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ABSTRACT 

Idiopathic pulmonary fibrosis (IPF) is a fatal growing problem, with limited therapeutic 

options. Transforming growth factor beta 1 (TGF-β1) plays a critical role in many 

pathological processes that characterize pulmonary fibrosis. Effective and well-tolerated 

antifibrotic agents that interfere with TGF-β1 signaling would be an ideal treatment but no 

such treatments are available. In this study, we identified that the natural compound, 

neohesperidin, antagonizes TGF-β1/Smad3 signaling. We found that neohesperidin not only 

inhibited the TGF-β1-induced injury to alveolar epithelial cells but also decreased the 

TGF-β1-induced myofibroblast differentiation, extracellular matrix production, and fibroblast 

migration. Furthermore, we obtained in vivo evidence that neohesperidin treatment inhibited 

bleomycin-induced lung injuries and even attenuated established pulmonary fibrosis in mice. 

Our data suggest that neohesperidin can target the critical signaling pathway and 

profibrogenic responses in progressive pulmonary fibrosis and may have a potential use in 

treatment. 
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1. Introduction 

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, devastating, and fatal interstitial 

lung disease, characterized by patchy subpleural parenchymal fibrosis, with pathological 

features including the accumulation of myofibroblasts, formation of fibroblast foci, distortion 

of the pulmonary architecture, and increased collagen deposition (Raghu et al., 2004). The 

incidence of IPF is estimated to be 14.0–42.7 per 100,000 people in the U.S. (Raghu et al., 

2006), and the mean survival of IPF patients from the time of diagnosis is only 2.5–3.5 years 

(King et al., 2011). In 2014, two drugs, pirfenidone and nintedanib, were approved for the 

treatment of IPF (Mora et al., 2017). However, IPF remains an incurable disease, which 

makes it vital for innovative studies to develop new treatment strategies.  

IPF is an epithelial-fibroblastic disorder that results from numerous micro injuries to the 

alveolar epithelia and subsequent induction of excessive fibroblast activity. After an injury to 

the lung’s epithelia, important profibrotic mediators such as transforming growth factor 

TGF-β1 are released by epithelial cells, fibroblasts, and other cell types (Selman and Pardo, 

2012). There are evidence that TGF-β1 is critical for the progression of pulmonary fibrosis in 

mice due to its role in regulating epithelial cell apoptosis, fibroblast proliferation, 

myofibroblast differentiation, and collagen synthesis. TGF-β1 is upregulated in lung tissues 

of both bleomycin-injured mice (Hoyt and Lazo, 1988) and IPF patients (Khalil et al., 1991). 

Overexpression of active TGF-β1 induces prolonged and severe interstitial lung fibrosis in 

rats (Sime et al., 1997). Deletion of TGF-β receptor II from either fibroblast (Hoyles et al., 

2011) or epithelial cells (Li et al., 2011) protects mice from bleomycin-induced pulmonary 

fibrosis. Although the profibrotic role of TGF-β1 signaling has been well studied, only few 
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candidates that directly target the TGF-β1 signaling pathway have reached early phase 

clinical trials because of their toxicity. 

Natural compounds have been investigated by researchers as a source of substitutes for 

fibrosis remedies because of their low toxicity and costs. Neohesperidin, composed of the 

flavanone hesperetin and disaccharide neohesperidoside (Fig. 1A), is a natural flavonoid 

unique to specific citrus cultivars and shows no apparent toxicity. Its biological activities, 

such as neuroprotective activity (Hwang and Yen, 2008), radical scavenging (Lee et al., 2009), 

antiproliferative effects (Bellocco et al., 2009), proapoptotic effects (Xu et al., 2012), and 

hypoglycemic activity (Jia et al., 2015), have been intensively studied, but this natural 

molecule is likely to have a much broader therapeutic potential than what is currently known 

to have. Here, we investigated effects of neohesperidin on the TGF-β1 signaling, 

TGF-β1-induced lung fibroblast activation and epithelial injury in vitro. We further examined 

the potential role of neohesperidin in pulmonary fibrosis and inflammatory response in the 

bleomycin-injured mice in vivo. 

 

2. Materials and methods 

2.1. Chemicals 

Neohesperidin with over 99% purity was purchased from Selleckchem (TX, USA), and 

bleomycin was purchased from Nippon Kayaku (Tokyo, Japan). The other chemicals used 

were of analytical grade. 
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2.2. Cell lines and mice 

The mouse embryonic fibroblast NIH-3T3, mouse lung fibroblast MLg, and human alveolar 

epithelial cell (AEC) A549 lines were obtained from American Type Culture Collection 

(ATCC). NIH-3T3 cells were transfected with the CAGA-luciferase reporter gene to generate 

CAGA-NIH-3T3 reporter cells. Cells were routinely cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 

U/ml penicillin and 100 µg/ml streptomycin) in an incubator with 5% CO2 at 37 ℃. 

