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Editorial on the Research Topic 
Applications of medicine in treating pulmonary fibrosis


Pulmonary fibrosis (PF) is a pathology characterized by an inflammatory response and abnormal deposition of extracellular matrix, which manifests as progressive and irreversible damage to lung tissue structures, ultimately leading to organ dysfunction, respiratory failure, and death (Meyker, 2017). The inflammatory response, oxidative stress, and epithelial-to-mesenchymal transition are important factors that predispose to the development and progression of pulmonary fibrosis (Moss et al., 2022). Therefore, drugs that target these pathological alterations will facilitate the development of PF therapy. Glucocorticoids and antioxidants are used in the early treatment of pulmonary fibrosis, which could reduce the inflammatory response and oxidative stress in the lungs and can prevent the pathological changes of tissue fibrosis (Spagnolo et al., 2021). However, these drugs only slow down the decline in lung function and do not reverse the histopathological changes in the lung. Currently, lung transplantation is considered to be the only effective treatment, but the complex etiology and limited availability of donor organs make it difficult to achieve effective treatment. There is lack of new therapies for the treatment of pulmonary fibrosis and to elucidate the underlying mechanisms and potential targets for the pathogenesis of pulmonary fibrosis.
Pirfenidone is an approved drug with efficacy in PF, which reduces organ fibrosis by inhibiting collagen synthesis, decreasing inflammatory mediators, and reducing oxidative stress, and is widely used in clinical practice (Raghu, 2017). However, the adverse effects associated with pirfenidone vary considerably between individuals, and the dose is not fixed. A study by Li et al. evaluated the efficacy and safety of different plasma concentrations of pirfenidone in patients with pulmonary fibrosis, and found that high doses of pirfenidone (1800 mg/d) reduced the risk of exacerbation in patients with PF, while provoking side effects in the gastrointestinal system and the skin. However, the presence of these side effects did not discontinue treatment in patients with PF, as the high concentration of pirfenidone is beneficial for the retardation of the patient’s condition (Li et al.).
Traditional Chinese medicine (TCM) is an important part of clinical practice and can be used in combination with each other to achieve a reduction in toxicity and an increase in effectiveness. The exploration and application of TCM in the treatment of PF are gradually increasing. Numerous researchers have found that the progression of PF is closely related to gut microbiota changes, which also suggests that regulating the gut microbiota could provide a new strategy for the treatment of PF. For example, in this Research Topic, Hu et al. evaluated Bu-Fei-Huo-Xue capsules significantly improved collagen deposition, reduced levels of inflammatory factors in the lungs, and inhibited oxidative stress in mice with PF. It is interesting that Bu-Fei-Huo-Xue capsules also affected the diversity and relative abundance of the intestinal microbiota (Hu et al.), suggesting that the mechanism of Bu-Fei-Huo-Xue capsules on PF may be related to the regulation of gut microbiota. Based on a combination of net pharmacology and animal models, Zuo et al. revealed that Yiqi Huayu decoction was effective in reducing lung tissue damage, improving lung function, reducing inflammatory responses, and decreasing aging-related secretory phenotypes, including interleukin (IL)-1L and transforming growth factor-β1 (TGF-β1) in rats with PF. Similarly, Xiong et al. determined arctiin as an active component from Arctium lappa L. to exert therapeutic activity against PF by network pharmacology and prepared arctigenin nanoparticles. The result showed that arctiin nanoparticles exhibited good anti-aging properties in vivo and could attenuate AEC II senescence and PF via inhibiting the p38/p53/p21 pathway (Xiong et al.). The use of new technologies combined with conventional animal models to systematically and comprehensively elucidate the relationship between PF and disease targets, and between targets and drugs, will hopefully overcome the challenge of therapeutic strategies lagging behind medical advances and clinical needs.
The pursuit of an effective therapeutic target is the most important approach in anti-fibrotic drug discovery. Researchers have described several targets in this Research Topic. Long et al. reported that specific deletion of FGFR1 was able to protect lung tissue from hyperoxia injury, which may be attributed to the regulation of FGFR1 on both common and aerosol capillary endothelial cells, improving vascular and alveolar generation as well as respiratory indexes. In addition, the target-based discovery of small molecule drugs is an important research direction for the treatment of PF. Solopov et al. demonstrated that TAS-116, an HSP-90 inhibitor, could serve as an effective antidote against lung injury induced by hydrochloric acid, and it was able to reduce the overexpression of NLRP3 inflammasome and inhibit the activation of profibrotic pathways during the peak period of lung injury, thereby exerting lung protective activity. The cAMP and cGMP are intracellular second messengers that play important roles in multiple physiological functions. Yang et al. concluded that phosphodiesterase is involved in the metabolism of nucleotides, and its inhibitors can increase the concentration of intracellular cyclic nucleotides, thereby regulating cAMP and cGMP for their anti-fibrotic effects in the lungs. Moreover, Chen et al. reported that umbilical cord MSCs-hepatocyte growth factor would be a promising therapeutic option for PF, as over-expression of hepatocyte growth factor could enhance the anti-fibrotic effects of umbilical cord MSCs by interacting with IL-17-producing cells in lung tissue. A number of studies have revealed that senescent phenotypes such as aberrant telomere shortening seen in alveolar type II epithelial cells promote the development of PF (Duckworth et al., 2021). Zhang et al. show that Telodin, a newly discovered small molecule peptide inhibitor of telomere dysfunction, could reduce telomere shortening, expand the mouse AEC II stem cell population, and prevent chronic stress-induced premature lung senescence and fibrosis, which will promisingly be a new strategy to terminate pulmonary fibrosis.
We collectively identified a range of attractive therapeutic agents for PF, including pirfenidone, traditional Chinese medicine, and targeted novel small molecule inhibitors (Figure 1). Many studies have also presented complex gene-target-chemical components and molecular mechanisms underlying the development of PF. All these findings will provide lead structures for the development of anti-fibrotic drugs and further define their efficacy and pharmacokinetics in vivo. Further research on which specific anti-fibrotic drugs benefit patients with PF will help medical personnel to develop a more rational individualized protocol for the diagnosis and treatment.
[image: Figure 1]FIGURE 1 | The drugs used to treat pulmonary fibrosis in this Research Topic include pirfenidone, traditional Chinese medicine and other novel small molecule drugs that target pro-fibrotic phenotypes.
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Overview: In treating pulmonary fibrosis (PF), traditional Chinese medicine (TCM) has received much attention, but its mechanism is unclear. The pharmacological mechanisms of TCM can be explored through network pharmacology. However, due to its virtual screening properties, it still needs to be verified by in vitro or in vivo experiments. Therefore, we investigated the anti-PF mechanism of Yiqi Huayu Decoction (YHD) by combining network pharmacology with in vivo experiments.
Methods: Firstly, we used classical bleomycin (BLM)-induced rat model of PF and administrated fibrotic rats with YHD (low-, medium-, and high-dose). We comprehensively assessed the treatment effect of YHD according to body weight, lung coefficient, lung function, and histopathologic examination. Second, we predict the potential targets by ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) combined with network pharmacology. In brief, we obtained the chemical ingredients of YHD based on the UHPLC-MS/MS and TCMSP database. We collected drug targets from TCMSP, HERB, and Swiss target prediction databases based on active ingredients. Disease targets were acquired from drug libraries, Genecards, HERB, and TTD databases. The intersecting targets of drugs and disease were screened out. The STRING database can obtain protein-protein interaction (PPI) networks and hub target proteins. Molecular Complex Detection (MCODE) clustering analysis combined with enrichment analysis can explore the possible biological mechanisms of YHD. Enrichment analyses were conducted through the R package and the David database, including the Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and Reactome. Then, we further validated the target genes and target proteins predicted by network pharmacology. Protein and gene expression detection by immunohistochemistry, Western blot (WB), and real-time quantitative PCR (rt-qPCR).
Results: The results showed that high-dose YHD effectively attenuated BLM-induced lung injury and fibrosis in rats, as evidenced by improved lung function, relief of inflammatory response, and reduced collagen deposition. We screened nine core targets and cellular senescence pathways by UHPLC-MS/MS analysis and network pharmacology. We subsequently validated key targets of cellular senescence signaling pathways. WB and rt-qPCR indicated that high-dose YHD decreased protein and gene expression of senescence-related markers, including p53 (TP53), p21 (CDKN1A), and p16 (CDKN2A). Increased reactive oxygen species (ROS) are upstream triggers of the senescence program. The senescence-associated secretory phenotypes (SASPs), containing interleukin 6 (IL-6), tumor necrosis factor-alpha (TNF-α), and transforming growth factor-β1 (TGF-β1), can further exacerbate the progression of senescence. High-dose YHD inhibited ROS production in lung tissue and consistently reduced the SASPs expression in serum.
Conclusion: Our study suggests that YHD improves lung pathological injury and lung function in PF rats. This protective effect may be related to the ability of YHD to inhibit cellular senescence.
Keywords: Yiqi Huayu decoction, pulmonary fibrosis, network pharmacology, cellular senescence, senescence-associated secretory phenotypes
1 INTRODUCTION
Pulmonary fibrosis (PF) is a chronic, progressive, and irreversible fibrotic lung disease, and its prominent feature is matrix stiffening (Moss et al., 2022). Symptoms of PF are mainly characterized by worsening dyspnea and ventilatory and ventilatory dysfunction (Martinez et al., 2017). Patients with PF have an inferior prognosis, with hypoxemia and respiratory failure leading to death (Moss et al., 2022). With a median survival of only 2.5–3.5 years, PF’s terrible prognosis rivals some of the worst malignancies. With a high mortality rate and incurable properties, PF has received more attention, especially after the peak of the Coronavirus disease outbreak in 2019 (COVID-19) (Gentile et al., 2020; Spagnolo et al., 2020; Aul et al., 2021; Tanni et al., 2021). However, there are currently no radical drugs in clinical practice to cope with this devastating lung disease (Spagnolo et al., 2021). Therefore, the development of effective treatment for PF is urged.
PF is an aging-related disease, and cellular senescence is crucial in the aging phenotype (Schafer et al., 2017). The accelerated senescence of alveolar epithelial cells is increasingly recognized as a primary cause of epithelial dysfunction and PF pathogenesis (Yao et al., 2021). Senescent alveolar epithelial cells not only lose their ability to regenerate and repair, but also exert deleterious effects on neighboring cells by secreting various pro-inflammatory cytokines, profibrotic factors, and growth factors (Kadota et al., 2018). Those secretions are defined as senescence-associated secretory phenotypes (SASPs). Recently, senotherapeutics and senolytics have become emerging hotspots (Justice et al., 2019; Merkt et al., 2020; Wissler Gerdes et al., 2021).
