control group, however, the expres-
sion of these cytokines and chemokines were significantly
(»<0.05) decreased in the groups which were treated with
VSB. Alteration in the phenotype of macrophages and their
derived molecules impacts the initiation and pathogenesis
of several acute or chronic pulmonary diseases, including
acute lung injury (ALI), fibrosis (IPF), allergic asthma,
acute respiratory distress syndrome (ARDS), COVID-19,
and chronic obstructive pulmonary disorder (COPD) [42].
Therefore, we investigated the expression levels of mac-
rophage and inflammatory markers such as CD68 (Cluster
of differentiation-68), F4/80, and MCP-1 (Monocyte che-
moattractant protein-1) in mouse lung tissues of the inflam-
matory model. IHC staining results showed that BMC
administration remarkably increased the levels of MCP-1,
F4/80, and CD68 in lung tissues compared to the vehicle
control group, and treatment with VSB showed a reduc-
tion of these markers in a dose-dependent manner (Fig. 4e,

Treatments Treatments Treatments Treatments

e BMC+DEX
Vehicle control BMC control 1 mg/kg

BMC+VSB BMC+VSB BMC+VSB
1.5 mg/kg 3mg/ke 6mg/kg

MCP-1

F4/80

CD68

% CDIIb* F4/80° cells
%IFN CD4" cells

Treatments

Treatments

Treatments

Fig.4 VSB lessen the inflammatory load by moderating the expression
of inflammatory cells/markers in BMC-induced lung inflammation
Bleomycin (BMC) intratracheal administration was used for induction
of lung injury in mice and after 7 days of BMC instillation mice were
treated with or without VSB once daily for 7 days. Upon sacrifice, the
lung tissue was excised and were collected for downstream experi-
ments. Lung tissues collected in TRIzol-containing tubes were sub-
jected to RNA isolation, and cDNA synthesis followed by RT-qPCR
analysis to detect the mRNA levels of (a) Tnf-a, (b) 1I-1p, (¢) Ccl2, and
(d) Ccl7. (e) Immunohistochemistry (IHC) was performed to detect
expression levels of macrophage and inflammatory markers such as
CD68, F4/80, and MCP-1. (f-i) Part of the lung tissue was isolated and
subjected to single-cell isolation followed by flow cytometry analysis
for specific inflammatory cell’s surface markers. Results were depicted
as Mean + SEM (n=5). Values of " p <0.001 was considered signifi-
cant between vehicle control vs. BMC control. Values of *p<0.05,
**p<0.01, and ***p<0.001 were considered significant between
BMC control vs. treatment groups. ‘NS’ signifies non-significant

Table 1 Semi-quantitative estimation of inflammatory markers expres-
sion in mouse lung tissue sections

Animal Groups MCP-1 F4/80 CD68
Intensity Intensity Intensity
Vehicle control + + ++
BMC control ++++ +++ ++++
BMC+DEX 1 mg/kg ++ + +
BMC+VSB 1.5 mg/kg +++ ++ +++
BMC +VSB 3 mg/kg ++ + +
BMC+VSB 6 mg/kg + + +

S4; Table 1). Furthermore, cell-specific surface markers of
immune cells such as CD11b"F4/80* (marker for dendritic
cells), IFN-y*, CD4*, and CD8* (markers for T-cells) were
analyzed in lung tissues by performing flow cytometry. As

@ Springer



1230

T. B. Shaikh et al.

indicated in Fig. 4f and Fig. S5a, results revealed that the
CD11b* F4/807 cell population were meagre in normal lung
tissues but significantly (p <0.05) augmented in the BMC
group. Treatment with VSB dose-dependently reduced the
CD11b*F4/80" population. Moreover, there was an increase
in the number of IFN-y*, IFN-y* CD4*, and IFN-y* CD8"
lymphocytes in the disease control (BMC) group. Interest-
ingly, VSB treatment significantly (p < 0.05) moderated the
accumulation of macrophages and lymphocytes (T-cells) in
BMC-injured lung tissues (Fig. 4g-i and Fig. S5b-d). Alto-
gether these findings revealed that VSB treatment reversed
the BMC-induced anomalies by reducing inflammatory
cells and their generated molecules, resulting in diminished
inflammation.