Eight-week old male C57BL/6J mice were purchased from Vital River Laboratories (Beijing, 

China). All mice were housed in a pathogen-free facility at Nankai University. The animal 

experimental protocol was approved by the Animal Care and Use Committee at Nankai 

University. All operations were performed under 7.5% chloral hydrate anesthesia, and all 

efforts were made to minimize animal suffering. 

 

2.3. Bleomycin administration and experimental design 

Mouse pulmonary fibrosis was established as previously described (Dong et al., 2015). 

Briefly, mice were intratracheally injected with a single dose of bleomycin (2.5 or 5 U/kg 

body weight) dissolved in physiological saline (0.9% NaCl) and then randomly divided into 

two groups, a control group and neohesperidin treated group. The mice in the latter group 

were i.p. injected with 20 mg/kg neohesperidin, which was suspended in a 0.5% sodium 

carboxymethyl cellulose (CMC-Na) solution, while the mice in the control group were 

injected with an equal volume of saline. At the indicated times after bleomycin treatment, the 
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mice were killed for subsequent experiments.  

 

2.4. Luciferase assay 

CAGA-NIH-3T3 cells were seeded in a 96-well plate and after reaching 80% confluence, 

were serum starved for 24 h. Thereafter, the cells were treated with different concentrations 

of neohesperidin for 1 h and with 5 ng/ml TGF-β1 for 24 h in DMEM containing 0.1% FBS. 

At the end of the treatment, cells were lysed and assayed in a dual-luciferase reporter assay 

(Promega) according to the manufacturer’s instructions. The total light emission during the 

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

 

2.5. Cell viability analysis 

MLg cells were seeded in a 96-well plate and pre-treated with different concentrations of 

neohesperidin for 1 h and then co-cultured with or without TGF-β1 (10 ng/ml) as indicated. 

Cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) Cell Proliferation and Cytotoxicity Assay 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 polymerase chain reaction (qRT-PCR) were 

performed as previously described (Fang et al., 2017). Total RNA was extracted from cells 

using the TRIzol reagent according to the manufacturer’s instruction. First-strand 
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complementary DNA (cDNA) was synthesized using random oligonucleotide primers and 

M-MLV reverse transcriptase. qRT-PCR was carried in a 20 µl volume containing 5 pmol 

primers, 10 ng of cDNA, and a SYBR Green PCR master mix. Gene expression was 

determined relative to that of the endogenous reference gene (β-actin) using the 2−∆∆Ct 

method. The target genes and their primer sequences were as follows: Acta2 [encoding 

alpha-smooth muscle actin (α-SMA)], 5′-GCTGGTGATGATGCTCCCA-3′ and 

5′-GCCCATTCCAACCATTACTCC-3′; Col1a1 [encoding type I collagen (COL1)], 

5′-CCAAGAAGACATCCCTGAAGTCA-3′ and 5′-TGCACGTCATCGCACACA-3′; Fn1 

(encoding fibronectin 1), 5′-GTGTAGCACAACTTCCAATTACGAA-3′ and 

5′-GGAATTTCCGCCTCGAGTCT-3′; Actb (encoding β-actin), 

5′-AGGCCAACCGTGAAAAGATG-3′ and 5′-AGAGCATAGCCCTCGTAGATGG-3′; 

CDH1 (encoding E-cadherin), 5′-CGAGAGCTACACGTTCACGG-3′ and 

5′-TGCACGTCATCGCACACA-3′; CDH2 (encoding N-cadherin), 

5′-TCAGGCGTCTGTAGAGGCTT-3′ and 5′-ATGCACATCCTTCGATAAGACTG-3′; and 

SNAI1 (encoding SNAIL), 5′-TCGGAAGCCTAACTACAGCGA-3′ and 

5′-AGATGAGCATTGGCAGCGAG-3′; ACTB (encoding β-actin), 

5′-CATGTACGTTGCTATCCAGGC-3′ and 5′-CTCCTTAATGTCACGCACGAT-3′. 

 

2.7. Western blotting 

Western blot analysis was performed following standard protocol, as previously described 

(Ning et al., 2004). Proteins were extracted from both cells and culture supernatants. Culture 

media were collected and centrifuged at 14,000 × g for 3 min at 4 °C to remove dead cells. 
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The total protein was obtained from the medium using a traditional trichloroacetic acid 

(TCA)–acetone precipitation method. Briefly, one part of TCA was mixed with nine parts of a 

supernatant, and the mixture was incubated for 30 min on ice, followed by centrifugation at 

14,000 × g for 30 min at 4 °C. The precipitate was washed and precipitated with acetone. 