Because TCM can improve patient quality of life and survival rate, it has enormous potential in treating PF(Li and Kan, 2017). Yiqi Huayu decoction (YHD), a modified traditional Chinese prescription, has been applied to the clinical treatment of PF(Zhang et al., 2018). YHD consists of two botanical drugs: Astragalus mongholicus Bunge and Salvia miltiorrhiza Bunge. This prescription can improve PF by tonifying the lung, benefiting Qi, activating blood circulation, and removing blood stasis. Increasing evidence suggests that YHD can potentially prevent or treat various fibrotic diseases by suppressing inflammatory responses, inhibiting myofibroblast activation, and promoting collagen degradation (Qin et al., 2018; Han et al., 2021). The clinical application of YHD in PF has been validated, but its mechanism is unclear because its components and targets are complex. Therefore, it is valuable to further investigate the mechanism of YHD in treating PF.
In our study, we used a classical bleomycin-induced rat model of PF and administered different doses of YHD. The therapeutic effect of YHD was evaluated comprehensively by body weight, lung coefficient, survival rate, lung function, and pathological sections of rats. Network pharmacology is an effective tool for predicting complex pharmacological mechanisms and has been widely used by TCM researchers. Through component identification (UHPLC-MS/MS analysis) and network pharmacology, we screened out key targets and signaling pathways to reveal the mechanism of YHD in treating PF. We then further validated key markers on cellular senescence signaling pathways with different approaches. An overview of our study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental flow diagram. (A)Network pharmacology (B) Animal experiment. Pulmonary fibrosis was induced in rats by tracheal drops of bleomycin at day 0. From day 1 to day 21, rats were given YHD by gavage once a day, and orbital blood was collected from rats once a week. Each group of rats ended up with at least 6 biological replicates.
2 MATERIALS AND METHODS
2.1 Drugs and reagents
YHD granules are provided by Yifang Pharmaceutical (Guangdong, China) to ensure accurate dosage. Each herb underwent a series of processes, including decocting, extracting, concentrating, drying, and finally preparing into granules. These granules were identified by professor Wen-fu Cao of Chongqing Medical University. The granules sample are saved in Chongqing Key Laboratory of Traditional Chinese Medicine for Prevention and Cure of Metabolic Diseases. Detection kits for hydroxyproline are available from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Detection kits for reactive oxygen species (ROS) are available from Nanjing Fengfeng Biomedical Technology Co. (Nanjing, China). The TGF-β1, IL-6, and TNF-α detection kits were provided by Jiubang Biotechnology (Fujian, China). All reagents for rt-qPCR were from Takara Bio (Kusatsu, Japan). All primers for qPCR were synthesized by Tsingke Biology Technology (Beijing, China). Acetonitrile, methanol, and formic acid (LC-MS grade) were purchased from CNW Technologies (Dusseldorf, Germany). Antibodies against GAPDH (ab181602), p16 (ab51243), and P21 (ab109199) were offered by Abcam (Cambridge, United Kingdom). Antibodies against P53 (sc-99) were purchased from Santa Cruz. Antibodies against Collagen I (GB11022-3), Collagen Ⅲ(GB111629), and α-SMA (GB111364) were acquired from Servicebio (Wuhan, China).
2.2 Preparation of Yiqi Huayu decoction
YHD consists of two botanical drugs: Astragalus mongholicus Bunge (AM) and Salvia miltiorrhiza Bunge (SM). Table 1 shows detailed YHD information and composition ratios. All original medicinal materials are made into granules according to the procedures of the Chinese Pharmacopoeia. Specifically, the original herbs were soaked in 7 times the volume of purified water for 30 min, brought to a boil over high heat, and continued to decoct for 60 min. After filtering off the liquid, water was added again, brought to a boil over high heat, and the decoction was continued for 40 min. Finally, the liquid obtained from the two decoctions was mixed, dried, concentrated, and packaged into granules. 60 g of raw astragalus was concentrated into 12 g of granules, and 30 g of salvia was concentrated into 5.4 g of granules. The YHD oral liquids were made by mixing granules of single botanical drugs with double-distilled water and dissolving them. The daily dose of YHD granules in adults is 0.29 g/kg. Rats’ daily dose was calculated as 1.827 g/kg using the conversion ratio of surface area between rats and humans (6.3). This dose was used as the medium dose. The low dose of YHD was 0.9135 g/kg, whereas the high dose was 3.654 g/kg.
TABLE 1 | Compositions of YHD.
[image: Table 1]2.3 Ultra-high-performance liquid chromatography tandem mass spectrometry
100 mg YHD sample dissolved in 500ul extraction solution (Methanol: water = 4:1, the internal standard concentration is 10 ug/mL). Vortex for 30 s, sonicate at 45 Hz for 4 min, and sonicate in an ice-water bath for 1 h; After standing at - 40°C for 1 h, the sample was centrifuged at 4°C, 12,000 rpm (centrifugal force 13,800 (×g), radius 8.6 cm) for 15 min; The supernatant was filtered through a 0.22 um microporous membrane. 5ul filtered supernatant was detected for UHPLC-MS/MS analysis.
2.4 Animals
Thirty adult male Sprague-Dawley rats (weighing 200–220 g) were used as research subjects. All animals were supplied by the Laboratory Animal Center of Chongqing Medical University and kept in a specific pathogen-free room at the center. The laboratory was maintained at 22.9 (°C) with a relative humidity of 46.4% and a 12-h dark photoperiod. All rats were fed standard chow and water for 7 days in the laboratory before the experiment.
2.5 Model preparation and administration
After 7 days of adoption, all rats were randomly divided into five groups (n = 6 in each group) as follows: control group, model group, YHD at low-, medium-, and high-dose group (0.9135,1.827, 3.654 g/kg/day). On day 0, rats in the control group were treated with an equal volume of saline, and the other groups’ rats were intratracheally injected with BLM dissolved in saline. Briefly, rats were anesthetized (2% sodium pentobarbital) and instilled with BLM solution (5 mg/kg) by the intratracheal route. From day 1 to day 21, rats in the control and model groups were treated with saline, while rats in the low-, medium-, and high-dose YHD groups were treated with the corresponding doses of YHD. All rats were sacrificed on day 21st. The lower 1/3 of the left lung was fixed with 4% paraformaldehyde and sectioned for H&E, MASSON, and immunohistochemical staining. The remaining lung tissues were stored at -80°C for future analyses.
2.6 Lung function test
On day 21st, rat lung function was measured using the FinePointe non-invasive testing system (FinePointe™ NAM, Data Sciences International). Specifically, the rat is secured in a closed box with an airflow monitoring apparatus attached to one end of the box. Different respiratory parameters such as breathing frequency (F), minute volume (MV), tidal ventilation volume (TV), specific airway conductance (sGaw), functional residual capacity (FRC), and specific airway resistance (sRaw) were derived from the airflow. The average values calculated by the system are counted as raw data.
2.7 Hydroxyproline and reactive oxygen species
Hydroxyproline (HYP) contents in lung tissues were measured using the Hydroxyproline Assay Kit (Nanjing Jiancheng Corp. Nanjing, China) according to the manufacturer’s instructions. In brief, 50 mg of lung tissue was mixed with 1 ml of hydrolase and placed in a boiling water bath for 20 min. The supernatant was centrifuged at 3,500 rpm/min for 10 min, and the absorbance was measured at 550 nm. The detection of reactive oxygen species (ROS) in lung tissue is according to the kit instructions. Specifically, 50 mg of lung tissue was homogenized in 1 ml of homogenizing Buffer, and the supernatant was harvested by centrifugation. We sequentially added 200 ul of supernatant and 2 μl of liquid containing the fluorescent probe to the 96-well plate. Fluorescence intensity was measured at excitation wavelength 510 nm and emission wavelength 610 nm. After measuring the protein concentration of the supernatant, the fluorescence intensity/protein concentration indicates the intensity of tissue reactive oxygen species.
2.8 Histological analysis and immunohistochemistry
The left lung tissues were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin. According to the manufacturer’s instructions, histological sections were used for hematoxylin-eosin (H&E), Masson, and immunohistochemical (IHC) experiments. Alveolitis was assessed with H&E-stained sections, and fibrosis was assessed with Masson’s trichrome-stained sections. The inflammation and fibrosis scores were assessed quantitatively based on previous literature (Szapiel et al., 1979). All the sections were analyzed by microscopy (BX53, Olympus Corporation, Japan).
2.8.1 Hematoxylin-eosin Staining
Paraffin sections were deparaffinized, stained with hematoxylin staining solution for 5 min, rinsed with distilled water, dehydrated with graded alcohol, and then stained with eosin staining solution for 5 min, and dehydrated and sealed. Sections were rinsed with 1% glacial acetic acid for differentiation, dehydrated with absolute ethanol, and fixed.
2.8.2 Masson staining
Sections were immersed in Masson A solution overnight and washed with water. And the sections were filled into a dye solution mixed with Masson B solution and Masson C solution in equal proportions, soaked for 1 min, washed with water, differentiated with 1% hydrochloric acid alcohol, and washed with water. Next, the sections were plunged into Masson D solution for 6 min, rinsed with water, and plunged into Masson E solution for 1 min. After a slight drain, the sections were directly stained with Masson F solution for 2–30 s. Sections were rinsed with 1% glacial acetic acid for differentiation, dehydrated with absolute ethanol, and fixed.
2.8.3 Immunohistochemistry
We incubated the sections at 95°C for 20 min with citrate antigen retrieval solution. These sections were incubated with primary antibodies Collagen-I (GB11022-3), Collagen-Ⅲ(GB111629), and α-SMA (GB111364) overnight, and then secondary antibodies were incubated with these sections for 50 min. Image-Pro Plus software (Media Cybernetics, United States) calculated cumulative optical densities.
2.9 Real-time quantitative PCR analysis
The mRNA expression levels of p53, p21, p16, and GAPDH in lung tissue were detected by rt-qPCR. Trizol reagent (Takara) extracted total RNA from lung tissue following the manufacturer’s protocol. Reverse transcription was carried out using the PrimeScript RT Reagent Kit (Takara). qRT-PCR was performed with the SYBR PrimeScript PCR kit II (Takara). A housekeeping gene, GAPDH, was used to standardize Ct values. Fold changes in mRNA expression were calculated by relative quantification (2−ΔΔCt). Primer sequences used for PCR are shown in Table 2.
TABLE 2 | Primer sequences used for rt-qPCR.
[image: Table 2]2.10 Western blotting analysis
Hub target proteins were subsequently validated by western blotting using specific antibodies. Briefly, we extracted proteins from rat lung tissue using lysates and protease inhibitors. Protein content was quantified with the BCA reagent kit. Proteins were separated by electrophoresis on SDS-PAGE gels and then transferred to the PVDF membranes. The membrane and primary antibodies were incubated overnight at 4°C after blocking with 5% skimmed milk. Following 5 washes with TBST, the membrane was incubated for 1 h with HRP-conjugated secondary antibodies. Finally, a chemiluminescence reagent was added to the membrane surface, and the imaging system visualized the target protein.