VSB protects against oxidative stress in the BMC-
induced pulmonary inflammation model

Several studies have proven oxidative stress (altered lev-
els of redox system components) as a crucial player in
the aetiology of pulmonary fibrosis [7, 43]. To address
the effect of VSB on oxidative stress, nitric oxide (NO)
production (an indicator of the oxidative process) was
determined in animal tissue samples and results revealed
that, in response to BMC instillation, the NO generation
was significantly (p < 0.05) increased in the BMC group,
while treatment with DEX or VSB reduced the excessive
NO levels (Fig. 5a). Further, we investigated the anti-
oxidant role of VSB in lung tissues using gene expres-
sion, and protein expression analysis. RT-qPCR results
for Nrf2 and Ho-1 (Heme oxygenase-1) mRNA showed
that mRNA levels of Nrf2 and Ho-I were downregu-
lated in BMC-treated lung tissues and reversed in DEX
or VSB-treated lung tissue samples (Fig. 5b and c). On
the other hand, increased gene and protein expression of
Keap-1 was observed in BMC-treated animal samples as
compared to vehicle control samples, however, the VSB-
treated groups showed reduced keap-1 expression in a
dose-dependent manner (Fig. 5d-f). Further, to check the
effect of oxidative stress-induced damage in lung tissues,
IHC was performed for myeloperoxidase, neutrophil
elastase and mucin5SAC. THC staining demonstrated that
control animals had limited MPO, NE, and mucin-5AC
expression (indicates reduced immunolabelled positive
cells) whereas the BMC-treated group showed elevated
levels of these proteins. On the other hand, treatment
with BMC + DEX (1 mg/kg) group, BMC+VSB (1.5, 3
or 6 mg/kg) group effectively reduced the staining lev-
els of MPO, NE, and mucinSAC compared to the BMC-
treated group (Fig. 5g, S6; Table 2).
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Fig. 5 Administration of VSB improves the oxidative stress in the
BMC-induced pulmonary inflammation model. Bleomycin (BMC)
intratracheal administration was used for induction of lung injury
in mice and after 7 days of BMC instillation mice were treated with
or without VSB once daily for 7 days. Upon sacrifice, the lung was
excised and lung tissues were collected for downstream experiments.
(a) Quantification of nitric oxide (NO) levels in lung tissue. (b-¢) RT-
qPCR analysis of Nrf-2, and Ho-1. (d-f) RT-qPCR analysis and western
blot analysis for KEAP-1 in lung tissues. (g) IHC results for myeloper-
oxidase (MPO), neutrophil elastase (NE), and MucinSAC expression
levels in lung sections. Results were depicted as Mean+ SEM (n=5).
Values of #p<0.001 were considered significant between vehicle
control vs. BMC control. Values of **p <0.01, and ***p <0.001 were
considered significant between BMC control vs. treatment groups.
‘NS’ signifies non-significant

Table 2 Semi-quantitative estimation of oxidative stress markers
expression in mouse lung tissue sections

Animal Groups MPO NE MucinSAC
Intensity Intensity Intensity

Vehicle control + + +

BMC control +4++ +++ 4+
BMC+DEX 1 mg/kg ++ ++ +
BMC+VSB 1.5 mg/kg +++ +++ ++
BMC+VSB 3 mg/kg ++ ++ +
BMC+VSB 6 mg/kg + + +
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VSB improves the BMC-induced elevation of lung
index, and anomalies of pulmonary architecture
and reduces the collagen deposition in pulmonary
fibrosis tissues

The establishment of the bleomycin-induced pulmonary
fibrosis model lasted 3 weeks as shown in Fig. 6al, and
mice’s body weights were recorded throughout the experi-
ment. VSB treatment substantially improved body weight
(Fig. 6a2) and lung index (Fig. 6b) in comparison to the

al a2 b
Single dose
blcomycin
LT. 3 mgkg
Day Day, Day Day
0 7| VSB(P.0. 3, and 6 mg/kg) or 21 22
Q ‘ l PIFD (P.0. 50 mg/kg) l |
1 :
C57/BL6 Fibrotic phase Sacrifice
male mice ——
¢ Vehicle BMC BMC+PIFD BMC+VSB BMC+VSB

