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ARTICLE INFO ABSTRACT

Keywords: Drug repurposing off late has been emerging as an inspiring alternative approach to conventional, exhaustive
Niclosamide and arduous process of drug discovery. It is a process of identifying new therapeutic values for a drug already
Pulmonary fibrosis established for the treatment of a certain condition. Our current study is aimed at repurposing the old anti-
EMT

helimenthic drug Niclosamide as an anti-fibrotic drug against pulmonary fibrosis (PF). PF is most common lethal
interstitial lung disease hallmarked by deposition of extracelluar matrix and scarring of lung. Heterogenous
nature, untimely diagnosis and lack of appropriate treatment options make PF an inexorable lung disorder.
Prevailing void in PF treatment and drug repositioning strategy of drugs kindled our interest to demonstrate the
anti-fibrotic activity of Niclosamide. Our study is aimed at investigating the anti-fibrotic potential of
Niclosamide in TGF-B1 induced in vitro model of PF and 21-day model of Bleomycin induced PF in vivo re-
spectively. Our study results showed that Niclosamide holds the potential to exert anti-fibrotic effect by ham-
pering fibroblast migration, attenuating EMT, inhibiting fibrotic signaling and by regulating WNT/B-catenin
signaling as evident from protein expression studies. Our study findings can give new directions to development

Wnt/p-catenin

of Niclosamide as an anti-fibrotic agent for treatment of pulmonary fibrosis.

1. Introduction

Drug repositioning, otherwise referred as therapeutic switching is
historically pragmatic in accelerating drug development and assists as a
cost effective approach to treat unmet medical needs [1,2]. It implicates
a unique feature of identifying a new medical indication for known
drugs, thereby significantly reducing cost, time and risk involved in the
process of drug development [3,4]. This process of drug repositioning
includes an approach of computational biology along with several in
vitro and in vivo experimental studies to accomplish the proposed hy-
pothesis for existing drugs to treat different diseases [5]. Furthermore,
in the era of omics with the help of emerging tools, drug repositioning is
now explored as an opportunity that utilizes tailored and personalized
approaches. Contribution of drug repositioning in rare disease areas
like pulmonary fibrosis therefore gains huge significance owing to the
scope of interplay between the specific disease and existing drugs. Re-
cent evidences demonstrate that several drug repurposing studies in the

past were published on identifying potential therapeutic targets against
Alzheimer's, malaria, tuberculosis, and various cancers using in silico
studies [6-9]. Very recently, in silico repurposing studies against pul-
monary fibrosis for the first time was performed in in-vitro and in-vivo
experiments and obtained promising results using various drugs
[10,11].

PF is a rare, untreatable condition among various interstitial lung
diseases, manifested by myofibroblasts activation. The key concept
behind fibrosis research involves its complex pathophysiology thereby
focusing on such a complex fibrotic process can improve the flexibility
of identifying a better therapeutic compound [12]. Multiple signaling
Smad dependent and independent pathways are critical in the patho-
genesis of PF [13] of which Wnt/p-catenin pathway gains significance
as an emerging target owing to its activation in the progression of PF;
might be a promising target in combating PF [14,15]. Lung architecture
is devastated resulting in exacerbated epithelial to mesenchymal tran-
sition (EMT) and extracellular matrix (ECM) deposition inculpated by
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factors damaging the alveolar epithelium [16]. The distorted epithe-
lium aids in enhanced fibroblast recruitment, their proliferation and
differentiation sequenced by cellular and signaling events contributing
to irreversible fibrosis of the lung tissue [17]. It is therefore essential to
develop adequate therapeutic drugs that impede PF.

Niclosamide (NCL), an oral antihelminthic drug approved by US
FDA is used to treat various infections of intestinal cestodes for > 50
years due to its potential of inhibiting mitochondrial oxidative phos-
phorylation. Significant findings from the literature demonstrate the
effect of NCL in various solid cancers by regulating multiple signaling
pathways including Notch-signaling, ERK, STAT 3 and Wnt/[-catenin
pathway and by inhibiting several key inflammatory cytokines [18,19].
Further, this multiple pathway inhibitor is found to play a central role
in ameliorating TGF-B1 induced profibrotic effects in some of the fi-
brotic diseases including renal and skin fibrosis [20,21]. Moreover,
computational biological studies predicted NCL to exhibit strong anti-
fibrotic effects in attenuating PF [10]. Besides, NCL is known as potent
inhibitor of Wnt/[3-catenin signaling and given the significance of Wnt/
B-catenin signaling in PF [22,23], the present study aims at in-
vestigating the anti-fibrotic potential of NCL in well established TGF-31
induced in vitro and Bleomycin (BLM) induced in vivo experimental
models.