2.11 Enzyme-linked immunosorbent Assay
A quantitative ELISA was used to determine the levels of TNF-α, TGF-β1, and IL-6 in serum. The ELISA kits were all purchased from Jiubang Biotechnology (Fujian, China). All operations were performed strictly following the kit instructions. Briefly, serum samples (10 μl) and diluent solutions (40 ul) were separately added to the wells on a 96-well plate. Next, each well was added to HRP-labelled secondary antibodies and then incubated at 37°C for 60 min. Finally, we measured the optical density of each hole at 450 nm after adding 50 ml termination solution within 15 min.
2.12 Network pharmacology
2.12.1 Obtaining the Yiqi Huayu decoction targets and PF-related gene sets
First, we screened the active ingredients of YHD from UHPLC-MS/MS analysis and Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (Ru et al., 2014). The screening criteria are that the oral bioavailability (OB) ≥ 30% and the drug-like (DL) index ≥0.18 (Li and Kan, 2021; Xia et al., 2020). Based on the active compound, we searched compound-related target genes in different databases (TCMSP, HERB, Swiss Target Prediction) (Gfeller et al., 2014; Ru et al., 2014; Fang et al., 2021). With the help of Uniprot, an AMSM target gene set is acquired after gene symbol annotation (Apweiler et al., 2004). Then, we searched PF-related genes in four databases: the Drugbank database, Genecards database, HERB database, and TTD database (Rebhan et al., 1997; Chen et al., 2002; Wishart et al., 2008; Fang et al., 2021). By combining the search results, we established a set of PF-related genes. PF-related genes and AMSM target genes were intersected to determine the common targets between drugs and diseases.
TCMSP database (https://www.tcmsp-e.com/).
Swiss Target Prediction web server (http://www.swisstargetprediction.ch).
HERB database (http://herb.ac.cn/).
Uniprot database (http://beta.uniprot.org/).
Drugbank database (https://go.drugbank.com).
Genecards database (https://www.genecards.org).
TTD database (http://db.idrblab.net/ttd/).
2.12.2 Protein-protein interaction network and critical subnetwork
STRING database was used to construct the PPI network based on the common gene set (Damian et al., 2011). After setting the parameter as high confidence (0.9), the PPI network from STRING was imported into Cytoscape for further analysis. We applied two methods (CytoNca and CytoHubba) to screen the core subnetwork. Firstly, we used CytoNca(a plugin in Cytoscape) to analyze the PPI network (Tang et al., 2015). In detail, based on the primary score file calculated by CytoNca, we constructed a primary subnetwork consisting of the top 10 genes. Second, we used CytoHubba (another plugin in Cytoscape) to analyze the PPI network again (Chin et al., 2014). This approach analyzed the top 10 genes in the PPI network and constructed the critical subnetwork without checking the first-stage nodes.
STRING (https://www.string-db.org).
Cytoscape (version 3.8.2).
2.12.3 Enrichment analysis and cluster analysis
A series of enrichment analyses were performed to determine the underlying mechanism, including gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome pathway analysis (Kanehisa and Goto, 2000; Harris et al., 2004; Joshi-Tope et al., 2005). KEGG and GO enrichment analysis was conducted using R’s “ClusterProfile” package (version 3.4.0) (Yu et al., 2012). The enrichment analysis of the Reactome pathway is completed using the DAVID database (Dennis et al., 2003). MCODE, a plugin for Cytoscape, carried out the clustering analysis. MCODE is mainly based on PPI network density and K-score for clustering analysis (The following parameters were set: degree cutoff = 2, node score cutoff = 0.2, K-score = 2, max. depth = 100) (Bader and Hogue, 2003).
2.13 Statistical analysis
The statistical analyses were conducted using GraphPad Prism version 8.0 (GraphPad Software, United States). All raw data are shown as mean ± SEM. A one-way ANOVA was performed after satisfying a normal distribution, followed by a Tukey multiple comparison test. p-values less than 0.05 were considered statistically significant.
3 RESULTS
3.1 Components analysis of Yiqi HuaYu decoction
In order to identify the chemical components in Yiqi Huayu decoctions (YHD), UHPLC-MS/MS was used to analyze the samples. The total ion chromatograms (positive and negative) of YHD were obtained by UHPLC-MS/MS(Figures 2A–B). A total of 563 compounds were identified from the YHD samples. These compounds included 143 terpenoids, 86 flavonoids, 48 phenylpropanoids, 47 alkaloids, 45 miscellaneous, 34 phenols, 19 fatty acyls, 17 organic acids and their derivatives, 16 amino acid derivatives, 12 coumarins, etc. See the Supplementary Table S1 for detailed ingredient information. Figure 2 demonstrates six key compounds: 1) Prunetin, 2) Tectochrysin, 3) Tanshinone IIa, 4) Rosmarinic acid, 5) Protocatechualdehyde, and 6) Acacetin.
[image: Figure 2]FIGURE 2 | Identification of chemical components of YHD by ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC–MS/MS). Total ion chromatography in (A) positive and (B) negative ion modes for YHD samples is shown. The numbers correspond to the compounds on the left. The molecular structures of the compounds are on the right.
3.2 Yiqi HuaYu decoction alleviated bleomycin-induced pulmonary fibrosis in the rat
Rat survival rates, body weights, and lung coefficients were recorded to verify the therapeutic effects of YHD on PF. Following intratracheal instillation of BLM at day 0, total two rats in the model group died (on day 2 and day 6, respectively), and one in the low-dose YHD group died (on day 2). Conversely, no rats died in the remaining three groups (Figure 3A). The lung coefficient can reflect the degree of inflammation and edema in the lung tissue (Shen et al., 2020). Rats in the model and YHD-L groups had a higher lung coefficient than those in the control group (p < 0.001). The medium- and high-dose YHD reduced the lung coefficients of fibrotic rats (Figure 3B). The body weight reflects the health status of fibrotic rats. Compared to the normal control group, the rats in the model group showed significant early weight loss (on day 7) and later slowed weight growth (on day 21). Different doses of YHD had a tendency to improve rat body weight, although there was no statistical difference (Figure 3C).
[image: Figure 3]FIGURE 3 | YHD alleviated BLM-induced PF in the rats. (A) Percent survival. Total two rats in the model group died (on day 2 and day 6, respectively), and one in the low-dose YHD group died (on day 2). No rats died in the remaining three groups. Each group of rats ended up with at least 6 biological replicates. (B)Lung coefficient. (C)Body weight. On day 7 and day 21, there was a statistical difference between the control and model group (n = 6). (D) Hematoxylin-Eosin and Masson staining (scale bar = 50 um). Thickening of the alveolar septum, destruction of alveolar structure, massive inflammatory cell infiltration in the alveolar space and interstitium (red arrows), and blue collagen fibers (black arrows). (E–F) Inflammation and fibrosis score. Inflammation and fibrosis scores were assessed based on HE-stained and MASSON-stained sections, respectively. Data were presented as the means ± SEM. ###p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, compared with the model group, respectively.
Pathological staining can more intuitively observe alveolar structure and degree of fibrosis. H&E staining showed obvious morphologic changes in the lung in the model group, including thickening of the alveolar septum, alveolar structure destruction, and heavy inflammatory cell infiltration in the alveolar space and lung interstitium (Figure 3D). In addition, the lung tissues of rats in the model group also displayed increased collagen deposition, as indicated by the increased blue fiber bundles in Masson-stained lung sections. The results of the inflammation and fibrosis scores showed that YHD treatment reduced the infiltration of inflammatory cells and decreased the deposition of collagen fibers. A significant dose effect was seen between the low-dose and high-dose groups (Figures 3E,F).
3.3 High-dose Yiqi HuaYu decoction improved lung function of fibrotic rats and inhibited collagen deposition in lung interstitium
It is well known that PF can compromise lung function. Since high-dose YHD exhibited better therapeutic effects, we evaluated the improvement effect of high-dose YHD on lung function. High airway resistance is indicated by increased specific airway resistance (sRaw) and decreased specific airway conductance (sGaw). Decreased functional residual capacity (FRC) suggests alveolar contraction or collapse. Lung function results showed that sRaw and minute volume (MV) were elevated, while sGaw and FRC were decreased in model rats compared to control rats. After using high-dose YHD, sGaw and FRC increased, and sRaw decreased compared with the model rat (Figures 4A–D). These data indicated that high-dose YHD alleviated BLM-induced alveolar collapse and decreased airway resistance. High expression of α-SMA and excessive collagen deposition (mainly type I and type III) are characteristics of PF. By immunohistochemical staining of lung sections, we observed that a large amount of collagen (type I and type III) and α-SMA proteins were deposited in the lung interstitium of rats in the model group. However, high-dose YHD significantly reduced the expression of collagen protein (type Ⅰ and Ⅲ) and α-SMA (Figures 4F–I). In addition, hydroxyproline (HYP), an essential component of collagen synthesis, was also measured (Medugorac, 1980). The lung tissue of rats in the model group contained more HYP compared with the control group (p < 0.001). Conversely, high-dose YHD decreased lung hydroxyproline levels in fibrotic rats (Figure 4E). These results indicate that YHD can reduce collagen deposition and activation of myofibroblasts.
[image: Figure 4]FIGURE 4 | High-dose YHD improved lung function of fibrotic rats and inhibited collagen deposition in lung interstitium. (A–D) Lung function indicators: specific airway resistance (sRaw), specific airway conductance (sGaw), functional residual capacity (FRC), and minute volume (MV). (E) Hydroxyproline content. (F) Effects of high-dose YHD on pulmonary fibrosis by immunohistochemistry (scale bar = 50 um). (G–I) Image-Pro Plus software was used to statistically analyze the immunohistochemical staining results of collagen-Ⅰ, collagen-Ⅲ, and α-SMA. Data were presented as the means ± SEM (n = 6). #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, ***p < 0.01, compared with the model group, respectively.
3.4 Network pharmacology
3.4.1 Identification of the theoretical active compounds and proteins targets of Yiqi HuaYu decoction
YHD effective compounds were collected from UHPLC-MS/MS analysis and the TCMSP database. Compounds that meet the requirements of oral bioavailability (OB) ≥ 30% and drug-like (DL) index≥0.18 can be considered potential drug candidate active ingredients (Xia et al., 2020). We screened 20 active compounds of Astragalus menbrunucrus (AM) and 65 active compounds of Salvia miltiorrhiza (SM). Supplementary Table S2 contains detailed information on these active compounds. Then, using the screened active compounds, we identified 209 a.m. target genes and 137 S M target genes from databases (TCMSP, HERB, and Swiss Target Prediction). In addition, we identified 5,917 pulmonary fibrosis (PF) target genes from databases (Drugbank, Genecards, HERB, and TTD). Finally, by taking the intersection, we get 88 overlapping common protein targets among AM, SM, and PF (Figure 5A). These common targets were used for further analysis. Supplementary Table S3 includes all target detail information.