control control

6 mg/kg
¥

50 mg/kg 3 mg/kg
T -
% g

4X

H&E

20X

8- X 20X
HiH E

Asheroft score

H&E

Treatments

Treatments

Vehicle control mm BMC control BMC+PIFD 50 mg/kg s BMC+VSB 3 mg/kg

BMC+VSB 6 mg/kg

Fig. 6 Treatment with VSB restores morphological and pathological
alterations in BMC-induced pulmonary fibrosis tissues. (al) The sche-
matic representation for the establishment of the bleomycin-induced
pulmonary fibrosis model which lasted for 3 weeks where mice were
treated with or without VSB after 7 days of BMC administration for
14 days (once daily), and during this period, the body weights of mice
were recorded (a2). Animals were sacrificed on day 22 (after BMC
induction) and the lung was excised for performing the downstream
experiments. (b) Lung index. (¢) H&E analysis (d) collagen depos-
its (blue) in mice lung sections were assessed by Masson’s trichrome
staining. (e-f) semi-quantitative analysis for Ashcroft score and
fibrotic area. (g) H&E analysis of VSB alone group animal tissues.
Images were visualized in 4X and 20X magnifications under a micro-
scope. Alterations in lung morphology: Inflammatory cell infiltration
(black arrow) and collagen deposition (black asterisks). Results were
depicted as Mean + SEM (n=>5). Values of #p <0.001 were consid-
ered significant between vehicle control vs. BMC control. Values of
*p<0.05, **p<0.01, and ***p<0.001 were considered significant
between BMC control vs. treatment groups. Values of $p <0.05, and
$3p <0.01 were considered significant between the PIFD group vs.
VSB treatment groups

BMC-challenged group and PIFD-treated group. However,
VSB alone treatment did not cause any alterations in the lung
index compared to the control group (Fig.S7). To examine
the degree of fibrosis and collagen deposition, H&E and
Masson’s trichrome staining were executed. As presented in
Fig. 6¢c, compared with those of the vehicle control group,
the lung tissues in the BMC group showed loss of alveolar
architecture, inflammatory cell infiltration, interstitial septal
thickening, fibroblast proliferation and collagen deposition,
ultimately resulting in severe lung tissue damage. However,
VSB attenuated the pathological alterations in the lung tis-
sue. Masson’s trichrome staining (Fig. 6d) showed massive
deposits of collagen in the interstitial septum of lung tis-
sues in the BMC group, on the other hand, PIFD or VSB
treatment reduced the burden of the collagen deposits.
BMC group exhibited elevated pathological abnormalities
(Ashcroft and fibrotic score), and VSB treatment showed a
significant (p <0.05) reduction (in a dose-dependent man-
ner) of Ashcroft score compared to BMC control (Fig. 6e-f).
On the other hand, VSB treatment alone did not cause any
abnormal pathological changes in lung tissues compared to
the control (Fig. 6g).

Vistusertib treatment improves pulmonary function
after BMC challenge

In pulmonary fibrosis, degenerative processes damage not
just the alveoli but also other components of the respira-
tory system, such as the lung vasculature and conducting
airways, resulting in a substantial reduction of lung func-
tion [44, 45]. In lung fibrosis, certain features are known
to increase, such as resistance, elastance, and tissue damp-
ing, and concomitantly few parameters, such as inspiratory
capacity and compliance, are known to decline [46—48].
Therefore, to investigate the protective effects of VSB in
BMC-induced pulmonary fibrosis mice, we measured inte-
grated respiratory mechanics using the FlexiVent system
on day 22 after BMC induction. As expected, in the BMC
group, a significant (p <0.05) reduction in levels of param-
eters such as inspiratory capacity (IC), compliance (Crs,
Cst), total lung capacity (A), and shape constant (K) were
observed (Fig. 7a-e and Table S2). At the same time, values
of resistance (Rrs), elastance (Ers), tissue damping (G), tis-
sue elastance (H), and area (hysteresis) were significantly
(» <0.05) upregulated in the BMC-treated group (Fig. 7f-j
and Table S3). In contrast, VSB or PIFD treatment showed
values similar to those of vehicle control group values, sug-
gesting that VSB treatment effectively restored the BMC-
induced impaired mechanical behavior of the lung. Further,
we have also measured the lung functional parameters
in the VSB alone group, compared to the vehicle control
group, VSB treatment did not cause significant changes in
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Fig. 7 BMC-induced abnormal a b
pulmonary functional parameters
were restored by VSB treatment.
(a-j) Bleomycin (BMC)-induced
pulmonary fibrosis model was
used for induction of lung fibrosis
in mice and after 7 days of BMC
instillation, mice were treated
with or without VSB once daily 00
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inspiratory capacity, compliance, respiratory resistance and
elastance parameters (Fig. S8).

