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Abstract

:

Nintedanib (NDN), a tyrosine kinase inhibitor, has been shown to have anti-tumor, anti-inflammatory, and anti-fibrotic effects in several reports. We investigated the protective effects of NDN against polyhexamethylene guanidine phosphate (PHMG)-induced lung fibrosis in mice. The following three experimental groups were evaluated: (1) vehicle control; (2) PHMG (1.1 mg/kg); and (3) PHMG & NDN (60 mg/kg). PHMG induced pulmonary inflammation and fibrosis by intratracheal instillation in mice. In contrast, NDN treatment effectively alleviated the PHMG induced lung injury, and attenuated the number of total cells and inflammatory cells in the bronchoalveolar lavage fluid, including the fibrotic histopathological changes, and also reduced the hydroxyproline content. NDN also significantly decreased the expression of inflammatory cytokines and fibrotic factors, and the activation of the NLRP3 inflammasome in lung tissues. These results suggest that NDN may mitigate the inflammatory response and development of pulmonary fibrosis in the lungs of mice treated with PHMG.
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1. Introduction


Idiopathic pulmonary fibrosis (IPF) is a severely debilitating and fatal lung disease, with median survival ranging from two to three years after diagnosis [1,2,3]. It is characterized by lung damage with a loss of alveolar epithelial cells and abnormal tissue repair, accumulation of abnormal fibroblasts and myofibroblasts, deposition of extracellular matrix, and distortion of pulmonary architecture, which result in respiratory failure [4,5]. The etiology of IPF is by definition unknown, although potential risk factors such as exposure to environmental sources have been described [6].



Polyhexamethylene guanidine phosphate (PHMG) is a water-soluble chemical related to the polymeric guanidine family [7]. In 2011, the Korea Centers for Disease Control and Prevention reported that fatal pulmonary disease may be caused by household humidifier disinfectants. The main ingredient of humidifier disinfectant products is PHMG, which prevents the growth of germs [8]. Inhalation of PHMG causes severe pulmonary injury and respiratory failure, characterized by the loss of parenchymal architecture and subsequent massive lung fibrosis [9]. The use of PHMG has been banned, yet many people suffer from its pulmonary effects. Additionally, the mechanism by which PHMG causes pulmonary fibrosis is not fully understood.



Nintedanib (NDN), previously known by its research code BIBF 1120, is an intracellular inhibitor of tyrosine kinases (TKs) approved by the US Food and Drug Administration (FDA), and was developed for the treatment of a number of cancer types such as those of the lung, kidney, and liver [10,11]. Recently, NDN has been found to have beneficial therapeutic effects on pulmonary fibrosis, as well as effective antitumor activity, and is being used in the treatment of IPF [12,13]. The results of two replicate phase III INPULSIS trials demonstrated that NDN reduced disease progression in IPF patients by improving respiratory function [14]. NDN is currently used for the treatment of patients whose lungs have been injured by PHMG, but its ability to improve PHMG-induced pulmonary fibrosis has not yet been studied.



The nucleotide-binding oligomerization domain (NOD)-like receptors family includes the pyrin domain-containing 3 (NLRP3; also known as the NALP3 or cryopyrin) inflammasome, which is a large multiprotein complex that plays a key role in innate immunity [15]. The NLRP3 inflammasome is a key factor that drives the progression of pulmonary fibrosis [16]. Our previous study showed that the administration of oleanolic acid acetate (OAA) inhibited the activation of the NLRP3 inflammasome and the development of pulmonary fibrosis in PHMG-induced lung injury in mice [17]. The activation of the NLRP3 inflammasome is involved in the regulation of inflammatory cytokine expression [18]. Cytokines are key modulators that induce an inflammatory response, and these responses are considered to play a crucial role in the pathogenesis of PHMG-induced pulmonary fibrosis [19,20,21].



In the present study, we investigated the effects of NDN on the improvement of pulmonary fibrosis through the regulation of an inflammatory response and the activation of the NLRP3 inflammasome using the PHMG-induced lung fibrosis model.