2. Material & methods
2.1. Chemicals

Niclosamide was purchased from Sigma-Aldrich; USA, Bleomycin
sulfate was obtained from Cipla labs; India, Human recombinant TGF-
B1 was obtained from Biolegend USA, Trans-L-Hydroxyproline,
Chloramine-T, Bicinchoninic acid, Ehrlich reagent, RIPA lysis buffer,
Direct red, Picric acid, Griess reagent, Bradford reagent, Sodium nitrite,
Bovine serum albumin (BSA), and Sodium dodecyl sulphate (SDS) were
procured from Sigma-Aldrich; USA. T-PER was procured from Thermo
Fisher Scientific; USA. Enzyme linked immunosorbent assay (ELISA)
kits were procured from eBiosciences; USA. Anti-B-Actin, anti-a-SMA,
anti-E-cadherin, anti-fibronectin, anti-CTGF, anti-TGF-B1 antibodies
were purchased from Santa Cruz Biotechnology; USA and anti-p PDGF-
BB, anti-PDGF-BB, anti-Smad2/3, anti-p Smad2/3, anti-survivin, anti-
MET, anti-B-catenin, anti-CD44, anti-c-Myc, c-Jun, anti-GSK3f, anti-
WNT, anti-LEF, anti-NF-xf and anti-pNF-k} antibodies were purchased
from Cell Signaling technology; USA. All other chemicals and reagents
used for this study were of analytical grade and procured commercially.

2.2. Cell culture

Human fetal lung fibroblasts (HFL1) cells were purchased from
ATCC (ATCC® CCL153™), supplemented with anti-biotic solution (1%)
and fetal bovine serum (10%) cultured in Kaighn's modification of
Ham's F-12 Medium (F-12 K); Invitrogen, USA. TGF-f1 stimulation at a
concentration of 10 ng/mL was used to induce fibrotic events. NCL was
made as stock concentration of 10 mM using DMSO as solvent, stored at
—20°C and diluted as per the working concentrations before use.
Cultured cells maintained at 37 °C in 5% CO2 incubator were treated
with NCL at concentrations of 30 and 100 nM with and without TGF-1
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stimulation and incubated for 24 h, harvested and used for further ex-
periments.

2.3. Cytotoxicity assay using MTT

Cell viability of NCL on HFL1 cells was investigated using MTT
assay (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide).
HFL1 cells at a density of 10> cells per well were seeded in a 96 well
plate and after 24 h of seeding, cells were treated with NCL. Media from
the plate was discarded and fresh media containing MTT solution
(100 pL per each well of 5mg/10 mL concentration) was added to cells
after 24 h of incubation with NCL and incubated further for 4 h with
DMSO (200 uL/well) to dissolve the formed formazan crystals. After
20 min of DMSO incubation, the absorbance of the cells was measured
using a multi-mode spectrophotometer at a wavelength of 570 nm. ICs,
was derived from concentration vs. absorbance curve (concentration of
NCL vs. absorbance of DMSO solubilized formazan crystals) [24].

2.4. Scratch wound assay

Scratch wound assay was performed to evaluate the potential of
NCL on cell migration. In brief, HFL1 cells with density of 10° cells were
seeded in a 12 well culture plate and when cells attained 70-80% of
confluence, a gap in a straight line of mono adherent cells was made
using a 10 pL micropipette tip, cells were washed with PBS twice so as
to remove the detached cells while creating a gap. Later cells were
treated with TGF-B1 alone and NCL in the presence and absence of TGF-
1 growth factor for 24 h. Images of the cells with gap in all groups
were captured initially at O h and after 24 h of treatment, followed by
measuring the width of the gap using microscopic scaling and graph
pad prism software was used to quantify the measured width [25].

2.5. Animals and grouping

Eight week old male Swiss albino mice obtained from Palamur
Biosciences private limited (Mahabubnagar, India), were allowed to
acclimatize for a week. All animals were allowed free access to food and
water ad libitium, and maintained with 12/12h light and dark condi-
tions. Animal experimental protocols were duly approved by institu-
tional animal ethics committee (IAEC) of NIPER-Hyderabad and in vivo
studies were performed with relevant guidelines. Animals were ran-
domly assigned into following groups (n = 10): Control group; BLM
alone group (1.51U/kg); BLM + NCL low dose (3 mg/kg); BLM + NCL
high dose (10 mg/kg) and Perse (NCL alone group), 10 mg/kg. DMSO
and polyethylene glycol 200 (1:4 ratio) in normal saline was used as
vehicle for administration of NCL. The concentration of DMSO used was
1% in saline. Required amount of NCL was weighed and solubilized in
DMSO:PEG (1:4 ratio) in saline, then probe sonicated thoroughly before
administration. Mice were administered intratracheally with 1.51U/Kg
of BLM on day 0 while NCL was administered daily once from day 1 to
day 21 by intraperitoneal (i.p) route. On the day of termination (day
21), lungs were harvested, stored and used for estimating various bio-
chemical parameters, pathological and molecular studies.
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2.6. Lung bronchoalveolar lavage fluid (BALF) biochemical parameters

BALF, a reliable parameter to assess lung fibrosis was gently aspi-
rated from trachea of the mice by inserting a suitable catheter using ice
cold PBS of 1 mL passing each time thrice. BALF thus collected was
pooled and subjected to evaluate differential cell count by automatic
Siemens hematology system (model-Advia 2120i).