Vistusertib attenuates BMC-induced pulmonary
fibrosis via inhibiting mTOR signalling

Next, to elucidate molecular insights into the anti-fibrotic
activity of VSB treatment, we performed RT-qPCR and
immunoblot analysis using lung tissues against various
fibrotic markers. As presented in Fig. 8a-f, gene expression
of Mmp-9, 1l-17a, Tgf-f, a-Sma, Collal, and Col3al were
significantly (p <0.05) upregulated in the BMC-treated
group compared to vehicle control. On the other hand, the
treatment with either PIFD or VSB showed downregula-
tion of these fibrotic markers in a dose-dependent manner.
Interestingly treatment with VSB alone, slightly reduced
the fibrotic markers expression (7gf-f, a-Sma, and Col3al),
however, they were not significant (Fig. S9). In line with
gene expression data, immunoblot results revealed that
protein expression of TGF-B, a-SMA, ECM deposition
and EMT markers (FN1 and MMP2) were elevated in the
BMC-treated group, whereas VSB treatment reversed the
BMC-induced expression of these markers dose-depend-
ently (Fig. 8g, Fig. S10), indicating that VSB treatment
re-programmed the fibrotic cascade in lung tissues. Pir-
fenidone is known to inhibit the TGF-f signaling and its
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downstream signaling markers expression such as a-SMA,
MMP2, FNI1 and collagen [49, 50]. In our study as well,
PIFD treatment also significantly reduced the BMC-induced
fibrotic marker expression however E-cad levels were not
altered compared to BMC. Emerging evidence confirmed
a critical role of mTOR signalling in the pathogenesis of
IPF by its involvement in ECM production, fibroblast pro-
liferation, survival, and metabolism [51, 52]. Therefore, to
check whether mTOR signalling gets activated upon bleo-
mycin induction, we evaluated protein levels of mTOR and
its well-known downstream effector i.e., P’°S6Kinase using
immunoblot assay. Results of western blot (Fig. 8h, Fig. S4)
showed a marked increase in p-mTOR and p-P"°S6Kinase
levels in the BMC-treated group as compared to the vehicle
control group and further VSB treatment reduced the ratio
of p-mTOR/total mTOR and p- P’°S6Kinase/total P7°S6Ki-
nase, indicating anti-fibrotic activity of VSB might be via
this pathway.

Discussion

Idiopathic pulmonary fibrosis (IPF) is a form of intersti-
tial lung disease in which excessive fibroblast proliferation
and extracellular matrix promote remodelling of the lung
architecture, leading to respiratory insufficiency. Several
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Fig. 8 Vistusertib attenuates BMC-induced pulmonary fibrotic mark-
ers by inhibiting mTOR signaling. After sacrificing the animals, lung
tissues were collected, snap-frozen and then lung tissues processed
for downstream experiments. (a-f) Lung tissues collected in RNA
isoplus-containing tubes were subjected to RNA isolation, and cDNA
synthesis followed by RT-qPCR analysis to detect the specified mRNA
levels. (g) Lung tissues were homogenized and lysed with RIPA lysis
buffer cocktail for protein isolation. The protein expressions in lung
tissues were analyzed by immunoblot assay using the specified fibrotic
antibodies. (h) Western blot analysis for specified mTOR pathway
components. Results were depicted as Mean+SEM (n=4). Values of
###1<0.001 were considered significant between vehicle control vs.
BMC control. Values of **p <0.01, and ***p <0.001 were considered
significant between BMC control vs. treatment groups

pathways namely, TGF-B/SMAD, Wnt/B-catenin and mTOR
play a key role onset and maintenance of IPF. Due to the
poor understanding of pathophysiology, low survival rate
and limited therapeutic efficacy of FDA-approved medica-
tions, repurposing of marketed drugs is desirable for better
treatment outcomes [53, 54]. Several studies reported that
mTOR signalling was significantly elevated in lung inflam-
mation and IPF patient lung samples compared to the con-
trol. Investigating the compounds which modulate derailed
pathways would pave a path for translational outcomes.
Vistusertib is a dual inhibitor of mTORC1/mTORC2 and
has been under clinical investigation for various diseases