2. Results


2.1. Effects of NDN on Body Weight and Lung Weight


A single intratracheal instillation of 1.1 mg/kg PHMG resulted in a significant decrease in body weight from day 2 to day 4. From day 4, mice in the PHMG group and PHMG & NDN (60 mg/kg) group gradually gained body weight. There was no significant difference in body weight between the PHMG group and the PHMG & NDN group (Figure 1A). However, PHMG group and PHMG & NDN group significantly affected absolute and relative lung weights (Figure 1B). The PHMG treatment caused a significant increase in the absolute and relative lung weights when compared with that in the vehicle control (VC) group. Compared to the PHMG group, both the absolute and relative lung weights significantly decreased in the PHMG & NDN group.




2.2. Effects of NDN on Total and Differential Cell Counts in Bronchoalveolar Lavage Fluid (BALF)


To evaluate the effects of NDN on the inflammatory response induced by PHMG, we measured cell counts of the BALF. The PHMG treatment induced extensive infiltration of inflammatory cells, as demonstrated by a significant increase in the number of total cells, macrophages, neutrophils, and lymphocytes in the PHMG group compared with those of the VC group. Although not significant, differences were observed between the groups, where the number of total cells, neutrophils, and lymphocytes decreased to approximately 11.2%, 19.7%, and 32%, respectively, in the PHMG & NDN group compared to those of the PHMG group (Figure 2A). Additionally, the ratio of neutrophil and lymphocyte to the total cell number increased in the PHMG group, while the ratio of macrophage to total cell number decreased in the PHMG group compared to the VC group (Figure 2B). The ratio of neutrophil and lymphocyte to total cell number decreased in the PHMG & NDN group, while the ratio of macrophage to total cell number increased in the PHMG & NDN group compared to the PHMG group (Figure 2B). However, no significant changes were observed in the number of eosinophils in both PHMG and PHMG & NDN groups.




2.3. Effects of NDN on Lung Histopathological Analysis and Hydroxyproline Content (HC)


In histologic analysis, lung fibrosis was assessed using the Ashcroft method as a semi-quantitative scoring system. The degree of lung fibrosis was graded on a scale (from 0 to 8), using the average of microscopic field scores. Lung HC was used as an indirect marker of collagen deposition. Histopathological analysis and HC changes identified in the lungs are presented in Figure 3 and Table 1. The VC group presented the left lung, which has a normal histological appearance (Figure 3A and Table 1). However, the lung in the PHMG group showed extensive damage characterized by granulomatous inflammation/fibrosis, bronchioloalveolar epithelial hyperplasia (BEH), and infiltration of the alveolar macrophages. These histological changes were less extensive in the PHMG & NDN group (Figure 3A and Table 1). The Ashcroft score was significantly increased in the PHMG group. However, the increase was significantly reduced in the PHMG & NDN group (Figure 3C). As assessed with Masson’s trichrome (MT) staining, the PHMG group exhibited severe fibrotic lesions and collagen deposition compared to the VC group (Figure 3B). These histopathological changes were improved in the PHMG & NDN group (Figure 3A,B and Table 1). The lung HC level, an index of collagen deposition, was increased approximately two-fold in the PHMG group compared to that in the VC group (Figure 3D), while the HC level decreased in the PHMG & NDN group compared to that of the PHMG group.




2.4. Effects of NDN on Inflammatory Cytokines Expression


Our recent study observed that intratracheal instillation of PHMG in the lungs of mice induced the expression of inflammatory cytokines such as interleukin 1 beta (IL-1β), tumor necrosis factor alpha (TNF-α), and CC chemokine ligand 2 (CCL2) [19,20]. To investigate whether NDN modulates the production of pro-inflammatory cytokines, the levels of IL-1β and TNF-α in lung tissues were evaluated using ELISA. The levels of IL-1β and TNF-α significantly increased in the PHMG group compared to those in the VC group, and IL-1β and TNF-α were markedly decreased in the PHMG & NDN group (Figure 4A–C). The mRNA expression of CCL2 significantly increased in the PHMG group compared to the VC group. However, the increase was significantly reduced in the PHMG & NDN group compared to that of the PHMG group (Figure 4C), and these expressions are illustrated in Figure 4C.