2.7. Lung tissue biochemical parameters

2.7.1. Griess assay to estimate nitric oxide (NO) levels

Lung tissues were homogenized and centrifuged at 10,000 rpm
maintained at 4°C and supernatants were collected and used im-
mediately to measure NO levels. Griess reagent was used to evaluate the
NO levels of the samples by mixing equal proportions of both Griess
reagent and supernatants of lung tissue samples, incubated for 10 min
in dark conditions, and absorbance was measured at 548 nm. Data
obtained from the experiments was normalized using protein content
and expressed as uM/mg of lung protein. Sodium nitrite was used as
calibrator [26].

2.7.2. Hydroxyproline assay to determine collagen levels

Hydroxyproline content in the lung tissue homogenates was estimated
as per protocol performed by Bale et al. [27]. Lung tissues were homo-
genized at 4000 rpm and subjected to acid hydrolysis (6 N HCI). Later,
Chloramine-T was added to hydrolyzed homogenates to undergo oxida-
tion and incubated for 15 min. To the obtained oxidized samples, Ehrlich
reagent was added and incubated further at 60 °C for 20 min. The samples
were allowed to cool and absorbance was read at 550 nm. Hydroxypro-
line was used as standard and accordingly, concentrations of samples
were measured from concentration-absorbance curve. Values were nor-
malized using lung protein content obtained by Bradford assay.

2.7.3. Sircol assay for collagen estimation

Collagen binding dye was added to the lung supernatants and in-
cubated at 37 °C for 1 h. Samples were then centrifuged, supernatant
was discarded and visibly obtained red pellet was dissolved in absolute
alcohol to remove the accumulated binding dye and further cen-
trifuged. The pellet formed was dissolved in alkali solution (0.5M so-
dium chloride) and incubated at 37 °C for 30 min. Following incubation
of the samples, absorbance was measured using multimode spectro-
photometer at 540 nm. Data obtained was normalized with lung protein
content estimated by Bradford assay [25].

10

2.7.4. ELISA for estimation of inflammatory cytokines

Lung tissues were thoroughly homogenized using ELISA extraction
buffer and centrifuged at 4 °C; supernatants obtained were stored at
—80 °C as aliquots. Various pro-inflammatory cytokines including IL-6,
IL-13 and TNF-a were estimated for their expression in extracted tissue
supernatants using a commercially available ELISA kit based method.
The procedure for estimating the above mentioned cytokines were
followed as per the manufacturers' instructions. Cytokine expression of
all the samples was normalized with protein content of the respective
supernatants obtained using Bradford assay, and results were expressed
as pg/mg of protein obtained from the plot of concentration-absorbance
curve of standards supplied along with the kit.

2.8. Pathological studies

Left lobes of the lung tissue harvested on the day of termination
were fixed in non buffered formalin solution (10%). After 2days of
fixation, tissues were processed and embedded in paraffin. Later, the
embedded blocks were made into 5y thick sections and stored at 37 °C
overnight. These sections were then subjected to haematoxylin and
eosin staining to visualize the altered pathological changes. Similarly,
Sirius red staining and toluidine blue staining were performed with the
lung tissue sections so as to investigate the extent of collagen and mast
cell accumulation respectively. The procedure for these staining tech-
niques was performed as per established standard protocols.

2.9. Immunohistochemistry

5u thick sections of lung tissue were deparaffinised in xylene fol-
lowed by subjecting to rehydration using a series of gradient alcohols
(100, 90, 80 and 70%) for an interval of 3 min each. Later, tissue sec-
tions were processed for antigen retrieval using proteinase K solution at
a concentration of 20 ug/mL prepared in tris buffer adjusted to pHS8,
followed by treatment with 3% H,0, to eliminate endogenous perox-
idase. Subsequently, to avoid nonspecific binding, sections were treated
with 3% BSA blocking solution for 1h, washed twice with PBST
(phosphate buffered saline-tween 20) and incubated with primary an-
tibodies (rabbit anti-B-catenin and mouse anti-fibronectin at dilutions
of 1:100 in 3% BSA blocking solution) for overnight at 4 °C. The next
day, sections were effectively washed with PBST and underwent to
develop colour by exposing to poly Excel HRP/DAB Detection System
(PathnSitu Biotechnologies Pvt. Ltd., Hyderabad, India); counterstained
with haematoxylin and mounted with DPX resinous solution. The
mounted lung sections were visualized for immunopositivity and
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Fig. 1. Effect of NCL on differential count of inflammatory cell infiltrates in BALF collected from lung on day of termination (day 21). (A) Neutrophils (B)
Lymphocytes (C) Monocytes (D) Basophils. BALF collected from NCL treated mice demonstrated significantly reduced differential counts of inflammatory cells as
compared to that of BALF from BLM treated mice. Data expressed as mean *+ SEM, ***p < 0.001 of BLM vs. Nrml ctrl; "p < 0.001, “p < 0.01 and p < 0.5 of

