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ABSTRACT

Idiopathic pulmonary fibrosis (IPF) is a fatal griogy problem, with limited therapeutic
options. Transforming growth factor beta 1 (T@B-plays a critical role in many
pathological processes that characterize pulmditangsis. Effective and well-tolerated
antifibrotic agents that interfere with TGH-signaling would be an ideal treatment but no
such treatments are available. In this study, watified that the natural compound,
neohesperidin, antagonizes TEESmad3 signaling. We found that neohesperidironbt
inhibited the TGH31-induced injury to alveolar epithelial cells bld@decreased the
TGF{1-induced myofibroblast differentiation, extracéiumatrix production, and fibroblast
migration. Furthermore, we obtainedvivo evidence that neohesperidin treatment inhibited
bleomycin-induced lung injuries and even attenuatgdblished pulmonary fibrosis in mice.
Our data suggest that neohesperidin can targetitieal signaling pathway and
profibrogenic responses in progressive pulmondmp$is and may have a potential use in

treatment.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronicogressive, devastating, and fatal interstitial
lung disease, characterized by patchy subpleurahpbhymal fibrosis, with pathological
features including the accumulation of myofibrokdagsormation of fibroblast foci, distortion
of the pulmonary architecture, and increased cetladgposition (Raghu et al., 2004). The
incidence of IPF is estimated to be 14.0-42.7 p€;A00 people in the U.S. (Raghu et al.,
2006), and the mean survival of IPF patients froentime of diagnosis is only 2.5-3.5 years
(King et al., 2011). In 2014, two drugs, pirfeni@cend nintedanib, were approved for the
treatment of IPF (Mora et al., 2017). However, [Bmains an incurable disease, which
makes it vital for innovative studies to developvrteeatment strategies.

IPF is an epithelial-fibroblastic disorder thatuks from numerous micro injuries to the
alveolar epithelia and subsequent induction of esize fibroblast activity. After an injury to
the lung’s epithelia, important profibrotic mediegsuch as transforming growth factor
TGF{1 are released by epithelial cells, fibroblastsl atner cell types (Selman and Pardo,
2012). There are evidence that T@GFis critical for the progression of pulmonary 6bis in
mice due to its role in regulating epithelial agbloptosis, fibroblast proliferation,
myofibroblast differentiation, and collagen synise$GFf1 is upregulated in lung tissues
of both bleomycin-injured mice (Hoyt and Lazo, 19&8&d IPF patients (Khalil et al., 1991).
Overexpression of active TR induces prolonged and severe interstitial lubgpBis in

rats (Sime et al., 1997). Deletion of T@Keceptor Il from either fibroblast (Hoyles et al.,
2011) or epithelial cells (Li et al., 2011) pro®atice from bleomycin-induced pulmonary

fibrosis. Although the profibrotic role of TGFL signaling has been well studied, only few
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candidates that directly target the TGEsignaling pathway have reached early phase
clinical trials because of their toxicity.

Natural compounds have been investigated by researas a source of substitutes for
fibrosis remedies because of their low toxicity aondts. Neohesperidin, composed of the
flavanone hesperetin and disaccharide neohespeled@ig. 1A), is a natural flavonoid
unique to specific citrus cultivars and shows npaapnt toxicity. Its biological activities,
such as neuroprotective activity (Hwang and Yel®&0radical scavenging (Lee et al., 2009),
antiproliferative effects (Bellocco et al., 200pjpapoptotic effects (Xu et al., 2012), and
hypoglycemic activity (Jia et al., 2015), have begansively studied, but this natural
molecule is likely to have a much broader therapedtential than what is currently known
to have. Here, we investigated effects of neohédipesn the TGH31 signaling,
TGF{1-induced lung fibroblast activation and epitheimlry in vitro. We further examined
the potential role of neohesperidin in pulmonabydsis and inflammatory response in the

bleomycin-injured micen vivo.

2. Materialsand methods

2.1. Chemicals

Neohesperidin with over 99% purity was purchasethf6elleckchem (TX, USA), and
bleomycin was purchased from Nippon Kayaku (Tokkapan). The other chemicals used

were of analytical grade.



2.2. Cdl lines and mice

The mouse embryonic fibroblast NIH-3T3, mouse ltihgpblast MLg, and human alveolar
epithelial cell (AEC) A549 lines were obtained fréitmerican Type Culture Collection
(ATCC). NIH-3T3 cells were transfected with the CA@uciferase reporter gene to generate
CAGA-NIH-3T3 reporter cells. Cells were routinelylured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovineuse (FBS) and antibiotics (100
U/ml penicillin and 100 pg/ml streptomycin) in arcubator with 5% Cgat 3711.