2.5. Effects of NDN on Fibrosis Relative Factors Expression in the Lungs


We next examined the effects of NDN on the expression of fibrosis-related factors. Expression of fibrosis-related factors such as transforming growth factor beta (TGF-β1), matrix metalloproteinase 12 (MMP-12), tissue inhibitor of metalloproteinases-1 (TIMP-1), connective tissue growth factor (CTGF), and fibronectin, have been associated with the development of lung fibrosis. The mRNA expression of fibronectin, TIMP-1, and MMP-12 is shown in Figure 5A–C. Fibronectin, TIMP-1, and MMP-12 mRNA levels significantly increased in the PHMG group compared to the levels in the VC group. However, the increases were attenuated in the PHMG & NDN group. The protein expression of CTGF, TGF-β1, TIMP-1, and fibronectin is shown in Figure 5D–G. The protein expression levels of CTGF and TGF-β1, TIMP-1, and fibronectin significantly increased in the PHMG group. However, the increases were significantly reduced in the PHMG & NDN group (Figure 5D–G).




2.6. Effects of NDN on NLRP3 Inflammasome Activation in the Lungs


Our data demonstrated that NDN inhibited the secretion of IL-1β in the lung tissues of the PHMG group (Figure 4A). NLRP3 inflammasome activation drives the secretion of mature IL-1β alongside the caspase-1 cleavage-dependent pathway. The NLRP3 inflammasome is composed of NLRP3, an apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and cysteine protease caspase-1 [22,23]. PHMG induced an increase in the protein levels of NLRP3 and ASC, while cleaved caspase-1 was dramatically decreased in the PHMG & NDN group (Figure 6A–D).





3. Discussion


NDN is a next generation, potent, small molecule TKs inhibitor that targets multiple TKs. NDN was approved by the FDA and has been developed for the treatment of a number of cancer types. Previous studies reported that NDN not only exhibits effective antitumor activity, but also beneficial therapeutic effects in pulmonary fibrosis, and is currently used in the treatment of IPF [24]. The clinical trials of NDN showed a significant reduction of forced vital capacity (FVC) in IPF patients, demonstrating that NDN should become the standard treatment for IPF patients [14,25]. Many people are troubled with pulmonary diseases due to PHMG inhalation. NDN is also used for the treatment of patients with pulmonary fibrosis by PHMG, but its mechanism of action in improving the disease has not been studied yet. Wollin et al. (2015) reported that NDN inhibits inflammatory responses, thus reducing the development of lung fibrosis in bleomycin (BLM)- and silica-induced lung fibrosis models [26]. In this study, we investigated the effects of NDN on the mitigation of pulmonary fibrosis through the reduction of an inflammatory response in the PHMG-induced lung fibrosis model. The results of this study showed that NDN inhibits the inflammatory response and the NLRP3 inflammasome activation of lung fibrosis induced by PHMG.



Our data demonstrated that intratracheal instillation of PHMG results in a significant decrease in body weight and a significant increase in lung weights. The changes in body and lung weights in the PHMG & NDN group were considerably alleviated compared to those in the PHMG group (Figure 1A,B). Lung injury is followed by an increase in the influx of inflammatory cells [27]. The presence of inflammatory cells in the BALF may indirectly reflect the degree of lung inflammation. Previous studies on pulmonary fibrosis by a single instillation of PHMG have shown that the number of total cells, macrophages, neutrophils, and lymphocytes increased in the BALF of mice [17,19]. The infiltration of neutrophils in the lungs is an early step in the pulmonary inflammatory process that leads to lung injury [28]. Previous studies have shown the infiltration of neutrophils up to four weeks in BALF with PHMG treatment. Our previous study showed the continuous infiltration of neutrophils in the BALF of PHMG-treated mice for up to four weeks [19]. Additionally, most of the inflammatory cells induced by PHMG were macrophages and lymphocytes, which mainly induce chronic inflammation [19,29,30]. Our BALF results are consistent with these findings in the PHMG group (Figure 2A,B). A previous study reported that NDN significantly reduced neutrophils or lymphocytes but not macrophages in the BALF of the BLM- and silica-induced lung fibrosis model [31]. These results are consistent with the data of our study (Figure 2A,B).