including cancer [55-57]. Therefore, in the present study,
we investigated potential anti-inflammatory and anti-fibrotic
activities of vistusertib (VSB) against in vitro and in vivo
models. Our results demonstrated that VSB showed promis-
ing anti-inflammatory and anti-fibrotic effects against LPS-
induced inflammation and TGF-p induced differentiation in
vitro models. Our results further explored the protective role
of VSB on BMC-induced lung inflammation and fibrosis
murine model. Following BMC instillation, VSB therapy
effectively reduced lung damage and fibrosis by lowering
inflammatory burden and oxidative stress, which resulted
in decreased fibrotic marker expression and better lung
function.

Several research studies indicated that incidents of for-
eign entities with cytopathic effects led to early pulmo-
nary epithelial and endothelial injury that calls for various
inflammatory and immune effector cells by releasing a net-
work of inflammatory mediators, cytokines, chemokines,
and growth factors resulting in the aid of alveolar damage.
Further, the impairment in this healing process contributes
to the non-reversible fibrosis [58, 59]. Upon activation by
inflammatory stimuli (either bacterial or viral infections),
macrophages and monocytes are stimulated and secrets
the major cytokines (such as TNF-a, interleukins, and che-
mokines (CCL2, CCL8, and CCL7) to fight against the
pathogens [60—63]. Bleomycin is an antibiotic with potent
anti-cancer activity but has limited use due to its pulmonary
toxicity. Bleomycin-induced lung injury initiates cytokine,
chemokine releases and induces oxidative stress which fur-
ther triggers the inflammation, and then ultimately leads to
fibroblast differentiation into myofibroblasts causing extra-
cellular matrix deposition, and the development of fibrosis at
days 10-21. Considering this, the intratracheal (IT) admin-
istration of bleomycin to rodents is commonly accepted
as an in vivo model to investigate both inflammatory and
fibrotic alterations in the lung interstitium [64, 65]. Simi-
larly, in the present study, for investigating the anti-inflam-
matory response of VSB, we employed LPS treatment in
vitro (all three cell types i.e., BEAS-2B, HMVEC-L, and
RAW 264.7 that are involved in the rescue from lung injury)
and early stage of BMC-induced pulmonary fibrosis model
i.e., lung inflammation in in vivo. Consistently our results
indicated that in LPS or BMC treatment (inflammation
model), gene and protein expression levels of inflammatory
mediators such as TNF-a, IL-1B, IL-6, CCL2, and CCL7
were significantly elevated accounting for the presence of
extensive inflammatory infiltrate. It is reported that in ILD
mice models, MCP-1 stimulates collagen formation and
deletion of the CCR2 ( receptor for MCP-1) protects against
lung fibrosis [66]. Methyl-CpG-binding domain protein 2
(MBD?2) was found to be altered in macrophages in BMC-
induced lung fibrosis and IPF patients. Deletion of MBD2
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reduced lung fibrosis by mitigating the TGF-B1 production
and CD206"CD68*F4/80" macrophage accumulation, indi-
cating that, CD68*F4/807 plays a critical role in ameliorat-
ing fibrosis [67]. Our IHC (for MCP-1, CD68 and F4/80)
and flow cytometry data from the inflammatory model also
showed an accumulation of macrophages and other inflam-
matory cellular infiltrates (supporting pulmonary histologi-
cal changes) upon induction with BMC. However, VSB
treatment showed a marked reduction of inflammatory
cells and their derived molecules favoring the alleviation
of inflammatory response. Dexamethasone is a potent glu-
cocorticoid that inhibits neutrophil migration, lymphocyte
proliferation and regulates proinflammatory cytokines such
TNF-a, interleukins, and chemokines [68, 69]. DEX dem-
onstrated its anti-inflammatory properties in the current
investigation by impeding the cytokine response and reduc-
ing the inflammatory and immune cell accumulation in lung
tissues.