NCL vs. BLM.

images were captured using Olympus microscope [25].
2.10. Western blotting

In vitro HFL1 cells were lysed using radio immunoprecipitation
assay buffer (RIPA), while in vivo lung tissues were processed for
homogenization using tissue protein extraction reagent (T-PER).
Bicinchoninic acid was used to determine the protein concentration in
the obtained supernatants, followed by protein separation on SDS
polyacrylamide gels and transferred onto nitrocellulose/polyvinyldi-
fluoride membranes. Proteins of interest that were transferred on the
membranes were washed effectively using TBST and allowed to in-
cubate with 3% BSA for 90 min to eliminate non-specific binding. After
incubation, blots were washed twice with TBST and further incubated
with primary antibody maintained at 4 °C for overnight. The following
day, antibody was recovered and blots were washed with TBST for
three times with an interval of 10 min; allowed to react with respective
secondary antibody for 2h at room temperature, washed 3-4 times
using TBST before visualizing the protein expression using chemi
imaging detection system (Vilber Fusion Fx); France. The obtained
immunoblots were quantified using Image J software. 3-actin is used as
a house keeping protein for normalization [28].

2.11. Statistical analysis
All results in the study were expressed as mean = SEM of three

independent experiments. Statistical analysis of the obtained was per-
formed by one-way ANOVA followed by Tukey's post hoc test. All
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statistical analyses were performed using v.5 GraphPad Prism software.
P value < 0.05 levels were considered as statistically significant.

3. Results
3.1. Effect of NCL on BALF differential cell count

BAL fluid collected on the day of termination was analyzed for
differential counts i.e.; neutrophils, lymphocytes, basophils and mono-
cytes counts. Intratracheal instillation of BLM caused significant ele-
vation in neutrophils, lymphocytes, basophils and monocytes counts in
the BAL fluid as compared to BAL fluid obtained from mice of normal
control. Daily administration of NCL significantly lowered the differ-
ential counts in a dose dependent manner (Fig. 1).

3.2. NCL inhibits cell proliferation, migration and modulates proteins
involved in EMT both in vitro and in vivo

Initially, we evaluated the effect of NCL on viability of HFL1 cells by
performing MTT assay. ICs, value of NCL upon 24 h treatment on HFL1
cells was found to be 409.79 = 0.17 nM from the results of MTT assay.
Therefore, for all further in vitro experimentations, to elucidate the fi-
brotic events submaximal concentrations of NCL (30 and 100 nM) were
selected. As ability of fibroblasts to migrate is characteristic feature
acquired through transition of cell from its epithelial stage to me-
senchymal state, we subsequently evaluated the ability of NCL to in-
hibit cell proliferation and migration of fibroblasts (HFL1) through the
standard cell migration assay otherwise known as scratch wound assay
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Fig. 2. NCL inhibits cell proliferation, fibroblast migration and EMT markers both in vitro and in vivo. (A) Effect of NCL on cell viability of HFL1 cells (B) Effect of NCL
on fibroblast migration (scratch wound assay) (C) Representative immunoblots of E-cadherin and a-SMA in HFL1 cell lysates (D & E) Graphical representation of
quantified protein expression of E-cadherin and a-SMA in HFL1 cell lysates. (F) Western blotting analysis of E-cadherin, N-cadherin and a-SMA in lung tissue lysates
(G-]) Densitometric analysis of quantified protein expression of E-cadherin, N-cadherin and a-SMA. Data expressed as mean + SEM, ***p < 0.001 and **p < 0.01

of disease vs. Nrml ctrl and ““p < 0.001 and “p < 0.01 of NCL vs. disease.

at the above mentioned concentrations. As shown in Fig. 2, TGF-f1
stimulated fibroblasts covered the scratch at the end of 24h of treat-
ment depicting its high rate of proliferation and migration as compared
to unstimulated normal fibroblasts. In contrast, fibroblasts treated with
NCL showed a dose dependent reduction in cell proliferation and mo-
tility. Therefore, the artificially created scratch in the cell monolayer
was partially occupied by fibroblasts at 30 nM, whereas the scratch was
very sparsely covered by fibroblasts at 100nM upon 24h of NCL
treatment.