[image: Figure 5]FIGURE 5 | The hub target proteins of YHD in treating PF screened by network pharmacology. (A–B) the common target proteins between YHD and PF. Red nodes represent critical target proteins. (C) the top 10 target proteins screened by CytoNca algorithms. (D) the top 10 target proteins screened by CytoHubba algorithms. (E) the nine most critical target proteins obtained from the intersection. Two different algorithms screened target proteins, and the intersection was taken to obtain the most critical target proteins.
3.4.2 Hub target proteins and critical signal pathway
We could identify hub target proteins through the protein-protein interaction (PPI) network. Figure 5B shows the PPI network obtain from the STRING database. The nodes in red represent key hub proteins. In addition, we used two algorithms (CytoHubba and CytoNCA) to find the critical top ten proteins in 88 common targets (Figures 5C,D). Finally, by taking the intersection, we found nine key proteins (Figure 5E): JUN, TP53, MAPK1, MYC, RELA, MAPK14, ESR1, IL-6, and TNF.
Enrichment analysis can identify key signaling pathways and biological functions. The categories covered by GO enrichment analysis were molecular function (MF), cellular component (CC), and biological process (BP). Based on the 88 common targets, we obtained 174 KEGG pathways and 2513 GO terms, including 2266 BP, 81 CC, and 166 MF. As shown in Figure 6A, the top 10 terms in BP, CC, and MF are listed. The most enriched BP terms were associated with oxygen metabolism, including response to oxygen levels, response to reactive oxygen species, reactive oxygen species metabolic process, response to hypoxia, and response to decreased oxygen levels. We screened out the top 10 signaling pathways related to PF (Figure 6B). These pathways are mainly related to the inflammatory response (IL-17 signaling pathway and TNF signaling pathway), immune response (Th17 cell differentiation and T cell receptor signaling pathway), and cell cycle regulation (apoptosis and cellular senescence).
[image: Figure 6]FIGURE 6 | The critical pathways screened by network pharmacology. (A) GO enrichment analysis. (B) KEGG enrichment analysis. Cellular senescence signaling pathways were enriched for the first time. (C) The five clusters screed by MCODE analysis. (D) Reactome pathway enrichment analysis of the cluster Ⅰ. The cellular senescence signaling pathway was again enriched. (E–F) The cellular senescence pathway and key markers (TP53/P53, CDKN1A/P21) on the pathway.
Molecular Complex Detection (MCODE) analysis can screen out key functional modules of molecular networks. Through MCODE, we obtained 5 key cluster subnetworks (Figure 6C). Each clustering subnetwork is scored, with higher scores representing more critical. We performed Reactome pathway analysis on the first cluster subnetwork and found that cellular senescence signaling pathways were enriched again (Figure 6D). Figure 6E shows a cellular senescence signaling pathway diagram, with red labels representing 13 target proteins enriched in this pathway. Figure 6F shows the top ten proteins among the 13 senescence-related proteins, and the upper right table shows their degree rankings.
3.5 High-dose Yiqi HuaYu decoction inhibited cellular senescence
Because the cellular senescence pathway is enriched multiple times, we examined the key markers TP53 (p53) and CDKN1A (p21) on this pathway. In addition, CDKN2A (p16), another key marker of cellular senescence, was detected despite not being captured by network pharmacology. On both the protein and gene levels, the lung tissues of the model rats showed significantly higher expression of p53, p21, and p16 than the control group. Nevertheless, high-dose YHD significantly decreased the expression of these senescence markers (Figures 7B–H).
[image: Figure 7]FIGURE 7 | High-dose YHD inhibited cellular senescence. (A) the relative content of ROS in the lung tissue. (B) Western blotting of p53, p21, and p16 in the lung of fibrotic rats. (C–E) The relative protein expression of p53, p21, and p16 in the lung. (F–H) The relative gene expression of p53, p21, and p16 in the lung by rt-qPCR. Data were presented as the means ± SEM (n = 6 each group). #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, ***p < 0.001, compared with the model group.
Increased reactive oxygen species (ROS) can induce cellular senescence, so we examined ROS expression in lung tissue (Figure 7A). As expected, the model rats had significantly higher levels of ROS in their lung tissue than the control rats (p < 0.001), while high-dose YHD could reduce its expression (p < 0.05).
Senescent cells can secrete various cytokines collectively known as the SASPs, including TGF-β1, TNF-α, and IL-6. SASPs can reinforce the senescence program and influence the tissue microenvironment. Therefore, we detected the contents of SASPs (TGF-β1, TNF-α, and IL-6) in rat orbital blood by ELISA once a week. ELISA results showed that the levels of TGF-β1, TNF-α, and IL-6 in the serum of model rats were significantly increased on day 7, 14, and 21 compared with the control group (p < 0.001). Conversely, different doses of YHD could decrease the content of these SASPs and show a significant gradient effect (Figures 8A–I).
[image: Figure 8]FIGURE 8 | High-dose YHD inhibited SASPs. Senescent cells can secrete a combination of factors collectively known as the SASPs, including TGF-β1, TNF-α, and IL-6. The content of TGF-β1, TNF-α, and IL-6 in rat orbital blood by ELISAs once a week (on day 7, day 14, and day 21). Data were presented as the means ± SEM (n = 6 each group). #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the control group; *p < 0.05, **p < 0.01, ***p < 0.001, compared with the model group; &p < 0.05, &&p < 0.01, &&&p < 0.001, compared with the low-dose YHD group.
Taken together, these results suggest that YHD can inhibit senescence and SASPs.
4 DISCUSSION
There is currently no cure for PF, which frequently leads to organ failure and death (Moss et al., 2022). TCM is an excellent resource for drug innovation discovery, and we try to find shortcuts to treating PF from this treasure trove. Practitioners of TCM believe that the pathogenesis of PF is mainly Qi deficiency and blood stasis, so the therapy strategy is to tonify qi, activate blood, and remove stasis (Li and Kan, 2017). YHD consists of two botanical drugs: Astragalus mongholicus Bunge (AM) and Salvia miltiorrhiza Bunge (SM). Data mining analysis of TCM clinical prescriptions showed that AM and SM were the most frequently used herbs for tonifying Qi and activating Blood, respectively (Zhang et al., 2018). In our study, we confirmed the efficacy of YHD in an animal model and preliminarily explored the underlying mechanisms of this drug. The mechanism of YHD for PF is shown in Figure 9. Our study lays the foundation for developing novel drugs for PF while providing evidence support for the clinical promotion of YHD.
[image: Figure 9]FIGURE 9 | Schematic of Mechanism of YHD in treating PF. The red arrows indicate inhibitory effects.
The diagnosis of PF and assessment of drug efficacy are difficult in clinical practice (Richeldi et al., 2017). Therefore, we assessed the efficacy of YHD by a comprehensive evaluation of body weight, lung coefficients, lung function, and pathological lung structures. We used BLM for the PF model, which is currently the most widely used animal model (Martinez et al., 2017). Our study demonstrated that YHD treatment significantly improved BLM-induced weight loss and pathological lung changes in rats. Excessive collagen deposition and myofibroblast activation are features of PF, and the high expression of α-SMA is a marker of myofibroblast activation (Moss et al., 2022). Previous studies have shown that YHD can inhibit collagen deposition (He et al., 2012). Consistent with their results, we found that YHD notably decreased the content of collagen (type Ⅰ and type Ⅲ) and α-SMA in fibrotic lung tissues. To better meet clinical criteria, we examined fibrotic rats’ lung function. YHD could significantly improve high airway resistance in fibrotic rats. To summarize, these results demonstrated that YHD mitigated BLM-induced PF.
Cellular senescence is thought to be a major driver of the malignant progression of PF (Schafer et al., 2017). The process of cellular senescence is caused by multiple physiological and pathological stresses that result in a permanent cell cycle arrest (Muñoz-Espín and Serrano, 2014). Cellular senescence consists of replicative and stress-related senescence (Hernandez-Segura et al., 2018). Replicative senescence is mainly due to the activation of p53 after DNA damage. Stress-related senescence is mainly due to oxidative stress damage, which activates the cyclin-dependent kinase inhibitor p16. Both pathways can activate the downstream cyclin-dependent kinase inhibitor p21 (Barnes et al., 2019). Activating p21 causes cells to exit the cell cycle, resulting in a permanent cell cycle arrest (Lv et al., 2021). In a recent study, researchers found that p53 and p21 were significantly highly expressed in the lung tissue of PF patients. Moreover, pifithrin-α, a specific p53 inhibitor, can reduce the senescence of type II alveolar cells, thereby alleviating experimental pulmonary fibrosis (Yao et al., 2021). We found that YHD inhibited cellular senescence markers, as evidenced by decreased gene and protein expression of p53, p21, and p16.
Despite being in a state of cell cycle arrest, senescent lung epithelial cells are still metabolically active (Yao et al., 2021). These senescent cells can secrete various growth factors, cytokines, and proteases, known as SASPs. Unfortunately, the SASPs cause low-grade chronic inflammation, which further triggers senescence and massive accumulation of extracellular matrix (Hernandez-Segura et al., 2018). Our experiment dynamically detected the levels of SASPs (TGF-β1, TNF-α, and IL-6) in rat serum. ELISA results showed that the progression of PF was accompanied by continuous stimulation of these SASPs. High-dose YHD consistently suppressed the expression of these SASPs in serum during the progress of PF. These results suggest that YHD can inhibit cellular senescence and SASPs, which may be beneficial in explaining the anti-fibrotic mechanism of YHD.
However, our study has some limitations. Because YHD intervention is difficult to perform on cell experiments, next, we will continue to screen active compounds of YHD and further explore their anti-fibrotic mechanisms.
5 CONCLUSION
In conclusion, our study suggests that YHD improves lung pathological injury and lung function in PF rats. This protective effect may be related to the ability of YHD to inhibit cellular senescence.
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Exposure to high concentrations of hydrochloric acid (HCl) can lead to severe acute and chronic lung injury. In the aftermath of accidental spills, victims may be treated for the acute symptoms, but the chronic injury is often overlooked. We have developed a mouse model of acute and chronic lung injury, in which the peak of acute lung injury occurs on the day 4 after HCl exposure. We have also demonstrated that HSP90 inhibitors are effective antidotes when administered starting 24 h after HCl. In this study we examined the hypothesis that the novel oral HSP90 inhibitor TAS-116 can effectively ameliorate HCl-induced lung injury even when treatment starts at the peak of the acute injury, as late as 96 h after HCl. C57BI/6J mice were intratracheally instilled with 0.1N HCl. After 24 or 96 h, TAS-116 treatment began (3.5, 7 or 14 mg/kg, 5 times per week, p. o.) for either 2,3 or 4 or weeks. TAS-116 moderated the HCl-induced alveolar inflammation, as reflected in the reduction of white blood cells and total protein content in bronchoalveolar lavage fluid (BALF), overexpression of NLRP3 inflammasome, and inhibited the activation of pro-fibrotic pathways. Furthermore, TAS-116 normalized lung mechanics and decreased the deposition of extracellular matrix proteins in the lungs of mice exposed to HCl. Delayed and shortened treatment with TAS-116, successfully blocked the adverse chronic effects associated with acute exposure to HCl.