The PHMG caused major histopathological changes evidenced by the alveolar macrophages infiltration, BEH, and granulomatous inflammation/fibrosis in the lungs of mice [17,19,21]. Wollin et al. (2014) reported that NDN reduced lung inflammation, granuloma formation, and fibrosis in BLM- and silica-induced pulmonary fibrosis in mice [31]. Our results also showed that PHMG-induced histopathological changes were markedly alleviated by NDN treatment (Figure 3A,B, Table 1). Moreover, the Ashcroft scoring and HC were consistent with our histopathological findings (Figure 3C,D). These results suggest that NDN may be effective against PHMG-induced lung injury.



We also tested the effect of NDN on the expression of inflammatory cytokines associated with pulmonary injury. Inflammatory cytokines are released mainly from inflammatory cells in the lungs, and are considered to play a crucial role in the initiation and progression of pulmonary fibrosis [19,20,21]. Our previous studies showed that PHMG increases the expression levels of various inflammatory cytokines in the lungs of mice [19,20,21]. In the present study, PHMG induced a significant increase in the expression levels of inflammatory cytokines such as IL-1β, TNF-α, and CCL2. The expression of these cytokines in the lungs of mice in the PHMG & NDN group was significantly decreased compared to that in the PHMG group (Figure 4A–C). NDN has been shown to exhibit anti-inflammatory effects in the acute liver fibrogenesis mouse model [32]. Additionally, NDN exerted anti-inflammatory activity, demonstrated by diminished inflammatory cytokines in the lung fibrosis model [31]. Kong et al. (1997) reported that inhibitory activity on TKs reduced the expression of inflammatory cytokines including IL-6 and IL-1 [33]. The anti-inflammatory effects of NDN also might be partly attributable to the inhibitory activity on these TKs [34]. These results suggest that the anti-inflammatory effects of NDN may be involved in the alleviation of PHMG-induced lung injury.



We next examined the effect of NDN on the expression of fibrosis-related factors. Increased expression of TGF-β1, MMP-12, TIMP-1, CTGF, and fibronectin have been associated with the development of pulmonary fibrosis [35,36,37,38]. Autocrine signaling of IL-18 or IL-1β mediated by the activation of the NLRP3 inflammasome could promote the expression of TGF-β1 [39]. The TGF-β1, a major inducer of epithelial mesenchymal transition, induces the up-regulation of mesenchymal relative growth factors and extracellular matrix (ECM) proteins [37,38]. Wollin et al. (2014) reported that NDN reduced the expression of TGF-β1 in BLM-induced pulmonary fibrosis in rats [31]. Our data showed that the expression level of TGF-β1 in the lungs of the PHMG & NDN group was significantly decreased compared with that in the PHMG group (Figure 5E). The fibrotic response of TGF-β1 is also partly mediated by the production of several growth factors, including platelet-derived growth factor (PDGF), fibroblast growth factor 2 (FGF-2), and CTGF [40,41,42,43,44,45]. Previous studies reported that fibrogenic growth factors induce fibroblast focus formation and the excessive deposition of ECM, leading to tissue fibrosis [46].