Post confirming the inhibitory effect of NCL on cell migration, we
further investigated the effects of NCL on EMT proteins through western
blotting. A notable increase in expression levels of a-smooth muscle
actin (a-SMA), a mesenchymal protein, was observed in TGF-31 treated
cells. Upon treatment with NCL, expression of a-SMA was decreased in
dose dependent manner. Next, we assessed the expression of E-cad-
herin, a cell adhesion epithelial marker. As presumed, TGF-f1 stimu-
lated cells represented subsided levels of E-cadherin where as NCL
treatment dose dependently restored its levels.

In view of the results obtained with respect to EMT inhibition in
vitro, expression of EMT proteins was evaluated in lung tissue homo-
genates in vivo through immunoblotting. Similar to the results of in
vitro, a decrease in epithelial marker E-cadherin was observed following
which a corresponding sharp rise in expression levels of N-cadherin was
noted in BLM alone treated mice. Additionally, there was significant
increase in levels of a-SMA in animals instilled with BLM. NCL treat-
ment not only restored the levels of E-cadherin but also down regulated
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the expression of N-cadherin and a-SMA significantly. From the con-
sistent results of in vitro and in vivo, it can be said that NCL exhibits a
property of EMT inhibition (Fig. 2).

3.3. NCL down regulates expression of fibrotic proteins induced by TGF-}1
in vitro and BLM in vivo

Consequently, we proceeded to investigate NCL effects on fibrotic
proteins involved in TGF-/Smad signaling. Western blotting of whole
cell lysates of TGF-B1 induced HFL 1 cells showed over expression of
major fibrotic markers fibronectin, connective tissue growth factor
(CTGF), TGF-f1 and phosphorylated Smad when compared to un-
stimulated cells. NCL down regulated the expression of fibronectin,
CTGF, TGF-B1 and phosphorylated Smad significantly in dose depen-
dent manner. Additionally, we observed high expression of p-PDGF-BB
receptor in TGF-B1 stimulated HFL1 cells as evident from the im-
munoblotting. Treatment with NCL significantly reduced the expression
of phosphorylated PDGF-BB receptor dose dependently (Fig. 3).

Parallel results were noted upon western blot analysis of lung tissue
homogenates. BLM insulted mice displayed an elevated expression of
major fibrotic proteins fibronectin, CTGF and TGF-f1 as compared to
normal control mice. Daily administration of NCL significantly reduced
fibronectin, CTGF and TGF-f1 expression in NCL treated mice at both
the doses. Next, immunohistochemical analysis was performed to
evaluate the expression levels of fibronectin. Consistent with the results
of western blot analysis of fibronectin, BLM treated lung section showed
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Fig. 3. NCL significantly attenuates TGF-f3/Smad signaling and down regulates expression of fibrotic markers in vitro. (A) Effect of NCL intervention on fibrotic
markers inTGF-p1 stimulated HFL1 cells. Graphical representation of quantified protein expression of (B) Fibronectin (C) p PDGF-BB receptor (D) pSmad/Smad2/3
(E) CTGF and (F) TGF-B1. B-actin was used as internal standard for all the proteins while pSmad was normalized with total protein Smad2/3. Data expressed as
mean *+ SEM ***p < 0.001of TGF-B1 vs. Nrml ctrl; “p < 0.001 and “p < 0.01 of NCL vs. TGF-B1.

uniformly distributed numerous immunopositive cells. NCL low dose
treated tissues displayed infrequent distribution of fibronectin positive
cells, whereas high dose showed normalized expression with very
scarcely distributed fibronectin immunpositive cells in lung tissue sec-
tions. Consequently, we examined the expression of phosphorylated
Smad in lung tissue lysates. Phosphorylated Smad was highly expressed
in BLM insulted tissues which was significantly diminished its levels in
NCL treated tissues in dose dependent fashion. Here, expression of
Smad was approximately similar in all the experimental groups.
Additionally, protein expression of survivin, PDGF-BB receptor were
also investigated as these proteins crucially contribute to progression of
fibrosis. Considerable increase in expression of survivin and phos-
phorylated PDGF-BB receptor was noted in BLM treated mice. Upon
treatment with NCL, these proteins were significantly reduced in both
the treatment groups dose dependently. All the results of this section
convey that NCL has significant inhibitory effects on fibrotic signaling
(Fig. 4).