Eight-week old male C57BL/6J mice were purchasemhf¥ital River Laboratories (Beijing,
China). All mice were housed in a pathogen-fredifpat Nankai University. The animal
experimental protocol was approved by the AnimakGand Use Committee at Nankai
University. All operations were performed under93.8hloral hydrate anesthesia, and all

efforts were made to minimize animal suffering.

2.3. Bleomycin administration and experimental design

Mouse pulmonary fibrosis was established as preladescribed (Dong et al., 2015).
Briefly, mice were intratracheally injected witlsmgle dose of bleomycin (2.5 or 5 U/kg
body weight) dissolved in physiological saline @.8laCl) and then randomly divided into
two groups, a control group and neohesperidindgtegtoup. The mice in the latter group
were i.p. injected with 20 mg/kg neohesperidin,ahhivas suspended in a 0.5% sodium
carboxymethyl cellulose (CMC-Na) solution, whiletinice in the control group were

injected with an equal volume of saline. At theigadied times after bleomycin treatment, the



mice were killed for subsequent experiments.

2.4. Luciferase assay

CAGA-NIH-3T3 cells were seeded in a 96-well platel after reaching 80% confluence,
were serum starved for 24 h. Thereafter, the eedl® treated with different concentrations
of neohesperidin for 1 h and with 5 ng/ml T@E{for 24 h in DMEM containing 0.1% FBS.
At the end of the treatment, cells were lysed ashyed in a dual-luciferase reporter assay
(Promega) according to the manufacturer’s instomsti The total light emission during the

initial 20 s of the reaction was measured in anilhometer (Lumat LB 9501; Berthold).

2.5. Cell viability analysis

MLg cells were seeded in a 96-well plate and peated with different concentrations of
neohesperidin for 1 h and then co-cultured witivithout TGF$1 (10 ng/ml) as indicated.
Cell viability was determined using 3-(4,5-dimetihy4zol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) Cell Proliferation and Cytotoxicitys&ay Kit (Beyotime, China) according to

the manufacturer’s instructions.

2.6. RNA extraction and quantitative real-time polymerase chain reaction

RNA isolation and quantitative real-time polymerabain reaction (QRT-PCR) were
performed as previously described (Fang et al.720btal RNA was extracted from cells

using the TRIzol reagent according to the manufacsiinstruction. First-strand



complementary DNA (cDNA) was synthesized using canebligonucleotide primers and
M-MLV reverse transcriptase. qRT-PCR was carried 20ul volume containing 5 pmol
primers, 10 ng of cDNA, and a SYBR Green PCR mastrr Gene expression was
determined relative to that of the endogenous eefss genepactin) using the 24
method. The target genes and their primer sequemaesas followsActa2 [encoding
alpha-smooth muscle actia-6EMA)], 5-GCTGGTGATGATGCTCCCA-3and
5-GCCCATTCCAACCATTACTCC-3 Collal [encoding type | collagen (COL1)],
5-CCAAGAAGACATCCCTGAAGTCA-3 and 3TGCACGTCATCGCACACA-3 Fnl
(encoding fibronectin 1),'8S5TGTAGCACAACTTCCAATTACGAA-3 and
5-GGAATTTCCGCCTCGAGTCT-3 Actb (encoding3-actin),
5-AGGCCAACCGTGAAAAGATG-3 and 3AGAGCATAGCCCTCGTAGATGG-3
CDH1 (encoding E-cadherin)| £ GAGAGCTACACGTTCACGG-3and
5-TGCACGTCATCGCACACA-3, CDH2 (encoding N-cadherin),
5-TCAGGCGTCTGTAGAGGCTT-3and 3ATGCACATCCTTCGATAAGACTG-3; and
INAI1 (encoding SNAIL)p-TCGGAAGCCTAACTACAGCGA-3 and
5-AGATGAGCATTGGCAGCGAG-3; ACTB (encodings-actin),

5-CATGTACGTTGCTATCCAGGC-3and 5CTCCTTAATGTCACGCACGAT-3.

2.7. \\estern blotting

Western blot analysis was performed following staddorotocol, as previously described
(Ning et al., 2004). Proteins were extracted frasthixells and culture supernatants. Culture