After being dried at room temperature for approximately 10 min, the protein sample was 

dissolved in a loading buffer. Cells were homogenized in radioimmunoprecipitation assay 

buffer containing phenylmethylsulfonyl fluoride, and the homogenates were centrifuged at 

14,000 × g for 15 min at 4 °C. The supernatants were collected, and the protein 

concentrations were determined using the bicinchoninic acid assay. Equal amounts of 

proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and 

blotted onto polyvinylidene difluoride membranes. The membranes were blocked with 5% 

nonfat milk at room temperature for 1 h and incubated at 4 °C overnight with primary 

antibodies. Antibodies to phosphorylated (p)-Smad2 (3108), Smad2 (3122), p-Smad3 (9520), 

Smad3 (9513), p-extracellular signal-regulated kinase (ERK; 4370S), ERK (4695), p-p38 

(4631S), p38 (9212), p-c-Jun N-terminal kinase (JNK; 9251S), JNK (9252), E-cadherin 

(3195), N-cadherin (13116), and SNAIL (3879) were purchased from Cell Signaling 

Technology. Antibodies to type I collagen (ab21286) and fibronectin (ab2413) were 

purchased from Abcam. Antibodies to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 

UM4002) and β-tubulin (UM4003) were purchased from Utibody Biotechnology. An 

antibody to α-SMA (sc-32251) was purchased from Santa Cruz Biotechnology, and that to 

β-actin (AC026) was purchased from ABclonal Technology. Subsequently, the membranes 

were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at room 
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temperature for 2 h, and protein signals were detected using an enhanced chemiluminescence 

kit (Pierce). 

 

2.8. Cell migration assay 

Migration was assessed by a wound healing assay. MLg cells were seeded in a six-well plate 

and cultured for 24 h. After scraping the cell monolayer with a sterile micropipette tip, the 

cells were treated with neohesperidin (20 µM) in the presence and absence of TGF-β1 (10 

ng/ml) for 36 h. The scratch was captured using bright field microscopy (Olympus, Japan). 

Images were obtained for analysis using Image J software. 

 

2.9. Evaluation of pulmonary function 

Mice were anesthetized, tracheostomized, paralyzed, and mechanically ventilated with a 

computer-controlled small animal ventilator to determine the pulmonary function using an 

Anires2005 system (Beijing Biolab, China). This system can automatically calculate and 

display pulmonary parameters such as respiratory dynamic 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% formalin in phosphate-buffered saline (PBS). 

Tissues were fixed overnight, embedded in paraffin, and sectioned for staining with 

hematoxylin and eosin (H&E) or Masson’s trichrome. The ImagePro Plus version 6.0 
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software (Media Cybernetics) was used to analyze digital images. The overall and fibrotic 

areas of the lung were outlined, and the fibrotic pixels 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 lungs, cleared of blood, using a conventional 

hydroxyproline method (Jiang et al., 2004). The lungs were dried for 16 h at 120 °C, and lung 

tissues, minced in 3 ml of 6 N HCl, were incubated for another 16 h at 120 °C. The samples 

were then cooled down and filtered through a 5.0-µm syringe filter, followed by adjustment 

of pH to 6.5–8.0 with NaOH. Subsequently, PBS was added to a total volume of 10 ml, and a 

hydroxyproline assay was performed with chloramine-T by measuring absorbance 

spectrophotometrically. The completeness of collagen hydrolysis and recovery of 

hydroxyproline was determined using a sample containing a known amount of purified 

collagen. 

 

2.12. Bronchoalveolar lavage fluid collection and cell counting 

Bronchoalveolar lavage fluid (BALF) was collected as previously described (Dong et al., 

2015). Briefly, the trachea was cannulated and lavaged three times with 0.8 ml of sterile PBS 

at room temperature. Samples were centrifuged at 300 × g for 5 min, and the cell-free 

supernatants were collected. The pellets were washed with PBS and then suspended in 200 µl 

of PBS for total cell counting with a hemocytometer and differential cell counting. For 
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differential cell counts, smears of each suspension were stained with H&E, and 500 cells 

were categorized as macrophages, neutrophils, or lymphocytes, based on standard 

morphological criteria. 

 

2.13. Enzyme-linked immunosorbent assay 

Levels of interleukin (IL)-1β, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α in BALF 

were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits 

(BioLegend, USA) according to the manufacturer’s instructions. Briefly, BALF samples were 

added to wells of an assay plate coated with a capture antibody. After overnight incubation, 

the assay plate was washed three times, and a detection antibody was added. After 1-h 

incubation at room temperature and washing the plate three times, streptavidin–HRP was 

added to the wells. The color was developed with the tetramethylbenzidine substrate, and the 

absorbance was measured at 450 and 570 nm. 