3.4. NCL reforms lung architecture and inhibits collagen accumulation in
vitro and in vivo

Having adequately confirmed NCL effects of EMT and fibrotic pro-
teins, we subsequently aimed at investigating the effect of NCL on
collagen accumulation. First, immunoblotting for major collagen COL
3A1 was performed in HFL1 whole cell lysates. TGF-B1 stimulated HFL1
cells showed extremely high expression of COL 3A1 which was sig-
nificantly down regulated by NCL. Similarly, western blotting of BLM
treated lung homogenates also showed elevated expression of COL 1A2
and COL 3A1l. In agreement with the results of in vitro, NCL was able to
hamper the over expressed COL 1A2 and COL 3A1 dose dependently.
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Further evidence for the impeding effect of NCL on collagen de-
position was obtained by biochemically estimating collagen content
through quantification of hydroxyproline (HP) levels in lung tissue
homogenates. HP was exceptionally high in homogenates of lung tis-
sues obtained from BLM instilled mice as compared to that of normal
control mice. Reduction in collagen accumulation upon treatment with
NCL was reflected as reduced HP content in lung homogenates from
NCL treated mice at both dose levels. Picrosirius red staining was per-
formed to histologically locate regions of collagen deposition in lung
tissue sections of all experimental groups. BLM insulted lung sections
showed numerous regions of collagen deposition displayed as red-
stained tightly packed collagen fibres. NCL treated lung tissue sections
showed less dense collagen fibres as compared to the BLM instilled
tissues sections. The reduction in collagen accumulation was dose de-
pendent. Next, we examined histological changes in lung after BLM
instillation and the ability of NCL to restore lung framework. As de-
picted in Fig. 5 BLM instillation lead to disrupted lung morphology and
loss of the alveolar capillary structure which was evident from col-
lapsed alveoli and severe alveolar septal thickening when compared to
normal control lung tissues. NCL treatment at both the doses restored
lung architecture by significantly reducing the thickness of alveolar
septa and lessening degree of fibrosis.

3.5. Effect of NCL on fibrosis associated WNT/B-catenin signaling

WNT/fB-catenin signaling pathway, being one of the prime path-
ways contributing to fibrogenesis, effect of NCL on proteins of this
pathway was evaluated both in vitro and in vivo. Western blotting of
whole cell lysates was performed which revealed that TGF-B1 stimu-
lated cells had overexpression of WNT as well as its down stream
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signaling molecules fB-catenin, MET, CD 44, c-Myc, LEF and GSK3p.
Treatment with NCL significantly down regulated all these major pro-
teins pertaining to WNT/[-catenin signaling pathway (Fig. 6).

In lungs, a similar pattern of results was observed. BLM instilled
lungs showed abnormally high levels of WNT, CD 44, c-Myc, c-Jun, LEF
and GSK3p. NCL significantly attenuated the expression of the above
mentioned WNT signaling proteins in a dose dependent manner.
Further confirmation regarding inhibitory effect of NCL on WNT/B-
catenin  signaling was demonstrated by performing im-
munohistochemistry for evaluating the levels of B-catenin. In agree-
ment with the results of in vitro study, we noted increase in im-
munopositivity of B-catenin in BLM challenged lung sections where as
NCL treated lungs showed a significant attenuation of -catenin positive
signals (Fig. 7).

3.6. Effect of NCL on inflammation in vivo

Eventually, we investigated the effect of NCL on inflammatory
proteins and cytokines by various protein expression techniques. We
performed ELISA to evaluate the expression of inflammatory cytokines
like TNF-a, IL-1f and IL-6 in lung tissue supernatants of all experi-
mental groups. Lung tissues obtained from BLM challenged mice ex-
hibited high levels of TNF-a, IL-6 and IL-18. NCL intervention lead to
attenuation of these cytokine levels at both the doses except for IL-1
where only high dose of NCL decreased the over expressed levels.
Further, western blotting of TNF-a and phosphorylated form of NF-kf3
was performed. Similar results were obtained via western blot where a
dramatic increase in expression of TNF-a and p NF-xf was noted.
Treatment with NCL reduced the expression of these inflammatory
proteins in a dose dependent manner. These results briefly demonstrate
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SEM, ***p < 0.001 of BLM vs. Nrml ctrl and ““p < 0.001 of NCL vs. BLM.

the anti-inflammatory potential of NCL. Moreover, staining lung tissue
sections with toluidine blue showed highly distributed inflammatory
cells in BLM instilled mice lungs, whereas dose dependent decrease in
influx of inflammatory cells was evident in lung sections treated with
NCL. Additionally, we also assessed the levels of nitric oxide in lung
tissue homogenates. The results revealed that nitric oxide levels were
largely elevated in BLM treated groups. Dose dependent reduction in
nitric oxide levels occurred upon treatment with NCL (Fig. 8).

4. Discussion

Pulmonary fibrosis (PF) is a neoproliferative interstitial pulmonary
disorder which can best described as a disorder causing destruction of
lung parenchyma consequently limiting respiratory function which
presents as stiffness of the lung followed by decrease in total lung ca-
pacity and increase in resistance [29,30]. Existing therapies for PF are
limited to slowing disease progression which makes development of
novel pharmacological interventions a compelling need [31]. Niclosa-
mide (NCL) is a nitrosalicylanilide initially introduced as anticestodal
drug in 1960s' [32,33]. Multiple researchers have made tremendous
efforts to delineate the mechanism of action and targets of NCL. It is
now a well established fact that NCL is a multifunctional drug which
bears the ability to regulate various crucial pathways of cell signaling
[34].