media were collected and centrifuged at 14,000or @ min at 4 °C to remove dead cells.
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The total protein was obtained from the medium gisittiraditional trichloroacetic acid
(TCA)—acetone precipitation method. Briefly, onetd TCA was mixed with nine parts of a
supernatant, and the mixture was incubated for BOomice, followed by centrifugation at
14,000 x g for 30 min at 4 °C. The precipitate washed and precipitated with acetone.
After being dried at room temperature for approxghalO min, the protein sample was
dissolved in a loading buffer. Cells were homogedin radioimmunoprecipitation assay
buffer containing phenylmethylsulfonyl fluoride,cathe homogenates were centrifuged at
14,000 x g for 15 min at 4 °C. The supernatantewetlected, and the protein
concentrations were determined using the bicinatiomicid assay. Equal amounts of
proteins were separated by sodium dodecyl sulfalgaprylamide gel electrophoresis and
blotted onto polyvinylidene difluoride membranebeTmembranes were blocked with 5%
nonfat milk at room temperature for 1 h and incetait 4 °C overnight with primary
antibodies. Antibodies to phosphorylated (p)-Sm@128), Smad2 (3122), p-Smad3 (9520),
Smad3 (9513), p-extracellular signal-regulated $endERK; 4370S), ERK (4695), p-p38
(4631S), p38 (9212), p-c-Jun N-terminal kinase (JBR51S), JNK (9252), E-cadherin
(3195), N-cadherin (13116), and SNAIL (3879) weneghased from Cell Signaling
Technology. Antibodies to type | collagen (ab212&&)l fibronectin (ab2413) were
purchased from Abcam. Antibodies to glyceraldeh3qosphate dehydrogenase (GAPDH,;
UM4002) andB-tubulin (UM4003) were purchased from Utibody Biditaology. An

antibody toa-SMA (sc-32251) was purchased from Santa Cruz Biotelogy, and that to
B-actin (AC026) was purchased from ABclonal Techggl&ubsequently, the membranes

were incubated with horseradish peroxidase (HRR)ug@ated secondary antibodies at room



temperature for 2 h, and protein signals were detieesing an enhanced chemiluminescence

kit (Pierce).

2.8. Cell migration assay

Migration was assessed by a wound healing assag. ddlls were seeded in a six-well plate
and cultured for 24 h. After scraping the cell miayer with a sterile micropipette tip, the
cells were treated with neohesperidin (20) in the presence and absence of TEEHR10
ng/ml) for 36 h. The scratch was captured usingHtriield microscopy (Olympus, Japan).

Images were obtained for analysis using Imagetwacd.

2.9. Evaluation of pulmonary function

Mice were anesthetized, tracheostomized, paralyasdimechanically ventilated with a
computer-controlled small animal ventilator to detme the pulmonary function using an
Anires2005 system (Beijing Biolab, China). Thisteys can automatically calculate and
display pulmonary parameters such as respiratangryc compliance (Cdyn), resistance of

the lung (RL), and resistance of expiration (RE).

2.10. Histological examination

The left lungs were inflated with 0.4 ml of 10% walin in phosphate-buffered saline (PBS).
Tissues were fixed overnight, embedded in paradiimd sectioned for staining with

hematoxylin and eosin (H&E) or Masson'’s trichrombe ImagePro Plus version 6.0
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software (Media Cybernetics) was used to analygiadlimages. The overall and fibrotic
areas of the lung were outlined, and the fibrotkels versus total pixels were summed for

each lung to obtain the percentage of fibrosis.

2.11. Hydroxyproline assay

Collagen contents were measured in the right lucigared of blood, using a conventional
hydroxyproline method (Jiang et al., 2004). Thegkiwere dried for 16 h at 120 °C, and lung
tissues, minced in 3 ml of 6 N HCI, were incubdtadanother 16 h at 120 °C. The samples
were then cooled down and filtered through a0syringe filter, followed by adjustment

of pH to 6.5-8.0 with NaOH. Subsequently, PBS wdded to a total volume of 10 ml, and a
hydroxyproline assay was performed with chloramingy measuring absorbance
spectrophotometrically. The completeness of coldnglrolysis and recovery of
hydroxyproline was determined using a sample comtgia known amount of purified

collagen.

2.12. Bronchoalveolar lavage fluid collection and cell counting

Bronchoalveolar lavage fluid (BALF) was collectesi@eviously described (Dong et al.,
2015). Briefly, the trachea was cannulated anddasdhree times with 0.8 ml of sterile PBS
at room temperature. Samples were centrifuged@x3pfor 5 min, and the cell-free
supernatants were collected. The pellets were wiasiita PBS and then suspended in 200

of PBS for total cell counting with a hemocytomedad differential cell counting. For
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differential cell counts, smears of each suspensiere stained with H&E, and 500 cells
were categorized as macrophages, neutrophilspgrHypcytes, based on standard

morphological criteria.

2.13. Enzyme-linked immunosor bent assay

Levels of interleukin (IL)-B, interferon (IFN)y, and tumor necrosis factor (TNE)n BALF
were measured using commercial enzyme-linked immsam@nt assay (ELISA) kits
(BioLegend, USA) according to the manufacturer&rinctions. Briefly, BALF samples were
added to wells of an assay plate coated with aucapintibody. After overnight incubation,
the assay plate was washed three times, and didatantibody was added. After 1-h
incubation at room temperature and washing the phaee times, streptavidin—-HRP was
added to the wells. The color was developed wight@tramethylbenzidine substrate, and the

absorbance was measured at 450 and 570 nm.