Additionally, the imbalance of MMPs and TIMPs has been observed in several chronic pulmonary diseases such as IPF, asthma, and COPD [47,48,49,50]. PHMG causes the excessive production of ECM and modification of the expression of MMPs and TIMPs [43]. Our data showed that PHMG induced a significant increase in the expression of TIMP-1, MMP-12, CTGF, and fibronectin, and these factors in the lungs of mice in the PHMG & NDN group were significantly decreased compared with those in the PHMG group (Figure 5A–D,F,G). Meanwhile, the modulation of growth factors is regarded as a new therapeutic strategy for the treatment of fibrosis. NDN is also known to be a potent inhibitor of proangiogenic pathway receptor families such as FGF, vascular endothelial growth factor (VEGF), and PDGF receptors, indicating indirect inhibitory effects on TGF-β signaling [26]. These results suggest that NDN could markedly inhibit the expression of PHMG-induced fibrosis-related factors.



IL-1β can drive the progression of pulmonary fibrosis [51], and it is known to mediate the release of other inflammatory cytokines such as TNF-α and IL-6 [52]. Inactive pro-IL-1β and pro-IL-18 are cleaved by caspase-1, and maturation of caspase-1 is promoted by NLRP3 inflammasome activation [53,54]. The NLRP3 inflammasome is known to play an important role in inflammation and fibrosis [55]. Caspase-1 and NLRP3 levels were shown to increase in IPF patients [56]. A previous study showed that the activation of the NLRP3 inflammasome was observed in BLM-induced lung fibrosis, and NLPR3 deficiency mitigates lung fibrosis [57]. In addition, BLM-induced lung collagen production was mitigated in mice deficient in either caspase-1 or NLRP3, and inflammatory and pro-fibrotic mediators were significantly reduced in NLRP3- and ASC-deficient mice [55]. Our previous study demonstrated that PHMG induced the activation of the NLRP3 inflammasome [17], and similar findings were obtained in the present study. However, we found that activation of the NLRP3 inflammasome was markedly attenuated by NDN treatment (Figure 4D–G). These results suggest that the inhibition of NLRP3 inflammasome activation by NDN may at least partially reduce the inflammatory response in PHMG-induced lung fibrosis.




4. Materials and Methods


4.1. Animals and Environmental Conditions


Male C57BL/6 mice (aged seven weeks) were purchased from Orient Bio Inc. (Seongnam, Korea) and used after one week of quarantine and acclimation. The mice were housed in a room maintained at a temperature of 22 ± 3 °C, relative humidity of 50 ± 20%, light intensity of 150–300 lux, light/dark cycle of 12/12 h, and air ventilation refreshed 10–20 times/h. The mice were fed pelleted food for experimental animals (PMI Nutrition International, Richmond, IN, USA) and UV-irradiated (Steritron SX-1; Daeyoung Inc., Seoul, Korea) and filtered (1 μm) tap water was provided ad libitum. The experimental procedures were approved by the Institutional Animal Care and Use Committee of the Korea Institute of Toxicology (IACUC #1708-0306).




4.2. Test Chemicals and Treatment


The PHMG solution (25%) we used was a generous gift from SK Chemicals (Seongnam, Korea). NDN (i.e., BIBF 1120) was purchased from Selleck Chemicals Co. Ltd. (Houston, TX, USA) with purity > 99%. Mice in the PHMG group received a single intratracheal instillation of 1.1 mg/kg, in 50 μL saline solution using an automatic video instillator [58]. Mice in the VC group were instilled with saline through the same route. NDN was suspended in a 0.5% sodium carboxymethylcellulose (CMC, Sigma-Aldrich, Saint Louis, MO, USA) solution and was gavaged to mice once daily for a period of 21 days at 60 mg/kg/day. The daily application volume of NDN was calculated in advance based on the most recently recorded body weight of the individual animal. Mice in the VC and PHMG groups received 0.5% CMC instead of NDN via the same route.




4.3. Experimental Design and Dose Selection


Mice were assigned randomly to the following experimental groups: (1) VC; (2) PHMG (1.1 mg/kg); and (3) PHMG & NDN (60 mg/kg) group (n = 6/group). The dose of PHMG used in the present study was selected based on our previous studies of induced lung injury with moderate granulomatous inflammation/fibrosis in mice [17,19,20,21]. The effective NDN dose was based on earlier studies [28]. There was no study of NDN treatment using a single therapy in the fibrosis model. Body weights were measured prior to the first instillation, and on days 2, 4, 8, 11, 15, and 18. On the scheduled termination day (day 22 of the study), the terminal body weight of each mouse was measured, after which they were euthanized by exsanguination. Clinical signs of mice in each group were monitored every day. Bronchoalveolar lavage was performed for the right lung lobes and the lungs were removed. The left lung lobe was weighed and fixed in 10% neutral-buffered formalin (NRF). The right lung lobes were snap-frozen and stored at −80 °C until analysis.