Drug repurposing is an attractive approach for development of
pharmacological interventions for many disorders [35]. Of late, drug
repurposing has gained gripping attention owing to its multiple ad-
vantages over the tedious and expensive drug developmental process of
a new drug entity. Drug repositioning is a pragmatic process which has
many benefits over de novo drug development like ready availability of
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pharmacodynamic, pharmacokinetic, toxicity and toxicokinetic data. It phenotype. NCL demonstrated potential capacity to inhibit prolifera-
is a substantial cost efficient and time effective approach in discovering tion and migration of human fibroblasts as evident from relative oc-
new therapeutic potential for old drugs [36]. Our current study is in- cupancy of denuded area in wound scratch assay (Fig. 2). Concept of
spired by the many success stories of drug repositioning and captivating EMT, initially defined in the context of embryonic development [38],
molecular properties of NCL. Based on results provided by quite a few has been established to be notorious for pathological contribution to

reports of NCL being a potential anti-fibrotic [10,20,21] this study was fibrosis [39]. EMT process initiated by various factors, TGF-B1 being
designed to investigate the effect of NCL in experimental model of PF one of them, is characterized by functional transition of fibroblasts
both TGF-B1 induced PF in vitro and BLM induced in vivo by inhibiting (epithelial cells) to motile myofibroblasts (mesenchymal cells) [40].

WNT/B-catenin pathway. Human recombinant TGF-$1 and BLM were These changes are associated with loss of epithelial proteins E-cadherin
used as experimental inducers of PF in the current study. and a corresponding up regulation of mesenchymal proteins like N-
Firstly, we investigated the effect of NCL on proliferation of human cadherin and a-SMA, which give myofibroblasts ability to gain con-

fibroblast cells i.e.; HFL1 cells. As literature findings suggest enhanced tractility [41]. EMT changes induced by human recombinant TGF-B1 in
migration of fibroblasts derived from lungs with fibrotic lesions [37], vitro and BLM in vivo were regulated significantly by NCL. NCL restored
we assessed the potential of NCL to curb the ability of fibroblasts to the protein expression of E-cadherin while down regulated the ex-
undergo migration which indicates the transdifferentiation of fibro- pression of a-SMA expression both in vitro and in vivo. Besides, protein
blasts with epithelial phenotype to myofibroblasts of mesenchymal expression of N-cadherin was inhibited in vivo by NCL, which

15



R. Boyapally et al.

A

| — . — — ]BACatenin(EJZKDa)

| oD D S o= |CD44(80KDa)
e

| § — -—

|- TGy G S | B-actin (43 KDa)

- | LEF (25-58 KDa)

Ctrl TGF-B1 TGF-B1 +NCL TGF-B1 +NCL

(30nM) (100nM)

C-Myc (fold change)
GSK3p (fold change)

TGF-B1+NCL TGF-B1+NCL

B 5 20
o
- c
& 218
& S
5 e
° £ 10
B £
- c
< 205
- ©
Y
Q.

Wht3a (fold change)

Life Sciences 220 (2019) 8-20

14
o

TGF-B1+NCL TGF-B1+NCL

o

o

CD 44 (fold change)
o
o

o
&
& (9@
&

TGF-B1+NCL

TGF-B1+NCL

Fig. 6. Attenuation of WNT/B-catenin signaling pathway by NCL in TGF-f1 treated HFL1 cells. (A) Immuno blotting analysis of proteins belonging to WNT/(3-catenin
signaling pathway. Graphical representation of quantified protein expression of (B) Met (C) B-catenin (D) CD 44 (E) C-Myc (F) GSK3f (G) WNT3a (H) LEF. Data

+

expressed as mean

demonstrates the ability of NCL to adequately amends disrupted EMT
proteins (Fig. 2).

Canonical Smad dependent TGF-f1 signaling cascade is the prime
signaling pathway and the major driver of fibrosis. Ligands binding to
specific TGF-PB1 receptors activate the TGF-f3/Smad axis which results
in phosphorylation and translocation of Smad2/3 to the nucleus to
execute signals of fibrotic gene transcription [42]. Thus, we evaluated
the effect of NCL on TGF-3/Smad signaling axis and the expression of
proteins involved in fibrotic signaling both in vitro and in vivo. NCL
down regulated the expression of major fibrotic proteins TGF-31, CTGF,
phosphorylated Smad2/3 and fibronectin in TGF-B1 stimulated HFL1
cells as apparent from immunoblotting studies (Fig. 3). Consistent with
the in vitro results, these fibrotic proteins were significantly suppressed
by NCL in vivo in experimental model of BLM induced PF, as evident
from western blots of the same. Further, significant reduction in the
immunosignal of fibronectin as observed from immunohistochemistry
strengthened the evidence of NCL being an anti-fibrotic agent (Fig. 4).