2.14. Satistical analysis

Data were processed using the Prism version 7t&acd and expressed as the mean =
standard error of the mean (SEM). Normal distrinuiof data was determined using
Shapiro-Wilk normality test with Welch’s correctidrvariances differed. For parametric data,
significance was analyzed using an unpaired Stigletest. Non-parametric data were
analyzed using Mann—-Whitney test. When more thangmwups were being compared,
one-way or two-way analysis of variance (ANOVA)léaled by Tukey's post-hoc test for

parametric data was used; the non-parametric data analyzed by Kruskal-Wallis followed
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by Dunn’s test. Survival curves were compared uaitgg-rank test. A two-siddétvalue of

< 0.05 was considered statistically significant.

3. Reaults

3.1. Neohesperidin suppresses TGF-41-activated Smad3 signaling

We evaluated the effect of neohesperidin on P&fsignaling pathway in NIH-3T3 cells
transfected with the (CAGAgluciferase reporter, which contained 12 copiethef
Smad-binding site. The results showed that thientepwas activated upon TGH-

treatment but was inhibited by neohesperidin io@centration-dependent manner (Fig. 1B).
Our data suggested a new potential role for nearnigbp as an antifibrotic agent via
antagonizing TG signaling pathway.

To further explore the intracellular signal transtilon mechanism, we examined the effect of
neohesperidin on the canonical Smad2/3-dependémivag and on non-Smad signaling,
such as the MAPK cascade, in the mouse lung fiasa¥Lg cell line. As shown in Fig. 1C,
TGF{1 potently increased the levels of phosphorylatea&?, Smad3, ERK1/2, JNK, and
p38, as determined by western blotting. Intrigumngkeohesperidin significantly inhibited the
TGF{1-induced phosphorylation of Smad3 while showirss leffect on TGB1-induced
phosphorylation of the other downstream factorg.(EC). These data suggest that
neohesperidin blocked TGF signaling mainly via the inhibition of the cancaili

TGF{$1/Smad2/3 pathway, particularly via inhibition ah&d3 activation.

3.2. Neohesperidin attenuates TGF-£1-induced lung myofibroblast activation
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Fibroblasts and myofibroblasts are the main effecétls, which are activated after tissue
injury and in IPF patients, resulting in the el@dhproduction of ECM and enhanced
migration potential (Noble et al., 2012; Suganurmal.e 1995). To examine whether
neohesperidin mediated a blockade of T@Fsignaling, involved in myofibroblast
activation, we used an establisheditro model of TGF1-treated fibroblasts. The
concentration range of neohesperidin was 5+#MM®ecause the compound showed more
effect on the viability of MLg cells at concentats > 25uM (Fig. 2A). As shown in Fig. 2B
and E, the mRNA and protein expressiom@&MA (a marker of myofibroblast
differentiation) significantly increased after T@BE-treatment but was remarkably reduced
by neohesperidin intervention, indicating that resyeridin inhibited the TGB1-induced
myofibroblast differentiation. Consistently, TGHE-increased the mRNA and protein levels
of two main ECM components, type | collagen anddiitectin, which were markedly
decreased when treated with neohesperidin (FIgE2Gr addition, Fig. 2F and G showed
that the migration rate of TGFt-stimulated fibroblasts was reduced after 36 h of
neohesperidin treatment, suggesting the inhibivioitbroblast migration by neohesperidin.
The data revealed the inhibitory effect of neohedpeon TGFf1-induced myofibroblast
activation, as indicated by lower levels of myofiblast differentiation, ECM production,

and fibroblast migration.

3.3. Neohesperidin attenuates TGF-£1-induced lung epithelial injury

An emerging body of literature suggests that AEjGrinmay be an important early feature in

the pathogenesis of pulmonary fibrosis. Injured AEEe activated and likely undergo many
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cellular and molecular changes, such as losingpelpd markers and gaining mesenchymal
markers at the same time (Wolters et al., 2014)&fermine whether blocking of TGR-
signaling by neohesperidin leads to the protedigainst epithelial injury, we added
neohesperidin to TGB1-treated A549 cells. We found that TGE-induced the epithelial
activation, as indicated by a decreased expresdian epithelial marker (E-cadherin) and an
increased expression of a mesenchymal marker (Necad), as well as by an increase in the
TGF{1 downstream transcription factor SNAIL (Fig. 3AdaB), which supported the notion
that TGFg1-injured AECs are activated and may express megemal markers. As expected,
neohesperidin intervention significantly inhibitdet TGF1-induced epithelial injury in a
concentration- and time-dependent manner (Fig.r8AR). Consistently, qRT-PCR analysis
further demonstrated that TGH- significantly downregulated the mRNA expressién o
E-cadherin and upregulated that of N-cadherin a4dI5in A549 cells (Fig. 3C-E). These
data suggest that neohesperidin protected alvepltrelial A549 cells from TGB41-induced

injury.