 

2.14. Statistical analysis 

Data were processed using the Prism version 7.0 software and expressed as the mean ± 

standard error of the mean (SEM). Normal distribution of data was determined using 

Shapiro-Wilk normality test with Welch’s correction if variances differed. For parametric data, 

significance was analyzed using an unpaired Student's t-test. Non-parametric data were 

analyzed using Mann−Whitney test. When more than two groups were being compared, 

one-way or two-way analysis of variance (ANOVA) followed by Tukey's post-hoc test for 

parametric data was used; the non-parametric data were analyzed by Kruskal–Wallis followed 
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by Dunn’s test. Survival curves were compared using a log-rank test. A two-sided P-value of 

< 0.05 was considered statistically significant. 

 

3. Results 

3.1. Neohesperidin suppresses TGF-β1-activated Smad3 signaling 

We evaluated the effect of neohesperidin on TGF-β1 signaling pathway in NIH-3T3 cells 

transfected with the (CAGA)12-luciferase reporter, which contained 12 copies of the 

Smad-binding site. The results showed that this reporter was activated upon TGF-β1 

treatment but was inhibited by neohesperidin in a concentration-dependent manner (Fig. 1B). 

Our data suggested a new potential role for neohesperidin as an antifibrotic agent via 

antagonizing TGF-β1 signaling pathway. 

To further explore the intracellular signal transduction mechanism, we examined the effect of 

neohesperidin on the canonical Smad2/3-dependent pathway and on non-Smad signaling, 

such as the MAPK cascade, in the mouse lung fibroblast MLg cell line. As shown in Fig. 1C, 

TGF-β1 potently increased the levels of phosphorylated Smad2, Smad3, ERK1/2, JNK, and 

p38, as determined by western blotting. Intriguingly, neohesperidin significantly inhibited the 

TGF-β1-induced phosphorylation of Smad3 while showing less effect on TGF-β1-induced 

phosphorylation of the other downstream factors (Fig. 1C). These data suggest that 

neohesperidin blocked TGF-β1 signaling mainly via the inhibition of the canonical 

TGF-β1/Smad2/3 pathway, particularly via inhibition of Smad3 activation. 

 

3.2. Neohesperidin attenuates TGF-β1-induced lung myofibroblast activation  
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Fibroblasts and myofibroblasts are the main effector cells, which are activated after tissue 

injury and in IPF patients, resulting in the elevated production of ECM and enhanced 

migration potential (Noble et al., 2012; Suganuma et al., 1995). To examine whether 

neohesperidin mediated a blockade of TGF-β1 signaling, involved in myofibroblast 

activation, we used an established in vitro model of TGF-β1-treated fibroblasts. The 

concentration range of neohesperidin was 5–20 µM because the compound showed more 

effect on the viability of MLg cells at concentrations > 25 µM (Fig. 2A). As shown in Fig. 2B 

and E, the mRNA and protein expression of α-SMA (a marker of myofibroblast 

differentiation) significantly increased after TGF-β1 treatment but was remarkably reduced 

by neohesperidin intervention, indicating that neohesperidin inhibited the TGF-β1-induced 

myofibroblast differentiation. Consistently, TGF-β1 increased the mRNA and protein levels 

of two main ECM components, type I collagen and fibronectin, which were markedly 

decreased when treated with neohesperidin (Fig. 2C–E). In addition, Fig. 2F and G showed 

that the migration rate of TGF-β1-stimulated fibroblasts was reduced after 36 h of 

neohesperidin treatment, suggesting the inhibition of fibroblast migration by neohesperidin. 

The data revealed the inhibitory effect of neohesperidin on TGF-β1-induced myofibroblast 

activation, as indicated by lower levels of myofibroblast differentiation, ECM production, 

and fibroblast migration. 