4.4. BALF Preparation


BALF was performed in the right lung through a tracheal cannula during exsanguination using 0.7 mL phosphate buffered saline (PBS) three times in each mouse. Total cell counts in the BALF were performed using a disposable hemocytometer (INCYTO, Seoul, Korea). A 0.2 mL aliquot of the cell suspension was centrifuged (Shandon Cytospin 4; Thermo, Waltham, MA, USA) at 800 rpm for 10 min onto a glass slide. The slides were stained with Diff-Quik stain (Sysmex, Kobe, Japan), and then washed, air-dried, and observed by a light microscope (BX51; Olympus, Tokyo, Japan). At least 200 cells included macrophages, neutrophils, and lymphocytes per sample were scored.




4.5. Histopathological Examination


The left lung tissue was fixed in 10% NRF over 24 h, embedded in paraffin, and sectioned to 4-µm thick slices. Lung sections were stained with hematoxylin and eosin (H&E; Sigma-Aldrich, Saint Louis, MO, USA) for histological analysis and MT (Sigma-Aldrich, Saint Louis, MO, USA) for examination of fibrotic changes. Histopathological analysis of the lung tissue sections was performed using a light microscope at 200× magnification. Histopathological changes were scored on a scale ranging from 0 to 5. Each successive field was individually assessed to determine the severity of BEH, granulomatous inflammation/fibrosis, and macrophage infiltration in the alveoli. A fibrosis score was assigned ranging from 0 to 8 using the Ashcroft scoring system for each animal [59].




4.6. Lung Hydroxyproline Assay


The collagen content of the right lung tissues was determined using a hydroxyproline colorimetric assay kit (Biovision Inc., Milpitas, CA, USA) according to the manufacturer’s protocol. Following this, 0.1 mL of homogenized lung sample was quickly transferred to a cryovial tube (SPL, Gyeonggi-Do, Korea). Another 0.1 mL of 12 M hydrochloric acid (HCl, Sigma-Aldrich, Zwijndrecht, The Netherlands) was added, and hydrolyzed at 120 °C for 3 h. The sample was centrifuged at 10,000× g for 3 min at room temperature (RT), and the supernatant was diluted two-fold with distilled water. The 10 μL of diluted supernatant sample was transferred to a 96-well plate and evaporated to dryness at 60 °C; a standard curve performed according to the manufacturer’s protocol. Subsequently, 0.1 mL of chloramine T reagent/oxidation buffer mixture was added to each well and incubated for 5 min at RT. Finally, 0.1 mL of para-dimethylaminobenzaldehyde reagent was added to each well and incubated for 90 min at 60 °C. A Model 680 Plate Reader (Bio-Rad Laboratories, Hercules, CA, USA) was used to measure the absorbance at 540 nm.




4.7. Western Blot Analysis


Frozen lung tissues were homogenized in ice-cold RIPA Buffer (Pierce Biotechnology, Rockford, IL, USA) with a protease inhibitor cocktail (Roche, Mannheim, Germany). The homogenates were then centrifuged at 13,400× g for 20 min at 4 °C to obtain the supernatants. The protein concentration of supernatants was measured using the bicinchoninic acid (BCA, Sigma-Aldrich, St. Louis, MO, USA) method. Protein lysates were separated by SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were blocked using 5% skimmed milk in Tris-buffered saline with Tween® 20 (TBS-T) for 90 min at RT. Primary antibodies were diluted in 5% skimmed milk and incubated overnight at 4 °C with gentle shaking. The membranes were washed five times with TBS-T and incubated for 1 h at RT with horseradish peroxidase-conjugated secondary antibodies in TBS-T containing 5% skimmed milk. After five washes with TBS-T, the membranes were detected using chemiluminescence reagents (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer’s instructions. Anti-TGF-β1 was purchased from Abcam (Cambridge, UK), while anti-CTGF was purchased from Thermo Fisher Scientific (Cambridge, MA, USA). Anti-fibronectin, anti-NLRP3, anti-ASC, and anti-caspase-1 were purchased from Novus Biologicals (Littleton, CO, USA). Anti-β-actin and all secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The relative intensity of the bands was quantified using the ImageJ software, and all the results were normalized to β-actin.