3.4. Neohesperidin alleviates bleomycin-induced pulmonary fibrosisin mice

The antifibrotic effect of neohesperidin was furtaesessenh vivo. We administered
bleomycin intratracheally to induce pulmonary figigoin mice and found that the mice
treated with i.p. injection of neohesperidin (M&\) were significantly less susceptible to
high-dose bleomycin (5 U/kg)-induced lung injurydashowed better survival than did the
CMC-Na-treated mice (Fig. 4B). Moreover, the negleeslin-treated mice exhibited an

improvement in lung function, as indicated by irmsed Cdyn and decreased RL/RE values
14



(Fig. 4C-E). Importantly, neohesperidin treatmetdgrauated the lung fibrosis. Compared
with the mice treated with bleomycin (2.5 U/kg) yrithose treated first with bleomycin and
7 days later with neohesperidin (Fig. 5A) showediglarecovery from the fibrosis-induced
body weight loss (Fig. 5B) and reduced collageruandation, as determined by the
hydroxyproline content (Fig. 5C) and Masson's noche staining (Fig. 5D). Quantification

of the areas of fibrotic lung sections by a blingedhologist illustrated fibrosis attenuation
after neohesperidin treatment (Fig. 5E). The atiéon of fibrosis in the
neohesperidin-treated mice was further supportedeloyeased protein levels for Coll and
a-SMA (Fig. 5F). We also examined the effects oflmesperidin on phosphorylation levels of
Smad2/3n vivo. Neohesperidin treatment resulted in a significkdrease in
bleomycin-induced phosphorylation of Smad3 (Fig),x&nfirming that the compound
might ameliorate fibrosis by inhibiting TGFE signaling pathway.

To evaluate whether neohesperidin could reversdraady established fibrosis, we injected
neohesperidin 14 days after bleomycin administnatichen lung fibrosis was already
obvious (Fig. 6A). The mice were killed on day ahd samples were collected for fibrosis
analysis. Notably, neohesperidin significantly reeldi the lung fibrosis even after fibrotic
disease had been established (Fig. 6B—E). Colldgtithese data confirmed neohesperidin as

a TGF$1 antagonist with a potent antifibrotic activity.

3.5. Neohesperidin is ineffective against bleomycin-induced lung inflammatory response

The bleomycin model is characterized by an ininfllx of inflammatory cells (Moeller et

al., 2008). To test if neohesperidin treatment d@lder this initial inflammatory response
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and subsequent fibrosis after bleomycin injury, BEBJ mice were first i.p. injected with
neohesperidin, followed by bleomycin injury to ir@uung fibrosis (Fig. 7A). Surprisingly,
the numbers of total and differential inflammatoglls in BALF were comparable in
neohesperidin-pretreated mice and in those tremithdoleomycin only (Fig. 7B and C). We
also measured the cytokines IB;1FN-y, and TNFe, whose dysregulation has been
reported in lung tissues of IPF patients and imahimodels (Agostini and Gurrieri, 2006;
Wynn, 2011). As shown in Fig. 7D—F, the concentradiof these cytokines were similar in
BALF from the control and neohesperidin-treatedanMotably, neohesperidin pretreatment
showed less protective effect than its therapeaaitect on lung fibrosis (Fig. 8A-D). Taken
together, our data indicated that neohesperidenattted the lung fibrosis without affecting

the inflammatory response to lung injury in thisdrhycin-induced mouse model.

4. Discussion

IPF is a complex, epithelial-driven fibrotic lungsdrder. The disease is progressive and
lethal, usually within a few years of diagnosisthwimited therapeutic options. Studies have
shown several pathogenic pathways and potentiedpleatic targets to be explored. Among
these, the TGB-signaling pathway is essential for all profibrgiiocesses, including
epithelial injury, fibroblast activation, and eveat ECM production. Here, we identified a
novel activity of a natural small molecule, neolergin, which was found to antagonize
TGF signaling pathway through inhibition of the careaiSmad-dependent pathway.
Thesen vitro findings were confirmed in am vivo mouse model, wherein treatment with

neohesperidin was proven to effectively attenuatmpnary fibrosis. The data generated
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from the cellular and animal models are encouragimdjsupport the potential therapeutic
benefits of neohesperidin for the treatment ofgrd# with progressive pulmonary diseages.
very recent study using cell-based high-conterdgesting also identified neohesperidin has
prospective inhibitory activity in TGB4-induced NRK49F rat kidney fibroblast
differentiation (Wang et al., 2018), which agreaghwur findings that neohesperidin may
have anti-fibrotic effect.