 

3.3. Neohesperidin attenuates TGF-β1-induced lung epithelial injury 

An emerging body of literature suggests that AEC injury may be an important early feature in 

the pathogenesis of pulmonary fibrosis. Injured AECs are activated and likely undergo many 
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cellular and molecular changes, such as losing epithelial markers and gaining mesenchymal 

markers at the same time (Wolters et al., 2014). To determine whether blocking of TGF-β1 

signaling by neohesperidin leads to the protection against epithelial injury, we added 

neohesperidin to TGF-β1-treated A549 cells. We found that TGF-β1 induced the epithelial 

activation, as indicated by a decreased expression of an epithelial marker (E-cadherin) and an 

increased expression of a mesenchymal marker (N-cadherin), as well as by an increase in the 

TGF-β1 downstream transcription factor SNAIL (Fig. 3A and B), which supported the notion 

that TGF-β1-injured AECs are activated and may express mesenchymal markers. As expected, 

neohesperidin intervention significantly inhibited the TGF-β1-induced epithelial injury in a 

concentration- and time-dependent manner (Fig. 3A and B). Consistently, qRT-PCR analysis 

further demonstrated that TGF-β1 significantly downregulated the mRNA expression of 

E-cadherin and upregulated that of N-cadherin and SNAIL in A549 cells (Fig. 3C–E). These 

data suggest that neohesperidin protected alveolar epithelial A549 cells from TGF-β1-induced 

injury. 

 

3.4. Neohesperidin alleviates bleomycin-induced pulmonary fibrosis in mice 

The antifibrotic effect of neohesperidin was further assessed in vivo. We administered 

bleomycin intratracheally to induce pulmonary fibrosis in mice and found that the mice 

treated with i.p. injection of neohesperidin (Fig. 4A) were significantly less susceptible to 

high-dose bleomycin (5 U/kg)-induced lung injury and showed better survival than did the 

CMC-Na-treated mice (Fig. 4B). Moreover, the neohesperidin-treated mice exhibited an 

improvement in lung function, as indicated by increased Cdyn and decreased RL/RE values 
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(Fig. 4C–E). Importantly, neohesperidin treatment attenuated the lung fibrosis. Compared 

with the mice treated with bleomycin (2.5 U/kg) only, those treated first with bleomycin and 

7 days later with neohesperidin (Fig. 5A) showed partial recovery from the fibrosis-induced 

body weight loss (Fig. 5B) and reduced collagen accumulation, as determined by the 

hydroxyproline content (Fig. 5C) and Masson's trichrome staining (Fig. 5D). Quantification 

of the areas of fibrotic lung sections by a blinded pathologist illustrated fibrosis attenuation 

after neohesperidin treatment (Fig. 5E). The attenuation of fibrosis in the 

neohesperidin-treated mice was further supported by decreased protein levels for Col1 and 

α-SMA (Fig. 5F). We also examined the effects of neohesperidin on phosphorylation levels of 

Smad2/3 in vivo. Neohesperidin treatment resulted in a significant decrease in 

bleomycin-induced phosphorylation of Smad3 (Fig. 5G), confirming that the compound 

might ameliorate fibrosis by inhibiting TGF-β1 signaling pathway. 

To evaluate whether neohesperidin could reverse an already established fibrosis, we injected 

neohesperidin 14 days after bleomycin administration, when lung fibrosis was already 

obvious (Fig. 6A). The mice were killed on day 21, and samples were collected for fibrosis 

analysis. Notably, neohesperidin significantly reduced the lung fibrosis even after fibrotic 

disease had been established (Fig. 6B–E). Collectively, these data confirmed neohesperidin as 

a TGF-β1 antagonist with a potent antifibrotic activity. 

 

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

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

al., 2008). To test if neohesperidin treatment could alter this initial inflammatory response 
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and subsequent fibrosis after bleomycin injury, C57BL/6J mice were first i.p. injected with 

neohesperidin, followed by bleomycin injury to induce lung fibrosis (Fig. 7A). Surprisingly, 

the numbers of total and differential inflammatory cells in BALF were comparable in 

neohesperidin-pretreated mice and in those treated with bleomycin only (Fig. 7B and C). We 

also measured the cytokines IL-1β, IFN-γ, and TNF-α, whose dysregulation has been 

reported in lung tissues of IPF patients and in animal models (Agostini and Gurrieri, 2006; 

Wynn, 2011). As shown in Fig. 7D–F, the concentrations of these cytokines were similar in 

BALF from the control and neohesperidin-treated mice. Notably, neohesperidin pretreatment 

showed less protective effect than its therapeutic effect on lung fibrosis (Fig. 8A-D). Taken 

together, our data indicated that neohesperidin attenuated the lung fibrosis without affecting 

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

 

4. Discussion 

IPF is a complex, epithelial-driven fibrotic lung disorder. The disease is progressive and 

lethal, usually within a few years of diagnosis, with limited therapeutic options. Studies have 

shown several pathogenic pathways and potential therapeutic targets to be explored. Among 

these, the TGF-β signaling pathway is essential for all profibrotic processes, including 

epithelial injury, fibroblast activation, and eventual ECM production. Here, we identified a 

novel activity of a natural small molecule, neohesperidin, which was found to antagonize 

TGF-β signaling pathway through inhibition of the canonical Smad-dependent pathway. 