Keywords: idiopathic pulmonarry fibrosis, Hsp90 inhibitior, TAS-116, mice, hydrochloric acid
1 INTRODUCTION
HCl is one of the most used industrial chemical compounds in the world with numerous applications in oil and gas production, as a cleaning agent, and in the steel and leather industries. Accidental spills of HCl occur every year in industrial settings or during transportation. Acute exposure to high concentrations can cause severe acute and chronic, potentially fatal, lung injury (Occupational exposures to mists and, 1992). The National Research Council concluded that exposure to HCl results in pain, coughing, inflammation, edema and desquamation in the upper respiratory tract. High concentrations might also produce constriction of the larynx and bronchi and closure of the glottis (National Research Council (US) Committee on Acute Exposure Guideline Levels, 2010). A clinical study involving 170 fire fighters identified hydrogen chloride as an important contributor to respiratory symptoms and one fatal case with hemorrhage, edema, and inflammation of the lungs was reported (Dyer and Esch, 1976). Since in some cases symptoms appeared 2-to 3 days after the incident (Boyce and Simpson, 1996), the victims often do not seek medical attention immediately after exposure.
Heat shock protein 90 (HSP90) is an ATP-dependent molecular chaperone that is present in procaryotic and eucaryotic cells and facilitates the maturation of clients (kinases, transcription factors, signaling proteins, steroid hormone receptors, and numerous other proteins) that are involved in various cellular pathways (Schopf et al., 2017). Inhibition of HSP90 transforms the HSP90-client protein complex, leading to reduced activity, misfolding, ubiquitination and proteasomal degradation of client proteins (Butler et al., 2015). Association with a multiplicity of signaling pathways has positioned HSP90 as a promising target for cancer treatment. Recent studies suggest that HSP90 inhibitors may have antifibrotic properties (Sontake et al., 2017; Sanchez et al., 2020). A wealth of epidemiological studies demonstrates a strong correlation between organ fibrosis and cancer (Landolt et al., 2020). Experimental and clinical investigations suggest that these diseases have overlapping properties, such as activation of fibroblasts and growth factors, progressive extracellular matrix (ECM) deposition and similar pathogenic pathways (Piersma et al., 2020).
In previous studies we reported that 4-week treatment with HSP90 inhibitors (AUY-922, i. p. or AT13387, s. c.) administered starting 24 h after exposure to 0.1N HCl, successfully prevented chronic lung injury and pulmonary fibrosis in mice (Marinova et al., 2020; Colunga Biancatelli et al., 2022a). 4-(1H-pyrazolo[3,4-b] pyridine-1-yl) benzamide, or TAS-116, also known as Pimitespib, is a highly selective inhibitor of heat shock protein 90α and β, -with null activity on GRP94 or TRAP-1- that demonstrates potent antitumor activity and minimal toxicity compared to earlier generations of HSP90 inhibitors (Ohkubo et al., 2015). TAS-116 is structurally distinct from other HSP90 inhibitors and exhibits less hepatotoxicity and lacks the ability to penetrate the blood brain barrier (Doi et al., 2019). Moreover, oral bioavailability of this inhibitor allows for a more flexible dosing schedule compared with parenteral administration. In this study, we investigated the optimal dosing and windows of administration of TAS-116 against HCl-induced pulmonary fibrosis and chronic lung injury in mice.
2 MATERIALS AND METHODS
2.1 Materials
TAS-116 (Pimitespib) was purchased from MedChemExpress, HCl (37%), ACS grade, methacholine chloride USP grade, radioimmunoprecipitation assay (RIPA) buffer, and protease inhibitor cocktail were supplied from Sigma-Aldrich Corporation (St. Louis, MO, United States). Socumb (pentobarbital sodium) USP grade, AnaSed (xylazine) USP grade, and Ketaset (ketamine) USP grade were obtained by Henry Schein Animal Health (Pittsburg, PA, United States). Formaldehyde ACS reagent, 37 wt%, was purchased from ThermoFisher Scientific (Waltham, MA, United States), the BCA Protein assay kit from Pierce Co. (Rockford, IL, United States), EDTA and Amersham Protran 0.45 μm nitrocellulose blotting membranes from GE Healthcare (Chicago, IL, United States), TRIzol and SuperScript VILO reverse transcriptase kit from Invitrogen (Carlsbad, CA, United States), RNeasy Mini Kit from Qiagen (Hilden, Germany), and SYBR Green Master Mix from Applied Biosystems (Carlsbad, CA, United States). All primers used for real-time quantitative PCR were purchased from Integrated DNA Technologies, Inc. (Coralville, IA, United States). SDS-PAGE, ProtoGel (30% acrylamide mix), and TEMED were from National Diagnostics (Atlanta, GA, United States), Tris-HCl buffer from Teknova (Hollister, CA, United States), 10% sodium dodecyl sulfate (SDS) and ammonium persulfate (APS) from ThermoFisher Scientific, and Protein Dual Color Standards and Tricine Sample Buffer from Bio-Rad Laboratories (Hercules, CA, United States). For antibodies used in Western blotting, rabbit total and phosphorylated MAPK ERK 44-42 (Thr202/Tyr204), rabbit total and phosphorylated SMAD2 (Ser423/425), NLRP3 inflammasome antibodies were obtained from Cell Signaling Technology, Inc. (Danvers, MA, United States), mouse HSP90, rabbit Phospho-HSP90 (Ser226), Collagen Type I A2 and Mouse/Human TGF-β1 ELISA Kit were purchased from ThermoFisher Scientific. Mouse monoclonal β-actin antibody from Sigma-Aldrich Corporation (dilution 1:1000), and IRDye 800CW Goat anti-rabbit and IRDye 680RD Goat anti-mouse antibodies (dilution 1:5000) from LI-COR Biosciences (Lincoln, NE, United States).
2.2 Ethical statement
Animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of Old Dominion University (Protocol #19-014), abide by the principles of animal experimentation as published by the American Physiological Society, and were carried out in Animal Biosafety Level 2 (ABSL-2) facility at the Frank Reidy Research Center for Bioelectrics, ODU, Norfolk, VA.
2.3 Animals and treatment groups
Male C57Bl/6J mice, obtained from Jackson Laboratories (Bar Harbor, ME, United States), 8–10 weeks old, 23–26 g body weight, were housed in pathogen-free facility. Animals were intratracheally instilled with vehicle (normal saline) or HCl (0.1 N) and treated after 24 h with either vehicle (10% DMSO in corn oil) or with the HSP90 inhibitor TAS-116 (3.5, 7 or 14 mg/kg). Mice were randomly divided into six treatment groups: 1) mice that were exposed to normal saline (VEH); 2) mice that were exposed to 0.1N HCl and treated with vehicle (10% DMSO in corn oil) 5 times/week p. o. via gavage needle (HCl); (Wong et al., 2018) mice that were exposed to 0.1N HCl and treated orally with TAS-116 7 mg/kg 5 x/week starting 24 h post-instillation for 4 weeks (TAS 24 h 4w); 4) mice that were exposed to 0.1N HCl and treated orally with TAS-116, 7 mg/kg, 5 times/week starting 96 h post-instillation for 4 weeks (TAS 96 h 4w); 5) mice that were exposed to 0.1N HCl and treated orally with TAS-116 7 mg/kg 5 x/week starting 96 h post-instillation for 3 weeks (TAS 96 h 3w); 6) mice that were exposed to 0.1N HCl and treated orally with TAS-116 7 mg/kg 5 times/week starting 96 h post-instillation for 2 weeks (TAS 96 h 2w). On day 0, mice were anesthetized with intraperitoneal (i.p.) injections of xylazine (6 mg/kg) and ketamine (60 mg/kg). An i. p. bolus of sterile saline (10 μl/g) was given as pre-emptive fluid resuscitation. The surgical field was cleaned and disinfected with Betadine and 70% alcohol, a 1 cm neck skin incision and blunt dissection of salivary glands were made to visualize the trachea. Mice were suspended in upright position from their incisors and a fine, (20G) plastic i. v. catheter was inserted into the trachea (∼1.5 cm) in such a way that it could be seen through the rings of the trachea. Freshly prepared 0.1 N hydrochloric acid (groups 2–6) or sterile saline (group 1) was instilled (2 μL/g body weight) and flushed with 100 µl air. The catheter was withdrawn, the neck incision closed by the surgical adhesive, and the animals were placed in the ventral position in a small chamber with oxygen and observed constantly for the next 4 h for signs of respiratory distress. Mice were returned to their cages and monitored first day hourly and then daily for abnormal physical appearances. All analyses were performed at 30 days post instillation of HCl.
2.4 Bronchoalveolar lavage fluid white blood cell number and total protein concentration
BALF was obtained by instilling and withdrawing sterile 1 x PBS (1 ml) via a tracheal cannula, as we previously described (Solopov et al., 2020). The total number of leukocytes was counted using a hemocytometer. After the BALF was centrifuged at 2500 × g for 10 min, the supernatant was collected for total protein analysis. The protein concentration was estimated using a bicinchoninic acid (BCA) Protein Assay Kit according to manufacturer’s protocol. BALF supernatant TGF-β1 was analyzed in triplicate via a mouse/human TGF-β1 coated ELISA kit.
2.5 Histopathology, immunohistochemistry and lung fibrosis scoring
Mice were euthanized, the chest was opened and the lungs were fixed with formalin and embedded in paraffin, as we previously described (Solopov et al., 2020). Sections 5 µm thick were prepared from the blocks and stained with Masson’s trichrome and for Inflammasome NLR Family Pyrin Domain-Containing Protein 3 (NLRP3) at a dilution of 1:1280. Twenty randomly selected fields from each slide were examined under ×20 and ×40 magnifications. All the trichrome-stained slides were scored by the Ashcroft scoring scale to estimate the severity of pulmonary fibrosis (Ashcroft et al., 1988) by an investigator blinded to the identity of the animal groups.
2.6 Lung tissue collection
Immediately after euthanasia, the lungs were dissected from the thorax, snap-frozen, and prepared for subsequent analysis as we previously described (Solopov et al., 2020).