4.8. Tissue Cytokine Analysis by ELISA


Mouse TNF-α was measured in the BALF by a commercial ELISA kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s protocol. The levels of IL-1β were determined in lung tissue using the Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA), also according to the manufacturer’s protocol. The tissue homogenate protein levels were measured using the BCA method, and cytokine values were normalized to protein levels. All samples and standards were measured in duplicate.




4.9. Quantitative Real Time-PCR (qRT-PCR)


Total RNA from right lung tissues was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol, and quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Reverse transcription was performed on 500 ng of total RNA using the First Strand cDNA Synthesis kit (Takara, Kyoto, Japan) according to the manufacturer’s instructions. Sequences of the mouse gene-specific primers were used as follows: fibronectin (forward: 5′-CACGATGCGGGTCACTTG-3′, reverse: 5′-CTGCAACGTCCTCTTCATTCTTC-3′), glyceraldehyde 3-phosphate dehydrogenase (GAPDH, forward: 5′-ATCACCATCTTCCAGGAGCGA-3′, reverse: 5′-AGGGGCCATCCACAGTCTT-3′), CCL2 (forward: 5′-TTGTCACCAAGCTCAAGAGAGA-3′, reverse: 5′-GAGGTGGTTGTGGAAAAGGTAG-3′), TIMP-1 (forward: 5′-ATTCAAGGCTGTGGGAAATG-3′, reverse: 5′-CTCAGAGTACGCCAGGGAAC-3′), and MMP-12 (forward: 5′-CACAACAGTGGGAGAGAAAA-3′, reverse: 5′-AGCTTGAATACCAGATGGGATG-3′). qRT-PCR was performed using the Power SYBR® Green Master Mix (Applied Biosystems, Foster City, CA, USA) with StepOnePlus™ Real-Time PCR Systems (Applied Biosystems). The level of gene expression of each transcript was normalized to the internal control gene (GAPDH). Relative gene expression was calculated using the ΔΔCt method, where Ct = threshold cycle.




4.10. Statistics


Statistical analyses were performed using GraphPad InStat v. 3.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data are presented as mean ± standard deviation (SD) and all statistical comparisons were performed using one-way analysis of variance followed by a Student’s two-tailed t-test with p-values of p < 0.01 or p < 0.05 considered statistically significant.