Several lines of evidence demonstrated the artifibeffects of neohesperidin on
progressive pulmonary fibrosis. Neohesperidin aomaged TGFB1 signaling, as indicated
by decreased Smad3 phosphorylation. Neohesperaitnient inhibited the TGFt-induced
epithelial injury, myofibroblast activation, ECMgaatuction, and fibroblast migratian vitro,
as well as bleomycin-induced pulmonary fibrosigreestablished ona vivo. Importantly,
the use of neohesperidin offers a clear advanthgafety since neohesperidin is a natural
flavonoid, unique to citrus cultivars. Natural cosopds are currently considered valuable
resources for drug screening and development, taai@gies aimed at interfering with
TGF-1 signaling pathway have been developed to trdatltas recently been reported
that baicalin (Huang et al., 2016) and emodin (Getaad., 2016) can attenuate the
bleomycin-induced pulmonary fibrosis, while saloéio acid B (Liu et al., 2016) is able to
protect against paraquat-induced pulmonary inji) their mechanisms of action all
related to the inactivation of TGFE signaling. Similarly, we showed that neohesparidi
antagonized TG signaling, specifically, via its canonical Smagpdndent pathway.

It is widely recognized that TGE1 acts by stimulating its downstream mediators &t
exert its biological activities in organ fibrosiscluding lung fibrosis (Hu et al., 2018).

17



Although Smad2 and Smad3 physically interact aedsaucturally similar, with 90%
homology in their amino acid sequences (Yagi etl&l99), distinct roles have been reported
for these two Smads in ECM production and tissoio$iis (Meng et al., 2010). Duncan et al.
reported that TGP induces the expression of connective tissue dgrdadtor (CTGF) via a
functional Smad3-binding site in tiEXGF promoter, which in turn stimulates the
myofibroblast differentiation and collagen syntisegduncan et al., 1999). We showed in our
in vitro andin vivo models that Smad3, rather than Smad2, is a patémtiacellular
transducer targeted by neohesperidin. This findignges with the data of recent studies in
which Smad3 was recognized as a key mediator offGsignaling in ECM production and
tissue fibrosis (Hu et al., 2018; Kang et al., 2017

IPF is an epithelial-fibroblastic disorder thatuks from numerous microinjuries to the
alveolar epithelium, leading to the induction otessive fibroblast activity. Activated
fibroblasts, i.e., myofibroblasts, are a major seusf ECM, which accumulates during
fibrosis (Hinz et al., 2012). We found that neoleggpn attenuated the lung fibrosis through
its effects on AEC injury and on fibroblasts difatiation and activation. Our data showed
that neohesperidin inhibited the function of fibletis by significantly reversing the
TGF{1-induced myofibroblast differentiation, ECM prodioa, and fibroblast migratiom
vitro. These effects may underlie the ability of neokesin to counteract the fibrogenic
effects of bleomycimn vivo and reduce even established bleomycin-induceddibr
Meanwhile, when applied prophylactically, neohegpertreatment did not show a protective
effect against bleomycin-induced lung fibrosis ircen

It has been argued that IPF is a non-inflammatondition because pulmonary fibrosis fails
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to respond to corticosteroid therapy (Byrne et2016). Recently, a more nuanced view of
the immune cell function has led to reevaluatiothefrole of inflammatory cells in the
development of pulmonary fibrosis. Interestinglgphesperidin treatment did not seem to
affect the initial influx of inflammatory cells amqroduction of cytokines in the bleomycin
model. Importantly, our findings suggest that nepieeidin treatment may attenuate fibrosis
at doses that do not exacerbate inflammation, dkogling potential risks associated with
global TGFB1 inhibition.

Although our results demonstrated the potentiaiagheutic effect of neohesperidin against
bleomycin-induced pulmonary fibrosis in mice, iten@ detailed mechanism of action
remains unclear. For example, how does neohespetglpress TGB1-induced Smad3
activation/phosphorylation? One possible explamasahat neohesperidin blocks the
interaction between TGB1 receptor and Smad3. Further, why is neohespdadmeffective
in the inflammatory stage of bleomycin model ofdibis and will it have the same effect on
other models, such as silica-induced pulmonary§is? In addition, our findings would have
been more significant had we used primary humae teltead of A549 (human alveolar
type-Il epithelial cell line) and MLg (mouse lunigproblast cell line) cells fom vitro
experiments.