2.7 Western blot analysis
Proteins in lung tissue homogenates were extracted from snap-frozen lungs by sonication in ice-cold RIPA buffer with added protease inhibitor cocktail (100:1). The protein lysates were mixed under slow agitation for 3 h at 4°C, and then centrifuged twice at 14000× g for 10 min. The supernatants were gently aspirated, and total protein concentration was measured using the micro-BCA assay. The samples were first mixed with Tricine Sample Buffer, then heated up to 95°C for 10 min, then separated on a 10% polyacrylamide SDS gel by electrophoresis. Proteins were then transferred from the gel to a nitrocellulose membrane and incubated overnight with the appropriate primary antibody (1:1000), followed by 1 h incubation with the secondary antibody (1:5000) and detection by digital fluorescence imaging (LI-COR Odyssey CLx, Dallas, TX, United States). β-actin was used as the housekeeping gene. Densitometry of the bands was performed with ImageJ v.1.8.0 (http://imagej.nih.gov/ij (last access on 15 March 2022); National Institutes of Health, Bethesda, MD, United States). For ERK1/2 and phospho-ERK1/2, both 44 and 42 kDa bands were quantified and then summed.
2.8 RNA isolation and quantitative real-time PCR
Lung tissue, stored in an RNA later solution, was homogenized in TRIzol followed by a cleaning step using the RNeasy Mini Kit. The purified RNA was transcribed into cDNA using the SuperScriptTM IV VILO Reverse transcriptase kit (Invitrogen, Carlsbad, CA, United States) and was analyzed by real-time qPCR with SYBR Green Master Mix on a StepOne Plus Real-Time PCR System (Applied Biosystems v.2.3). The results were evaluated using the standard curve method and were expressed as the fold of the control values, normalized to β-actin. Specifically designed primer pairs and qPCR conditions were applied to selectively determine the expression of mouse β-actin, Fibronectin, Collagen 1α2, and Elastin, as previously described (Colunga Biancatelli et al., 2021a; Solopov et al., 2021).
2.9 Lung mechanics measurements
The mice were anesthetized with Socumb (pentobarbital sodium 50 mg/kg, i. p.), tracheostomized with a metal 1.2 mm (internal diameter) cannula, and connected to a FlexiVent ventilator (SCIREQ Inc., Montreal, QC, Canada), as previously published (Colunga Biancatelli et al., 2021a). Ventilation was performed at a tidal volume of 10 ml/kg and a respiratory rate of 150/min. Firstly, following a deep inflation, pressure volume (PV) loops were estimated by stepwise increasing airway pressure to 30 cm H2O and then reversing the process. PV loops reflect the intrinsic elasticity of the lungs and shifted to the right in fibrosis. Secondly, Snapshot-150 and Quick Prime-3 maneuvers were performed. Increasing concentrations of methacholine (to 50 mg/ml) were loaded into the nebulizer and administered to mice. Respiratory system resistance (Rrs) and elastance (Ers), reflecting the behavior of the entire respiratory system (peripheral and conducting airways, chest wall, and parenchyma); Tissue damping (G), reflecting resistance of the large, conducting airways, parenchymal stiffness, and changes in inspiratory gas dynamics, was calculated, and are presented as the mean of 12 recordings for each animal.
2.10 Statistical analysis
The results are presented as means ± standard error of the mean. Statistical significance of differences between groups was determined by the one- or two-way ANOVA analysis, followed by the Tukey’s or Bonferroni’s post-hoc test, utilized GraphPad Prism v. 9.0 (GraphPad, San Diego, CA, United States). The difference among groups was considered significant at p < 0.05.
3 RESULTS
3.1 Estimation of the optimal therapeutic dose of the HSP90 inhibitor, TAS-116, against pulmonary fibrosis
First, we determined the effective therapeutic dose of TAS-116 as a protective agent against chronic lung injury and pulmonary fibrosis. Three different doses (3.5 mg/kg, 7 mg/kg and 14 mg/kg) were administrated per os 5 times/week to 0.1N HCl-challenged mice, starting 24 h after HCl; analyses were performed 30 days post HCl. Mice, instilled with HCl and treated with the inhibitor in the dose 3.5 mg/kg did not show significant improvement in any of the parameters measured (BALF cellularity, lung elastin and fibronectin mRNA levels, histology, Ashcroft score) compared to untreated mice (Figure 1). Both higher doses demonstrated significant decrease of leucocyte levels in BALF, deposition of fibronectin and improvement of parenchymal architecture in lung tissue (Figures 1A,C–E). However, only mice, treated with the dose 7 mg/kg showed decrease of Elastin (Figure 1B). The data obtained served as the basis for using the dose 7 mg/kg as the most effective for subsequent studies.
[image: Figure 1]FIGURE 1 | Analysis of lung injury after intratracheal instillaton of 0.1N HCl or saline followed by treatment, starting 24 h later, with the HSP90 inhibitor TAS-116 (3.5, 7 or 14 mg/kg 5×/week p. o.) for 30 days. Content of white blood cells in bronchoalveolar lavage fluid (BALF) n = 6 (A); relative expression levels of Elastin (B) and Fibronectin (C) mRNA were analyzed by RT-PCR, n = 4–5; Ashcroft Score (D) and Masson’s Trichrome staining (E) of lung sections, n = 3. Original magnification ×20; black scale bars correspond to 50 µm; *: p < 0.05; **: p < 0.01, ***: p < 0.01, from VEH; #: p < 0.05, ##: p < 0.01 from HCl, with 1-way ANOVA and Tukey’s post-hoc test.
3.2 Delayed treatment with the HSP90 inhibitor, TAS-116
3.2.1 Delayed treatment with TAS-116 reduces HCl-Induced chronic alveolar inflammation
To determine the antidotal effectiveness of delayed treatment with TAS-116, we studied groups of HCl-instilled mice that started receiving the inhibitor 24 h or 96 h post HCl instillation. Leucocyte content and total protein concentration in BALF increased at 30 days post HCl; treatment with TAS-116, 7 mg/kg, starting 24 h after HCl, successfully blocked these increases (Figures 2A,B). The expression of TGF-β in BALF (Figure 2C) and NLRP3 inflammasome (Figure 2D) were also restored to control levels. Furthermore, mice who started receiving treatment 96 h after HCl instillation demonstrated equally effective antidotal activities.
[image: Figure 2]FIGURE 2 | Oral treatment with TAS-116—starting either 24 or 96°h after HCl-ameliorates alveolar inflammation. (A) White blood cells, (B) Total protein concentration and (C) TGF-β content in bronchoalveolar lavage fluid (BALF) at 30°days post HCl instillation and treatment with TAS-116 at 7 mg/kg 5×/week starting 24 or 96 h post-HCl; (D) Immunohistochemical staining for the inflammasome NLRP3. Original magnification ×10; black scale bars correspond to 100 μm; n = 6 mice per group; ***: p < 0.01, from VEH; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 from HCl, with 1-way ANOVA and Tukey’s post-hoc test.
3.2.2 Delayed treatment with TAS-116 reduces hydrochloric acid-Induced pulmonary fibrosis
Formalin-fixed lung sections were stained with Masson’s trichrome to visualize lung parenchymal changes and collagen deposition (Figure 3A). At 30 days after HCl instillation, a fibrotic process characterized by alveolar thickness and fibrous obliteration was observed. Mice receiving TAS-116, 7 mg/kg, 5 days/week, p. o., and starting either 24 h or 96 h after HCl, exhibited significantly decreased histopathologic changes and Ashcroft score values (Figure 3B). Overexpression of collagen Type I (Figures 3C,D), fibronectin (Figure 3E), and fibronectin (Figure 3F), analyzed by western blotting and real-time qPCR were also decreased in both treatment groups compared to the group instilled with HCl alone.
[image: Figure 3]FIGURE 3 | Oral treatment with TAS-116—starting either 24 or 96°h after HCl-ameliorates HCl-induced pulmonary fibrosis. Mice were intratracheally instilled with 0.1N HCl or saline followed by treatment, starting 24 or 96 h later, with the HSP90 inhibitor TAS-116 (7 mg/kg 5×/week p. o.) for 4°weeks. Masson’s Trichrome staining of lung sections demonstrates massive fibrous obliteration and loss of parenchymal architecture in HCl-instilled mice (A). The Ashcroft score depicts severe fibrosis in HCl-instilled mice and recovered lungs in TAS-116-treated groups of mice (B). The level of collagen type I was indicated via qPCR (C) and Western Blotting (D). mRNA expression of extracellular matrix Fibronectin (E) and Elastin (F) were measured via qPCR. Original magnification ×20; black scale bars correspond to 50 µm (Means ± SEM; n = 4–6; *: p < 0.05, ***: p < 0.01, from VEH; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 from HCl, with one-way ANOVA and Tukey’s.
3.2.3 TAS-116 Inhibits the activation of pro-fibrotic pathways
We analyzed the ability of TAS-116 to inhibit the expression of canonical and noncanonical pro-fibrotic signaling biomarkers: the activated forms of SMAD2 (mothers against decapentaplegic homolog 2), extracellular signal-regulated kinase (MAPK/ERK) and HSP90 (Figure 4). As we previously reported, instillation of hydrochloric acid increases the phosphorylation of SMAD2 and ERK1/2, and activates HSP90, at 30 days post-exposure. TAS-116, 7 mg/kg, 5x/week, starting 24 h after HCl did not significantly reduce pSMAD2 expression, however, treatment starting 96 h post HCl significantly reduced pSMAD2 expression when compared to HCl-instilled mice. At 30°days post-exposure, both TAS-116 treatment plans successfully blocked ERK and HSP90 activation, when compared to HCl-instilled mice.
[image: Figure 4]FIGURE 4 | Oral treatment with TAS-116—starting either 24 or 96 h after HCl-ameliorates HCl-induced activation of pro-fibrotic pathways. (A) HSP90 activation (pHSP90) increased in HCl-instilled mice and was reduced in mice treated with TAS-116 24 h or 96 h post HCl. (B) Phosphorylated SMAD2 was significantly increased in mice instilled with HCl and reduced in group of mice, receiving treatment 96 h post instillation. (C) ERK1/2 (MAPK) activation (pERK) increased in HCl-instilled mice and reduced in both TAS-116-trated groups. Means ± SEM; ***: p < 0.001, **: p < 0.01, *: p < 0.05 from VEH; #: p < 0.05, ###: p < 0.001 from HCl, with one-way ANOVA and Tukey’s, n = 6–7. VEH: Vehicle.
3.2.4 TAS-116 inhibits lung Dysfunction and airway hyper-responsiveness to methacholine
Changes in lung mechanics were tested 30 days after acid instillation. Animals challenged with HCl demonstrated a downward shift in pressure-volume (PV) loops compared to VEH mice (Figure 5A). Both groups treated with 7 mg/kg TAS-116 displayed significant improvement, but treatment that started 24 h after HCl exposure brought the loop to the physiological norm. Total respiratory system resistance (Rrs), elastance (Ers), and tissue damping (G), increased in response to rising concentrations of methacholine in HCl-instilled mice (Figures 5B-D). Both TAS-116 treatments were equally able to prevent increases in those parameters.