These in vitro findings were confirmed in an in vivo mouse model, wherein treatment with 

neohesperidin was proven to effectively attenuate pulmonary fibrosis. The data generated 
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from the cellular and animal models are encouraging and support the potential therapeutic 

benefits of neohesperidin for the treatment of patients with progressive pulmonary diseases. A 

very recent study using cell-based high-content screening also identified neohesperidin has 

prospective inhibitory activity in TGF-β1-induced NRK49F rat kidney fibroblast 

differentiation (Wang et al., 2018), which agrees with our findings that neohesperidin may 

have anti-fibrotic effect. 

Several lines of evidence demonstrated the antifibrotic effects of neohesperidin on 

progressive pulmonary fibrosis. Neohesperidin antagonized TGF-β1 signaling, as indicated 

by decreased Smad3 phosphorylation. Neohesperidin treatment inhibited the TGF-β1-induced 

epithelial injury, myofibroblast activation, ECM production, and fibroblast migration in vitro, 

as well as bleomycin-induced pulmonary fibrosis, even established one, in vivo. Importantly, 

the use of neohesperidin offers a clear advantage of safety since neohesperidin is a natural 

flavonoid, unique to citrus cultivars. Natural compounds are currently considered valuable 

resources for drug screening and development, and strategies aimed at interfering with 

TGF-β1 signaling pathway have been developed to treat IPF. It has recently been reported 

that baicalin (Huang et al., 2016) and emodin (Guan et al., 2016) can attenuate the 

bleomycin-induced pulmonary fibrosis, while salvianolic acid B (Liu et al., 2016) is able to 

protect against paraquat-induced pulmonary injury, with their mechanisms of action all 

related to the inactivation of TGF-β1 signaling. Similarly, we showed that neohesperidin 

antagonized TGF-β1 signaling, specifically, via its canonical Smad-dependent pathway.  

It is widely recognized that TGF-β1 acts by stimulating its downstream mediators Smad2/3 to 

exert its biological activities in organ fibrosis, including lung fibrosis (Hu et al., 2018). 
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Although Smad2 and Smad3 physically interact and are structurally similar, with 90% 

homology in their amino acid sequences (Yagi et al., 1999), distinct roles have been reported 

for these two Smads in ECM production and tissue fibrosis (Meng et al., 2010). Duncan et al. 

reported that TGF-β1 induces the expression of connective tissue growth factor (CTGF) via a 

functional Smad3-binding site in the CTGF promoter, which in turn stimulates the 

myofibroblast differentiation and collagen synthesis (Duncan et al., 1999). We showed in our 

in vitro and in vivo models that Smad3, rather than Smad2, is a potential intracellular 

transducer targeted by neohesperidin. This finding agrees with the data of recent studies in 

which Smad3 was recognized as a key mediator of TGF-β1 signaling in ECM production and 

tissue fibrosis (Hu et al., 2018; Kang et al., 2017). 

IPF is an epithelial-fibroblastic disorder that results from numerous microinjuries to the 

alveolar epithelium, leading to the induction of excessive fibroblast activity. Activated 

fibroblasts, i.e., myofibroblasts, are a major source of ECM, which accumulates during 

fibrosis (Hinz et al., 2012). We found that neohesperidin attenuated the lung fibrosis through 

its effects on AEC injury and on fibroblasts differentiation and activation. Our data showed 

that neohesperidin inhibited the function of fibroblasts by significantly reversing the 

TGF-β1-induced myofibroblast differentiation, ECM production, and fibroblast migration in 

vitro. These effects may underlie the ability of neohesperidin to counteract the fibrogenic 

effects of bleomycin in vivo and reduce even established bleomycin-induced fibrosis. 

Meanwhile, when applied prophylactically, neohesperidin treatment did not show a protective 

effect against bleomycin-induced lung fibrosis in mice. 

It has been argued that IPF is a non-inflammatory condition because pulmonary fibrosis fails 



19 

 

to respond to corticosteroid therapy (Byrne et al., 2016). Recently, a more nuanced view of 

the immune cell function has led to reevaluation of the role of inflammatory cells in the 

development of pulmonary fibrosis. Interestingly, neohesperidin treatment did not seem to 

affect the initial influx of inflammatory cells and production of cytokines in the bleomycin 

model. Importantly, our findings suggest that neohesperidin treatment may attenuate fibrosis 

at doses that do not exacerbate inflammation, thus avoiding potential risks associated with 

global TGF-β1 inhibition. 