In summary, our study indicated that neohespeatienuated bleomycin-induced pulmonary
fibrosis and dysfunction in mice. We postulated tha mechanism of action of
neohesperidin involved in the protection againghepal injury, inhibition of myofibroblast
differentiation, ECM deposition, and fibroblast maton is via negative regulation of
TGF{$1/Smad3 signaling pathway. The use of neohespeaila potential therapeutic
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strategy for patients with progressive pulmonalydsis is promising because of its low
toxicity and the ability to reverse pulmonary fisr®without affecting the inflammatory

response to different lung injuries.
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Figurelegends

Fig. 1. Neohesperidin (NHP) suppresses TfFactivated Smad3 signalimg vitro.

(A) Chemical structure of neohesperidin. (B) CAGM-N3T3 reporter cells were pretreated
with neohesperidin at different concentrations¥dr and then cultured with or without
TGF{1 (5 ng/ml) for 24 h, followed by lysis for the lterase assay (n = 3)P*< 0.05, **P

< 0.01 versus [@M neohesperidin + TGB4] group. ANOVA followed by Tukey's test. (C)
MLg cells were treated with neohesperidin (2) for 1 h before TGH1 (5 ng/ml)

treatment for 30 min. The levels of phosphorylatidismad3, Smad2, ERK, p38, and JNK
were determined by western blotting. GAPDH was wed loading control. For each
protein, the ratio of its phosphorylated fractiorthe total protein level was calculated based
on the densities of the respective bands (n =*3.<0.01. ANOVA followed by Tukey's

test.

Fig. 2. Neohesperidin (NHP) inhibits TGFt-induced fibroblast activation, ECM production,
and fibroblast migratiom vitro.

(A) MLg cells were treated with or without TGF: (5 ng/ml) in the absence or presence of
neohesperidin for 48 h. Effects of neohesperidik2(@pM) on cell viability were

determined using the MTT assay (n =*83)P < 0.01 versus [@M neohesperidin + TGB1]
group;a, P < 0.01 versus [@M neohesperidin — TGB4] group.ANOVA followed by

Tukey's test. (B-D) gRT-PCR analysisAtta2 (B), Collal (C), andFnl (D) mRNA
expression (n = 3). P < 0.05, *P < 0.01 versus [@M neohesperidin + TGB1]. ANOVA

followed by Tukey's test. (E) Western blot analysfis-SMA in cell extracts (Cell) and Coll
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and Fnl in the medium supernatant (§Njubulin was used as a loading control. Expression
levels ofa-SMA were normalized to those pftubulin based on the densities of the
respective bands (n = 3). (F) Awound healing as&ay/used to assess the effect of
neohesperidin on fibroblast migration. The wourabale was photographed 36 h
post-scratching. Original magnification, x40. (G)eTwound closure rate, representing the
migration rate, was determined at 36 h (n = 3)arfel G) P < 0.05, **P < 0.01 versus [@M
neohesperidin + TGB1] group;a, P < 0.01 versus [@M neohesperidin — TGB4] group.

ANOVA followed by Tukey's test.

Fig. 3. Neohesperidin (NHP) suppresses TFinduced epithelial injuryn vitro.

A549 cells were treated with TGF: (10 ng/ml) and different concentrations of
neohesperidin for 24 or 48 h. (A and B) Epitheimiry was determined by examining the
expression levels of E-cadherin, N-cadherin, anAIBNp-tubulin was used as a loading
control. Expression levels of E-cadherin, N-cadieaind SNAIL were normalized to those of
B-tubulin based on the densities of the respectaralb (n =3). P < 0.05, ** < 0.01.

ANOVA followed by Tukey's test. (C—E) A549 cells nedreated with TGEBL (10 ng/ml)

and different concentrations of neohesperidin #bh2and relative expression©DH1,

CDH2, andSNAI1 were determined by qRT-PCR (n = 3. £ 0.05, *P < 0.01. ANOVA

followed by Tukey's test (C and E) and Kruskal-\§dibllowed by Dunn’s test (B).

Fig. 4. Neohesperidin (NHP) increases the survival rateimpdoves pulmonary function of
bleomycin (BLM)-injured mice.
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(A) Schematic representation of the timeline ofaipeutic dosing of neohesperidin (20
mg/kg) or CMC-Na (vehicle control) to mice with a&slished fibrosis following
bleomycin-induced lung injury. (B) Percentageswi/s/ed mice were plotted over a 21-day
period after bleomycin treatment. A log-rank tessswased to compare the difference between
the CMC-Na and neohesperidin treatment groaupsZ1 anch = 17, respectivelyy =

0.0378. (C—E) Pulmonary function parameters, indgdespiratory dynamic compliance
(Cdyn), resistance of the lung (RL), and resistasfaexpiration (RE), were calculated for
different groups (Saline group: n = 6; BLM + CMC-Nmup: n = 4; BLM + NHP group: n =
7). Mice injected intratracheally with saline werged as a sham controP ¥ 0.05, **P <
0.01.Kruskal-Wallis followed by Dunn’s test (C) and AN@Yollowed by Tukey's test (D

and E).