[image: Figure 5]FIGURE 5 | Oral treatment with TAS-116—starting either 24 or 96 h after HCl-ameliorates HCl-induced lung dysfunction. Both 24 h and 96 h treatment groups had a significant impact on preventing a downward shift of pressure volume (PV) loops after HCl instillation (A). Respiratory system resistance (Rrs), elastance (Ers), and damping (G) increased, compared to control mice in all groups instilled with HCl (B–D). This increase was significantly dampened in TAS-116 treated mice. Means ± SEM; n = 6 mice per group; ****: p < 0.0001 from VEH; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 from HCl, with one- or two-way ANOVA and Tukey’s post-hoc test.
3.3 Shortened treatment time with the HSP90 inhibitor TAS-116
3.3.1 3 but not 2 weeks treatment with TAS-116 reduces HCl-induced chronic alveolar inflammation
Having ascertained that 96 h delayed treatment with the HSP90 inhibitor TAS-116 can successfully reduce lung injury, we then reduced treatment time from 4 to 3 or to 2 weeks, to define the shortest and most effective treatment plan. Bronchoalveolar lavage fluid samples were analyzed for alveolar WBC recruitment, total protein concentration and overexpression of the key pro-fibrotic cytokine TGFβ. Mice treated for 14 days, starting 96 h post HCl instillation, demonstrated reduction of only total protein concentration in BALF, while 3 weeks treatment significantly ameliorated WBC, protein and TGFβ content (Figure 6).
[image: Figure 6]FIGURE 6 | 3 weeks treatment with TAS-116 ameliorates HCl-induced alveolar inflammation. (A) White blood cells, (B) total protein and (C) TGF-β concentrations in bronchoalveolar lavage fluid (BALF) at 30 days post HCl instillation and treatment with TAS-116, 7 mg/kg 5×/week, po, starting 96 h post-HCl; n = 6 mice per group; ***: p < 0.001 from VEH; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 from HCl; with 1-way ANOVA and Tukey’s post-test.
3.3.2 3 weeks treatment with TAS-116 reduces HCl-induced pulmonary fibrosis
Mice exposed to 0.1N HCl exhibited interstitial, peribronchial and perivascular accumulation of collagen and overexpression of ECM (Figure 7). Treatment with TAS-116 reduced by 2 weeks showed the improvement in collagen and elastin (Figures 7C,D,F), while 3 weeks-administration of inhibitor significantly improved histological signs of fibrosis (Figures 7A,B). The expression of fibronectin was not reduced by either treatment group (Figure 7E).
[image: Figure 7]FIGURE 7 | 3 weeks treatment with TAS-116 ameliorates HCl-induced pulmonary fibrosis. Mice received intratracheal 0.1N HCl or saline followed by treatment, starting 96 h later, with TAS-116 (7 mg/kg 5×/week p. o.) for 2 or 3 weeks. Masson’s Trichrome staining of lung sections demonstrates accumulation interstitial, peribronchial and perivascular collagen in HCl-instilled mice. Animals treated with TAS-116 for 3 weeks exhibited improved lung architecture (A) and lower Ashcroft score (B). The level of collagen type I was indicated via qPCR (C) and Western Blotting (D). mRNA expression of extracellular matrix Fibronectin (E) and Elastin (F) were measured via qPCR. Original magnification ×20; black scale bars correspond to 50 µm (Means ± SEM; n = 4–6; ***: p < 0.001; **: p < 0.01, *: p < 0.05 from VEH; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 from HCl, with one-way ANOVA and Tukey’s post-hoc test.
3.3.3 3 weeks treatment with TAS-116 inhibits the activation of pro-fibrotic pathways
Pro-fibrotic pathways were activated by HCl (Figure 8). Activation of HSP90 was significantly blocked in both 3- and 2-week TAS-116 treated groups. However, significant decrease in phosphorylation of SMAD2 and ERK1/2 was observed only in lung homogenates taken from mice after 3 weeks treatment with the HSP90 inhibitor.
[image: Figure 8]FIGURE 8 | 3 weeks treatment with TAS-116 ameliorates HCl-induced activation of pro-fibrotic pathways. (A) Heat Shock Protein 90 activation (pHSP90) increased in HCl-instilled mice and was reduced in mice, treated for 2 or 3 weeks with TAS-116, starting 96 h post HCl. (B) Active (phosphorylated) SMAD2 and (C) ERK1/2 were significantly increased in mice instilled with HCl and reduced in mice, treated for 3, but not 2 weeks with TAS-116. Means ± SEM; **: p < 0.01, *: p < 0.05 from VEH; #: p < 0.05, ##: p < 0.01, ###: p < 0.001 from HCl, with one-way ANOVA and Tukey’s post-hoc test, n = 5–7.
3.3.4 3 weeks treatment with TAS-116 improves HCl-induced lung dysfunction and airway hyper-responsiveness to methacholine
HCl-challenged animals showed a decrease in pressure-volume (PV) loops (Figure 9A). Mice, treated with 7 mg/kg TAS-116 for 3 weeks displayed complete recovery, in contrast to mice treated for 2 weeks that showed no improvement. Total respiratory system resistance (Rrs), elastance (Ers), and tissue damping (G), were increased in response to methacholine in HCl-treated mice; this was completely prevented by 3-week, but not 2-week treatment with TAS-116 (Figures 9B–D).
[image: Figure 9]FIGURE 9 | 3 weeks treatment with TAS-116 ameliorates HCl-induced lung dysfunction and airway hyper-reactivity. (A) Pressure–Volume relationships (B) Total Respiratory System Resistance (Rrs), (C) total Respiratory System Elastance (Ers), and (D) tissue damping (G), All studies were performed at 30 days after HCl instillation. n = 4–6 mice per group; ***: p < 0.001, ****: p < 0.0001 from VEH; ###: p < 0.001, ####: p < 0.0001 from HCl, with 2-way ANOVA and Bonferroni’s post-hoc test.
4 DISCUSSION
In this study we used TAS-116, a novel class of selective inhibitors of heat shock protein 90, as a potential antidote against chronic lung injury and pulmonary fibrosis, caused by intratracheal exposure to hydrochloric acid. We selected this inhibitor based on the following features. Unlike past generation-inhibitors, TAS-116 targets cytosolic HSP90α and HSP90β, without affecting HSP90 in the mitochondria and endoplasmic reticulum (Ohkubo et al., 2015). HSP90, a causative factor in pulmonary fibrosis, was localized in both the cytosol and nucleus of fibroblasts (Sontake et al., 2017). Additionally, TAS-116 has oral bioavailability, which allows administration on an outpatient basis. Further, this drug has already shown its safety in a randomized, double-blind, Phase III clinical trial comparing TAS-116 to placebo in patients with gastrointestinal stromal tumor refractory to standard treatments (Honma et al., 2021).
Our first aim was to find an effective and safe dose of TAS-116 for mice against HCl-induced pulmonary fibrosis. In various clinical trials against cancer, this compound was used in doses of 80–160 mg on a 5 days on/2 days off regimen (Kurokawa et al., 2017; Kawazoe et al., 2021). In animal studies, the dose 14 mg/kg was considered as safe and effective for mice against tumors with the same administration schedule (Saito et al., 2020). In this study, we used three different doses in search of the minimal effective dose against PF. Mice, receiving 3.5 mg/kg starting 24 h after HCl instillation did not show significant improvements compare to untreated HCl-challenged mice, while mice receiving either 7 or 14 mg/kg of inhibitor demonstrated antidotal effects. Based on that, we considered that TAS-116, at 7 mg/kg, as the optimal therapeutic dose for mice.
Despite studies suggesting that the pathophysiology of pulmonary fibrosis is a product of fibroblast dysfunction, inflammation remains one of the critical factors in the disease. Patients with IPF have periods of exacerbations or acute decline. During exacerbations, the recruitment of inflammatory cells is seen in BALF with numerous proinflammatory mediators, cytokines, and growth factors (Parambil et al., 2005; Kim et al., 2006; Bringardner et al., 2008). We previously demonstrated that the peak of acute lung injury in mice occurs on the fourth day after HCl instillation but that low-to-moderate inflammation persists through day 30 (Marinova et al., 2019). The involvement of pro-inflammatory pathways in the development of PF has also been demonstrated in various mouse models (Izbicki et al., 2002; Marinova et al., 2019; Solopov et al., 2020). Several publications further suggest that the NLRP3 inflammasome plays an important role in fibrogenesis (Ma et al., 2020; Ranta-aho et al., 2021; Colunga Biancatelli et al., 2022b). Here, we analyzed the leucocyte and total protein contents in bronchoalveolar lavage, the expression of the pro-inflammatory and pro-fibrotic cytokine, TGF-β, and of NLRP3 inflammasome, which designate inflammation of alveoli, migration of immune cell, and alveolar-capillary hyper-permeability. All were significantly exacerbated by HCl, in agreement with previous studies by us and others. We previously reported the ability of HSP90 inhibitors (AT13387 and AUY-922) to modulate human pulmonary microvascular endothelial activation and barrier dysfunction, which is responsible for vascular permeability and exudation of inflammation products into the alveolar space (Colunga Biancatelli et al., 2021b; Colunga Biancatelli et al., 2022c). Treatment with HSP90 inhibitor TAS-116 in dose 7 mg/kg starting either 24 or 96 h post-HCl successfully ameliorated all signs of inflammation even with a shortened, 3 weeks treatment course.
Fibrosis is traditionally associated with pathological changes in the extracellular matrix. We have repeatedly reported that a single exposure to 0.1N hydrochloric acid leads to pulmonary fibrosis in mice, which is reflected in upregulation of ECM, and have considered HSP90 as a potential therapeutic target (Marinova et al., 2019; Solopov et al., 2020; Colunga Biancatelli et al., 2021a; Solopov et al., 2021). The expression of ECM proteins (fibronectin, elastin) varied in magnitude among studies (e.g., experiments shown in Figure 3 vs. Figure 7) but was always elevated at 30 days after HCl. The effectiveness of HSP90 inhibitors in modulating ECM secretion has been shown in several studies. HSP90 chaperones cannot directly engage nascent molecules of the matrix, however, there are indirect mechanism though which HSP90 inhibitors block overexpression of ECM. The HSP90α inhibitor 17-allylaminogeldanamycin (17-AAG) tightly decreases collagen-I expression in human primary cells (Wong et al., 2018). The exogenous beta isoform of Hsp90 activates the formation of extracellular fibronectin in breast cancer cells, while knockdown or inhibition of Hsp90β leads to reduced deposition and can be partially rescued by the addition of exogenous Hsp90 (Hunter et al., 2014). As we previously reported, HSP90 inhibitors AUY-922 (Marinova et al., 2020) and AT-13383 (Colunga Biancatelli et al., 2022a) significantly downregulate the overexpression of collagen, fibronectin and elastin expression in mice with HCl-induced pulmonary fibrosis. In the present study, we observed the formation of interstitial, peribronchial and perivascular collagen masses that significantly changed lung architecture. Both 24 h- and delayed treatment with TAS-116 decreased collagen deposition and overexpression of fibronectin and elastin.