Accumulating evidence suggested that oxidative stress
resulting from the dysregulated release of neutrophil extra-
cellular trap components such as neutrophil elastase (NE),
myeloperoxidase (MPO), histones, and DNA contributes
significantly to the pathogenesis of lung diseases such as
cystic fibrosis, COPD, acute lung injury, acute respiratory
distress syndrome and pulmonary fibrosis [70, 71]. More-
over, some of the factors such as neutrophil elastase, oxi-
dative stress, and NO (nitric oxide) induce the expression
of mucin5AC (a biomarker of IPF) in respiratory epithelial
cells [72—74]. It was known that mTOR plays a crucial role
in regulating oxidative stress by increasing mitochondrial
biogenesis and oxidative metabolism via modulating the
PGC-1a pathway [75]. It was shown that mTOR controls the
dysfunction of endothelium induced by oxidative stress, and
the blocking of mTORCI restores eNOS function, enhances
NO synthesis, and prevents O,-formation in the aorta of rats
[76]. 1t has been demonstrated that IPF patients have ele-
vated levels of 8-isoprostane, an oxidative stress biomarker
[77], exhaled NO, and iNOS expression in their lung tissues
[78]. These results imply that oxidative and nitrosative stress
are more prevalent in IPF patients. Therefore, targeting oxi-
dative stress as anti-fibrotic therapy in IPF may improve
some aspects of the disease. In our study, in vivo results
suggested that greater oxidative stress load was developed
after BMC instillation which can be seen by elevated levels
of NE, MPO, mucin5AC, NO, and Keapl and reduced lev-
els of Nrf2 along with HO-1 in BMC-treated lung tissues.
Notably, a reversal of these results was observed in the VSB
treatment group demonstrating the potential anti-oxidant
role of VSB via induction of Nrf2/HO-1. Nrf2 mediates the
up-regulation of several antioxidant enzymes and is known
to inhibit lipid peroxidation, indicating that Nrf2 plays
a protective role in the resolution of fibrosis by elevating
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the Nrf2 target gene expressions [79]. In supporting these
mechanisms, elevated levels of MPO [80], NE [81], and
mucin5AC [82] in Nrf2~~ mice were observed in various
lung disease models. It was also reported that reduction of
MPO and NE levels with augmentation of NRF2 and HO-1
levels reduced the severity of the LPS-induced lung inflam-
mation in rat models [83].

Furthermore, similar to previous findings [84], our results
showed elevated levels of myofibroblast marker (a-SMA),
ECM production and deposition markers (presence of col-
lagen fibers or collagen protein, MMP2, MMP9) expression
in TGF-p induced differentiation models and BMC-induced
lung fibrotic tissues. Additionally, the expression of EMT
markers (E-CAD and FN1) were altered in BMC-induced
fibrosis samples. Since TGF-B1 is thought to be a power-
ful fibrosis driver and is elevated in patients with fibrotic
disorders such as renal, pulmonary, and hepatic fibrosis,
this enhanced expression of overall fibrotic markers may
be the result of elevated TGF-B1 levels [85]. These cellular
and molecular amendments make gaseous exchange more
difficult for the lungs to carry out and ultimately lead to a
decline in lung function [47]. Our findings showed that VSB
treatment ameliorated fibrosis and improved lung function.
However, TGF-B-induced fibrosis was further provoked by
activated mTOR signalling and VSB treatment suppressed
mTOR pathway activation. These results indicate that inhib-
iting the mTOR pathway might be effective for fibrosis
resolution.

In summary, VSB treatment inhibited inflammatory
response by lowering the accumulation of cellular inflam-
matory infiltrate and expression of pro-inflammatory cyto-
kines (TNF-a), interleukins (IL-1p, IL-6), and chemokines
(CCL2, CCL7) in vitro and in vivo model of lung injury,
and protected against oxidative stress by reducing oxida-
tive stress markers such as MPO, NE, mucin5SAC and NO
content via modulating Nrf2/HO-1/keapl signalling path-
way. On the other hand, the anti-fibrotic activity of VSB
resolved fibrosis by improving lung function, histopathol-
ogy, and fibrotic marker expression through suppressing
mTOR signalling.

Conclusion

Overall, our data showed that the anti-inflammatory, anti-
oxidative, and anti-fibrotic activities of VSB could be
considered an attractive and effective treatment option for
therapeutic usage against pulmonary fibrosis.
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