PDGFs and their receptors have been extensively studied for their
role in cell proliferation, differentiation, migration and tissue re-
modeling [43]. Existing literature supports PDGF subtype BB to be a
stronger mitogen and chemoattractant for fibroblasts than the other
PDGF subtypes [44,45]. This is backed by the fact that fibroblasts de-
rived from idiopathic pulmonary fibrosis patients demonstrated marked
increase in PDGF-BB receptor expression compared to the controls [46].
Prominent decrease in expression of phosphorylated form of PDGF-BB
receptor was noted upon treatment with NCL, as evident from
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SEM ***p < 0.001 **p < 0.01, *p < 0.05 of TGF-B1 vs. Nrml ctrl; *p < 0.001 “p < 0.01 and "p < 0.05 of NCL vs. TGF-B1.

immunoblotting studies (Fig. 4).

TGF-fB1 is a well known stimulator of collagen synthesis and accu-
mulation [47] in the lung by regulation of collagen turnover through
myofibroblasts which synthesize excess collagen as compared to their
fibroblasts counterparts leading to disruption of lung architecture [48].
Maximal restoration of lung architecture, frame work and alveolar
thickness was noted upon treatment with NCL. Additionally, NCL also
significantly hindered the accumulation of collagen which was evident
microscopically through picro sirius red tissue staining. These results
coincided with biochemically quantified collagen by Hydroxyproline
levels and Sircol assay. Parallely, in vitro and in vivo immunoblotting
showed sharp reduction in expression of collagen subtypes COL 1A2
and COL 3A1 by NCL. These findings in our study implicate that NCL
strongly prevents abnormal accumulation of collagen both in vitro and
in vivo (Fig. 5).

Evidences from existing literature are strong enough to demonstrate
beyond doubt the aberrant activation of Wingless/Int (WNT)/p-catenin
signaling associated with downregulation of endogenous WNT an-
tagonists in PF [49,50]. First report of WNT and it effector -catenin
involvement in fibrogenesis was established several years ago, since
then various studies have proven the pathogenic role of this signaling
cascade in development of PF [51-53]. Additionally, nuclear accumu-
lation of 3-catenin is known to induce the process of EMT in fibroblasts
[50]. NCL is an established inhibitor of WNT/B-catenin and their
downstream molecules [22]. In agreement with the literature with re-
spect to inhibiting properties of NCL, we observed significant
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stained with toluidine blue for assessment of extent of inflammatory cell influx.

alleviation in the expression of WNT, nuclear accumulation of [-ca-
tenin, along with the downstream proteins of this pathway such as Met,
CD44, C-Myc and LEF in whole cell lysates of TGF-f1 stimulated NCL
treated HFL1 cells in vitro (Fig. 6). Similarly, WNT, CD44, C-Myc, C-Jun
and LEF were sharply decreased upon treated with NCL as observed
from western blotting of lung tissue samples of all the experimental
groups. Substantiating this evidence, immunohistochemistry of [3-ca-
tenin demonstrated diminished nuclear retention in lung tissue sections
treated with NCL. Survivin is the smallest member of Inhibitor of
Apoptosis (IAP) family, which beholds the critical function of cell cycle
progression [54,55]. Thus, robust expression of survivin is not sur-
prising and is also well studied, which represents the apoptosis resistant
phenotype of fibroblasts. NCL significantly attenuated the expression of
survivin in both in vitro and in vivo experimental models. Further,
GSK3p which is a serine/threonine protein kinase, which promotes fi-
brogenic activity as a partaker in execution of WNT/p-catenin pathway
[56,57], was also prominently attenuated by NCL (Fig. 7).

As PF is an inflammation driven fibrotic process [58], attenuating
the expression of inflammatory proteins and cytokines would therefore
significantly contribute in alleviation of PF. In the current study, NCL
treatment to BLM challenged mice demonstrated reduced levels of pro-
inflammatory cytokines IL-6, IL-1f3 and TNF-a as evident from ELISA.
Additionally we also found that upon NCL treatment, there was sig-
nificant reduction in levels of nitric oxide which is a pro-inflammatory
mediator in pathogenesis of fibrosis [59]. Toluidine blue staining of
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lung tissue sections showed reduced inflammatory cell influx in NCL
treated lung tissue sections (Fig. 8). Anti-inflammatory activity of NCL
was further justified by BAL fluid analysis which showed reduced count
of differential inflammatory cells (Fig. 1). All the above discussed
findings of this study demonstrate the anti-fibrotic potential of NCL in
ameliorating PF progression.

5. Conclusion

Concluding the current study, it can be said that NCL demonstrates
strong anti-fibrotic potential by attenuating and regulating fibroblast
migration, EMT process, ECM deposition, TGF-B/Smad signaling, WNT/
B-catenin pathway and inflammation. Further, considering the results
of our study in addition to established in silico data, repurposing of NCL
as an anti-fibrotic agent would be cost effective as well as a promising
approach to treat pulmonary fibrosis.
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