Although our results demonstrated the potential therapeutic effect of neohesperidin against 

bleomycin-induced pulmonary fibrosis in mice, its more detailed mechanism of action 

remains unclear. For example, how does neohesperidin suppress TGF-β1-induced Smad3 

activation/phosphorylation? One possible explanation is that neohesperidin blocks the 

interaction between TGF-β1 receptor and Smad3. Further, why is neohesperidin less effective 

in the inflammatory stage of bleomycin model of fibrosis and will it have the same effect on 

other models, such as silica-induced pulmonary fibrosis? In addition, our findings would have 

been more significant had we used primary human cells instead of A549 (human alveolar 

type-II epithelial cell line) and MLg (mouse lung fibroblast cell line) cells for in vitro 

experiments. 

In summary, our study indicated that neohesperidin attenuated bleomycin-induced pulmonary 

fibrosis and dysfunction in mice. We postulated that the mechanism of action of 

neohesperidin involved in the protection against epithelial injury, inhibition of myofibroblast 

differentiation, ECM deposition, and fibroblast migration is via negative regulation of 

TGF-β1/Smad3 signaling pathway. The use of neohesperidin as a potential therapeutic 
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strategy for patients with progressive pulmonary fibrosis is promising because of its low 

toxicity and the ability to reverse pulmonary fibrosis without affecting the inflammatory 

response to different lung injuries. 
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Figure legends 

Fig. 1. Neohesperidin (NHP) suppresses TGF-β1-activated Smad3 signaling in vitro.  

(A) Chemical structure of neohesperidin. (B) CAGA-NIH-3T3 reporter cells were pretreated 

with neohesperidin at different concentrations for 1 h and then cultured with or without 

TGF-β1 (5 ng/ml) for 24 h, followed by lysis for the luciferase assay (n = 3). *P < 0.05, **P 

< 0.01 versus [0 µM neohesperidin + TGF-β1] group. ANOVA followed by Tukey's test. (C) 

MLg cells were treated with neohesperidin (20 µM) for 1 h before TGF-β1 (5 ng/ml) 

treatment for 30 min. The levels of phosphorylation of Smad3, Smad2, ERK, p38, and JNK 

were determined by western blotting. GAPDH was used as a loading control. For each 

protein, the ratio of its phosphorylated fraction to the total protein level was calculated based 

on the densities of the respective bands (n = 3). **P < 0.01. ANOVA followed by Tukey's 

test. 

 

Fig. 2. Neohesperidin (NHP) inhibits TGF-β1-induced fibroblast activation, ECM production, 

and fibroblast migration in vitro.  

(A) MLg cells were treated with or without TGF-β1 (5 ng/ml) in the absence or presence of 

neohesperidin for 48 h. Effects of neohesperidin (0–200 µM) on cell viability were 

determined using the MTT assay (n = 5). ** P < 0.01 versus [0 µM neohesperidin + TGF-β1] 

group; α, P < 0.01 versus [0 µM neohesperidin − TGF-β1] group. ANOVA followed by 

Tukey's test. (B–D) qRT-PCR analysis of Acta2 (B), Col1a1 (C), and Fn1 (D) mRNA 

expression (n = 3). **P < 0.05, **P < 0.01 versus [0 µM neohesperidin + TGF-β1]. ANOVA 

followed by Tukey's test. (E) Western blot analysis of α-SMA in cell extracts (Cell) and Col1 
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and Fn1 in the medium supernatant (SN). β-tubulin was used as a loading control. Expression 

levels of α-SMA were normalized to those of β-tubulin based on the densities of the 

respective bands (n = 3). (F) A wound healing assay was used to assess the effect of 

neohesperidin on fibroblast migration. The wound closure was photographed 36 h 

post-scratching. Original magnification, ×40. (G) The wound closure rate, representing the 

migration rate, was determined at 36 h (n = 3). (E and G) *P < 0.05, **P < 0.01 versus [0 µM 

neohesperidin + TGF-β1] group; α, P < 0.01 versus [0 µM neohesperidin − TGF-β1] group. 

ANOVA followed by Tukey's test. 

 

Fig. 3. Neohesperidin (NHP) suppresses TGF-β1-induced epithelial injury in vitro.  

A549 cells were treated with TGF-β1 (10 ng/ml) and different concentrations of 

neohesperidin for 24 or 48 h. (A and B) Epithelial injury was determined by examining the 

expression levels of E-cadherin, N-cadherin, and SNAIL. β-tubulin was used as a loading 

control. Expression levels of E-cadherin, N-cadherin, and SNAIL were normalized to those of 

β-tubulin based on the densities of the respective bands (n =3). *P < 0.05, **P < 0.01. 

ANOVA followed by Tukey's test. (C–E) A549 cells were treated with TGF-β1 (10 ng/ml) 

and different concentrations of neohesperidin for 24 h, and relative expression of CDH1, 

CDH2, and SNAI1 were determined by qRT-PCR (n = 3). *P < 0.05, **P < 0.01. ANOVA 

followed by Tukey's test (C and E) and Kruskal–Wallis followed by Dunn’s test (B). 