Fig. 5. Neohesperidin (NHP) attenuates bleomycin (BLM)dced lung fibrosis in mice.

(A) Interventional dosing regimen in an early-stagey fibrosis model. C57BL/6J mice were
i.p. injected with CMC-Na (vehicle control) neohesperidin (20 mg/kg) at the indicated
times after bleomycin treatment, and lungs weredsied on day 14. Mice injected
intratracheally with saline were used as a shanrab{Baline group: n =5; BLM +

CMC-Na group: n = 6; BLM + NHP group: n = TR) Body weight at 14 days was compared
with that at baseline. (C) Hydroxyproline conteintéung tissues. (D) Representative images
of lung sections stained with hematoxylin and edsi®E) and Masson'’s trichrome. Bar =
100um. (E)Lung fibrotic score analysis shows percentagegbobtic areas in lung sections.
Mice intratracheally injected with saline were useda sham control. (B, C and B) ¥ 0.05,
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** P < 0.01. ANOVA followed by Tukey's test. (F) Western blotiinf Coll anci-SMA in

lung tissues. GAPDH was used as a loading cortEsqiression levels of the target proteins
were normalized to those of GAPDH based on theitles®f the respective bands. (G)
Levels of phosphorylation of Smad3 and Smad?2 ig lissues were determined by western
blotting. B-actin was used as a loading control. The ratigs8Mmad3 and p-Smad2 to their
total levels were calculated based on the dengifiise respective bands (n = 3 per group).

(F and G) P < 0.05, *P < 0.01. ANOVA followed by Tukey's test.

Fig. 6. Neohesperidin (NHP) attenuates existing lung filsros bleomycin (BLM)-injured
mice.

(A) Interventional dosing regimen in a late-stageg fibrosis model. C57BL/6J mice were
i.p. injected with CMC-Na (vehicle control) or nexsiperidin (20 mg/kg) at the indicated
times after bleomycin treatment, and lungs weredsied on day 21. Mice injected
intratracheally with saline were used as a shanrab{Baline group: n = 4; BLM +
CMC-Na group: n =7; BLM + NHP group: n = 7). (Bb&y weight at 21 days was
compared with that at baseline. (@ydroxyproline contents in lung tissues. (D)
Representative images of lung sections stainedhethatoxylin and eosin (H&E) and
Masson'’s trichrome. Bar = 1Q0n. (E) Lung fibrotic score analysis shows perceesaf
fibrotic areas in lung sections. (B, C and B)< 0.05, **P < 0.01. ANOVA followed by

Tukey's test.

Fig. 7. Neohesperidin (NHP) does not affect the inflammatesponse after bleomycin
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treatment.

(A) C57BL/6J mice were i.p. injected with CMC-Neaefucle control) or neohesperidin (20
mg/kg) daily from day 1 after bleomycin challenggiuday 6 and killed on day 7 for
analysis of inflammatiom(= 4 per group). (B) Total numbers of BALF cellsreve
determined using a hemocytometer. (C) Differertél counts in BALHmacrophages,
lymphocytes, and polymorphonuclear neutrophils (BMMere determined according to the
standard morphological criteria. (D—F) Levels oflg (D), IFN-y (E), and TNFe. (F) in

BALF were determined by ELISAs.

Fig. 8. Neohesperidin (NHP) does not prevent fibrosis inani

(A) Time course of neohesperidin administratioedphycin challenge, and fibrosis testing in
a prophylactic model. (B) Hydroxyproline conteridung tissues. (C) Representative images
of lung sections stained with Masson'’s trichromat 8 100um. (D) Lung fibrotic score

analysis shows percentages of fibrotic areas ig &attions.
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Figure6
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Figure?7

1 181
CMC-Na or B a5 C gthnF?-Na
Neohesperidin & 301 ~ 151
22222 x 25 T 1ol
Y Y 2 g
0123456 7(days) § 207 g 4l
w S
4 | 4 15 £
' < < 6
2.5 Ukg Sacrifice 2 401 5
Bleomycin  for inflammation o
2 5 31
0
CMC-Na NHP Macrophage PMN  Lymphocyte
D so; E 15, F s,
121 4
. 604 .
| -
E E of E 3]
2 40 g 2
==Y > B = J
A =z 6 L 2
= 50 w z
31 R
0 0
CMC-Na NHP CMC-Na  NHP CMC-Na NHP

38



Figure8
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