5. Conclusions


In the present study, we evaluated the effects of NDN on PHMG-induced pulmonary injury in mice. Our results indicate that NDN reduced inflammatory events, including the inhibition of the expression of inflammatory cytokines and inflammatory cell infiltration. NDN also decreased the expression of fibrosis-related factors, and histopathological changes in the lungs of mice treated with PHMG were improved. Moreover, NDN significantly suppressed the activation of the NLRP3 inflammasome induced by PHMG, which is considered to play a key role in inflammation and fibrosis. These results suggest that NDN may modulate the inflammatory and fibrotic responses, thus reducing the development of PHMG-induced pulmonary fibrosis.
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Figure 1. Effect of NDN on body and lung weights of PHMG-treated mice. Mice were intratracheally instilled with 1.1 mg/kg PHMG or saline on day 1. The PHMG & NDN group received an oral administration of NDN on days 1 and 21. The body weights were measured on the indicated days (A). The absolute lung weight was measured on day 22, and the relative lung weight was calculated as the ratio of the left lung weight to body weight of each mouse (B). Data are expressed as means ± SD (n = 6/group). ** p < 0.01 vs. VC group, ## p < 0.01 vs. PHMG group. 
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Figure 2. Effect of NDN on PHMG-induced changes in total and differential cell counts in the BALF of mice. The number of total cells, macrophages, neutrophils, and lymphocytes (A) in the BALF and composition of cell populations as a percentage of total cells (B) in VC, PHMG, and PHMG & NDN groups. Data are presented as the means ± SD (n = 6/group). ** p < 0.01 vs. VC group. 
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Figure 3. Effect of NDN on histopathological analysis and HC of the lung tissues. Representative histological sections from lung tissues. The lung sections were stained with H&E (A) and MT (B). The lung sections from the VC group showed a normal architecture. Black arrows indicate granulomatous inflammation/fibrosis, blue arrows indicate bronchioloalveolar epithelial hyperplasia (BEH), and black triangles indicate infiltration of alveolar macrophage. Scale bar represents 100 μm; (C) Ashcroft score was compared among the experimental groups. (D) Collagen content in the homogenates of the lung tissues was measured using a hydroxyproline assay (n = 6/group). Results are expressed as the means ± SD. ** p < 0.01 vs. VC group, # p < 0.05 vs. PHMG group. 
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Figure 4. Effect of NDN on the expression of inflammatory factors of mice. The production of IL-1β and TNF-α in the lung tissue was detected by ELISA (A,B). The expression level of CCL2 was determined using qRT-PCR (C). Gene expression was presented as fold changes and normalized to GAPDH. Data are presented as the means ± SD (n = 6/group). ** p < 0.01 vs. VC group, # p < 0.05 and ## p < 0.01 vs. PHMG group. 
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Figure 5. Effect of NDN on fibrotic factors expression of mice. The expression levels of fibronectin, TIMP-1, and MMP-12 mRNA were determined using qRT-PCR (A–C). The levels of CTGF, TGF- β1, TIMP-1, and fibronectin expressions in the lung tissues were determined by western blotting (D–G). Gene expressions were presented as fold changes and normalized to GAPDH. The blots were analyzed by densitometry and normalized to β-actin. Data are expressed as means ± SD (n = 6/group). ** p < 0.01 vs. VC group, # p < 0.05 and ## p < 0.01 vs. PHMG group. 
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Figure 6. Effect of NDN on the expression of the NLRP3 inflammasome of mice. The levels of NLRP3, ASC, and cleaved caspase-1 expressions in the lung tissues were evaluated by western blotting (A–D). The blots were analyzed by densitometry and normalized to β-actin. Data are presented as the means ± SD (n = 6/group). ** p < 0.01 vs. VC group, ## p < 0.01 vs. PHMG group. 
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Table 1. Quantitative histopathological assessment of the lung sections.
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	Group
	VC
	PHMG
	PHMG & NDN





	Number of animals
	6
	6
	6



	Hyperplasia, bronchiolo-alveolar
	(0)
	(4)
	(1)



	Minimal
	0
	0
	1



	Moderate
	0
	3
	0



	Severe
	0
	1
	0



	Mean ± SD
	0
	2.2 ± 1.7
	0.2 ± 0.4 *



	granulomatous inflammation/fibrosis
	(0)
	(6)
	(6)



	Slight
	0
	0
	2



	Moderate
	0
	1
	2



	Severe
	0
	5
	2



	Mean ± SD
	0
	3.8 ± 0.4
	3.0 ± 0.9



	Alveolar macrophage infiltration
	(0)
	(6)
	(4)



	Minimal
	0
	0
	1



	Slight
	0
	3
	2



	Moderate
	0
	3
	1



	Mean ± SD
	0
	2.5 ± 0.5
	1.3 ± 1.2







0: no symptoms; 1: minimal; 2: slight; 3: moderate; 4: marked; 5: severe. Data are presented as mean ± SD (n = 6/group). PHMG group vs. PHMG & NDN group: * p < 0.05.
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