 

Fig. 4. Neohesperidin (NHP) increases the survival rate and improves pulmonary function of 

bleomycin (BLM)-injured mice. 
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(A) Schematic representation of the timeline of therapeutic dosing of neohesperidin (20 

mg/kg) or CMC-Na (vehicle control) to mice with established fibrosis following 

bleomycin-induced lung injury. (B) Percentages of survived mice were plotted over a 21-day 

period after bleomycin treatment. A log-rank test was used to compare the difference between 

the CMC-Na and neohesperidin treatment groups (n = 21 and n = 17, respectively); P = 

0.0378. (C–E) Pulmonary function parameters, including respiratory dynamic compliance 

(Cdyn), resistance of the lung (RL), and resistance of expiration (RE), were calculated for 

different groups (Saline group: n = 6; BLM + CMC-Na group: n = 4; BLM + NHP group: n = 

7). Mice injected intratracheally with saline were used as a sham control. *P < 0.05, **P < 

0.01. Kruskal–Wallis followed by Dunn’s test (C) and ANOVA followed by Tukey's test (D 

and E). 

 

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

(A) Interventional dosing regimen in an early-stage lung fibrosis model. C57BL/6J mice were 

i.p. injected with CMC-Na (vehicle control) or neohesperidin (20 mg/kg) at the indicated 

times after bleomycin treatment, and lungs were harvested on day 14. Mice injected 

intratracheally with saline were used as a sham control (Saline group: n = 5; BLM + 

CMC-Na group: n = 6; BLM + NHP group: n = 7). (B) Body weight at 14 days was compared 

with that at baseline. (C) Hydroxyproline contents in lung tissues. (D) Representative images 

of lung sections stained with hematoxylin and eosin (H&E) and Masson’s trichrome. Bar = 

100 µm. (E) Lung fibrotic score analysis shows percentages of fibrotic areas in lung sections. 

Mice intratracheally injected with saline were used as a sham control. (B, C and E) *P < 0.05, 
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** P < 0.01. ANOVA followed by Tukey's test. (F) Western blotting of Col1 and α-SMA in 

lung tissues. GAPDH was used as a loading control. Expression levels of the target proteins 

were normalized to those of GAPDH based on the densities of the respective bands. (G) 

Levels of phosphorylation of Smad3 and Smad2 in lung tissues were determined by western 

blotting. β-actin was used as a loading control. The ratios of p-Smad3 and p-Smad2 to their 

total levels were calculated based on the densities of the 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 fibrosis in bleomycin (BLM)-injured 

mice.  

(A) Interventional dosing regimen in a late-stage lung fibrosis model. C57BL/6J mice were 

i.p. injected with CMC-Na (vehicle control) or neohesperidin (20 mg/kg) at the indicated 

times after bleomycin treatment, and lungs were harvested on day 21. Mice injected 

intratracheally with saline were used as a sham control (Saline group: n = 4; BLM + 

CMC-Na group: n = 7; BLM + NHP group: n = 7). (B) Body weight at 21 days was 

compared with that at baseline. (C) Hydroxyproline contents in lung tissues. (D) 

Representative images of lung sections stained with hematoxylin and eosin (H&E) and 

Masson’s trichrome. Bar = 100 µm. (E) Lung fibrotic score analysis shows percentages of 

fibrotic areas in lung sections. (B, C and E) *P < 0.05, **P < 0.01. ANOVA followed by 

Tukey's test. 

 

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

(A) C57BL/6J mice were i.p. injected with CMC-Na (vehicle control) or neohesperidin (20 

mg/kg) daily from day 1 after bleomycin challenge until day 6 and killed on day 7 for 

analysis of inflammation (n = 4 per group). (B) Total numbers of BALF cells were 

determined using a hemocytometer. (C) Differential cell counts in BALF [macrophages, 

lymphocytes, and polymorphonuclear neutrophils (PMNs)] were determined according to the 

standard morphological criteria. (D–F) Levels of IL-1β (D), IFN-γ (E), and TNF-α (F) in 

BALF were determined by ELISAs. 

 

Fig. 8. Neohesperidin (NHP) does not prevent fibrosis in mice.  

(A) Time course of neohesperidin administration, bleomycin challenge, and fibrosis testing in 

a prophylactic model. (B) Hydroxyproline contents in lung tissues. (C) Representative images 

of lung sections stained with Masson’s trichrome. Bar = 100 µm. (D) Lung fibrotic score 

analysis shows percentages of fibrotic areas in lung sections.  
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