The cytoplasmic proteins SMAD2/3 mediate signals from activated TGF-β1 receptors. Phosphorylation of SMAD2/3 allows their binding to SMAD4, promoting translocation to the nucleus where numerous TGF-β1-responsive genes are activated. Hsp90 plays an important role in inflammatory processes by stabilizing and activating more than 300 ‘client’ proteins, including key proinflammatory signaling molecules, such as nuclear transcription factors (e.g., NF-κB, STATs, p53) and kinases (e.g., Raf/MEK/ERK, PI3K/AKT, p38/MAPK) (Trepel et al., 2010). Activation of Hsp90 reflected in HSP90 deacetylation and tyrosine phosphorylation (Dimitropoulou et al., 2013). Heat shock protein 90 actively participates in the TGF-β signaling pathway and HSP90 inhibition reduces fibrogenesis and lung fibrosis progression in mice (Bonniaud et al., 2017). Sontake et al. found elevated HSP90 immunostaining in lung biopsy samples of patients with IPF. Moreover, the suppression of HSP90 by another inhibitor 17-AAG moderated migration of myofibroblasts and, as a result, ECM production. (Sontake et al., 2017). One of the client proteins of HSP90 is mitogen-activated protein kinase (MAPK). MAPK kinase (MEK)/extracellular signal–regulated kinase (ERK) is also involved in fibrogenesis via growth and proliferation. Activation of the ERK1/2 has been detected in human fibrotic lungs (Yoshida et al., 2002; Antoniou et al., 2010). Overexpression of TGF-α in lung epithelium of transgenic CCSP/TGF-α mice causes progressive lung fibrosis and inhibition of ERK prevents the progression (Le Cras et al., 2010). In gastrointestinal stromal tumors, TAS-116 inhibits ERK1/2 (Saito et al., 2020). We previously reported that HSP90 inhibitors AUY-922 and AT13387 reduce both SMAD2 and ERK phosphorylation via blocking the activation of HSP90 in mice treated with HCl. (Marinova et al., 2020; Colunga Biancatelli et al., 2022a). Here we show that oral treatment with TAS-116 exerts similar therapeutic effects.
Development of pulmonary fibrosis affects not just alveoli but also conducting airways and the lung vasculature. Patients with IPF show alterations in lung dynamics (Plantier et al., 2018). The instillation of HCl in mice provoked strong changes in lung mechanics such as elevated total Respiratory System Elastance, Respiratory System Resistance, and tissue damping. Furthermore, HCl shifted down pressure–volume loops. Mice exposed to HCl and treated with TAS-116 successfully restored systemic resistance, elastance, damping, and corrected the downward shift of PV loops.
In conclusion, we demonstrated that TAS-116 prevents the development of HCl-induced chronic lung injury and pulmonary fibrosis by blocking the overexpression of pro-fibrotic markers, reducing collagen deposition and maintaining lung dynamics within physiological ranges. Moreover, this HSP90 inhibitor is effective even when treatment begins at the peak of acute lung injury, 96 h post HCl exposure, and lasts for 3 weeks. These benefits of TAS-116, coupled with oral bioavalibility, suggest that it may be a promising countermeasure against HCl-induced pulmonary fibrosis.
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Idiopathic pulmonary fibrosis (IPF) is a chronic and lethal lung disease with limited treatment options. The onset of IPF increases with age, indicating that aging is a major risk factor for IPF. Among the hallmarks of aging, cellular senescence is the primordial driver and primary etiological factor for tissue and organ aging, and an independent risk factor for the progression of IPF. In this review, we focus on the senescence of alveolar type II epithelial cells (AECIIs) and systematically summarize abnormal changes in signal pathways and biological process and implications of senescent AECIIs during IPF progression. Meanwhile, we objectively analyze current medications targeting the elimination of senescent cells or restoration of vitality such as senolytics, senomorphics, autophagy regulators, and stem cell therapy. Finally, we dialectically discuss the feasibility and limitation of targeting senescent AECIIs for IPF treatment. We hope that the understanding will provide new insights to the development of senescent AECII-based approaches for the prevention and mitigation of IPF.
Keywords: alveolar type II epithelial cells (AECIIs), cell senescence, idiopathic pulmonary fibrosis, senescence-associated secretory phenotype, senescenceassociated differentiation disorder
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is an irreversible fibrotic disease in the lungs and is the most common form of idiopathic interstitial pneumonia and idiopathic fibrotic lung disorder (Moss et al., 2022). Its biological process is defined as an abnormal repair response to repeated alveolar epithelial cells (AEC) damage and fibroblast-to-myofibroblast differentiation and characterized by the excessive disordered deposition of collagen in the extra- and intra-cellular matrix (Liu and Liu, 2020). Several potential risk factors, such as aging, genetic predisposition, chemical, environmental exposure, and bioenvironmental factor (bacteria and virus), can act on various types of lung cells and enhance the risk of developing IPF (Noble et al., 2012; Moore and Moore, 2015; Sheng et al., 2020; Parimon et al., 2021). Of these risk factors, aging is considered an independent risk factor. Even in patients with a genetic predisposition, the onset of IPF seldom occurs before the sixth decade, and the incidence increases exponentially with advancing age (Raghu et al., 2006). A longitudinal cohort study identifying independent risk factors for the progression of interstitial lung disease has shown that the risk of IPF in people aged 70 or over is 6.9 times that in people aged over 40 (Choi et al., 2018), confirming that IPF is an age-related disease.
Cell senescence and stem cell exhaustion are the hallmarks of all age-related diseases, as in IPF. Alveolar type II epithelial cells (AECIIs) are the stem cells for the lungs and play a role in maintaining intrapulmonary homeostasis, immunity, and regeneration in the alveoli. Senescent AECIIs secrete high levels of interleukin, interferon, tumor necrosis factor, colony-stimulating factors, growth factors, and chemotactic cytokines, which promote fibroblast-to-myofibroblast differentiation and persistent tissue remodeling (Abbadie et al., 2017; Liu and Liu, 2020). A recent study has uncovered that pulmonary fibrosis after coronavirus disease 2019 (COVID-19) may be caused by virus-induced AECII senescence (Lee et al., 2021; Michalski et al., 2022; Sinha et al., 2022). Preventing AECII senescence or targeting senescent cells in patients with COVID-19 can reduce the risk of pulmonary fibrosis (Hong et al., 2022). Moimas et al. detected that AECII exhibited high levels of the senescence markers p21 and p16 from patients with IPF (Moimas et al., 2019). Other numerous studies have shown that AECII senescence promotes the occurrence of IPF (Naikawadi et al., 2016; Parimon et al., 2020; Yao et al., 2021; Hong et al., 2022). However, pathological mechanisms underlying AECII senescence and specific effects of targeting senescent AECIIs on IPF remain unclear. This review will discuss the mechanism of AECII senescence, which drives the onset and progression of IPF, and highlights the advantages and disadvantages of targeting senescent AECIIs for IPF.
CELLULAR SENESCENCE IS A RISK FACTOR FOR IDIOPATHIC PULMONARY FIBROSIS
Cellular senescence
Cellular senescence is irreversible cell cycle arrest, characterized by morphological flattening and expansion, resistance to apoptosis, altered gene expression and chromatin structure, expression of senescence-associated β-galactosidase (SA-β-gal) and acquisition of a senescence-associated secretory phenotype (SASP) (Mohamad et al., 2020). Often caused by persistent DNA damage. It is worth mentioning that during cellular senescence, an increase in SA-β-gal was exhibited, which was the first marker for in situ detection of senescence cellular in tissues (Kurz et al., 2000). Cellular senescence on an organism has three adverse effects: First, the degenerative physiological function of senescent cells and their accumulation disrupt tissue and organ functions, thereby leading to the aging of the body. Second, accumulated senescent cells secrete a variety of proteins such as inflammatory cytokines, chemokines, growth factors and matrix metalloproteinases. This phenomenon is known as the senescence-associated secretory phenotype (SASP), SASP affects the physiological functions of normal cells in the surrounding microenvironment in an autocrine or paracrine manner, causing the dysfunction of tissues and organs and participating in senescence-associated diseases (Childs et al., 2015). Third, stem cells are gradually exhausted during the aging process. When tissues and organs function abnormally, stem cells cannot be repaired in time, thus affecting the physiological functions of the body (Korolchuk et al., 2017; Parimon et al., 2021). Accompanied by the adverse effects of cellular senescence on an organism, abnormal changes arise in biological processes, such as telomere attrition, DNA damage, epigenetic modifications, abnormal protein homeostasis, mitochondrial dysfunction, and impaired autophagy (Korfei et al., 2020; Duckworth et al., 2021; Kellogg et al., 2021).
The regulatory pathways of cellular senescence mainly include cell cycle and SASP regulation (Parimon et al., 2021). Cell cycle blockade is induced by cyclin-dependent kinase (CDK) inhibitors p16Ink4a or p53/p21Cip1/Waf1 (Lomas et al., 2012). Persistent DNA damage induces the expression of p16 through the transcription factor Ets and causes the stabilization of transcription factor p53, which induces the expression of p21. P16 and P21 respectively inhibit the cyclin cyclin-dependent kinase 4/6 (CDK4/6) complex and cyclin-dependent kinase 2 (CDK2). Both CDK inhibitors activate the Rb protein, which blocks the cell cycle and leads to cellular senescence (Ohtani et al., 2001; Takahashi et al., 2006; Yasuda et al., 2021). Therefore, p16INK4a and p21WAF1 are considered to be important markers of cellular senescence. However, no specific marker for cellular senescence has been identified. The study shown that senescent cells synthesize many oxidized lipids, a class of bioactive lipids derived from the oxidation of polyunsaturated fatty acids. Dihomo-15-deoxy-delta-12,14-prostaglandin J2 (dihomo-15d-PGJ2) as an oxygenated lipid that promotes senescence and secretion of SASP by activating RAS/mitogen activated protein kinase (RAS/MAPK) pathway. It is produced and accumulated in senescent cells, released upon senescent cell lysis, and detected in urine and blood. Wiley et al. (2021) confirmed dihomo-15d-PGJ2 as a potential biomarker for validating the performance of aging drugs. Therefore, it may become the first biomarker of aging, or even a therapeutic target in the near future. Several studies have shown that cellular senescence mediates IPF, targeting senescence can alleviate fibrosis and extend the life spans of experimental animals (Baker et al., 2016; Schafer et al., 2017; Hohmann et al., 2019; Rhinn et al., 2019; Omori et al., 2020). However, little is known about the mechanisms by which senescence leads to IPF.
Cellular senescence in idiopathic pulmonary fibrosis
The human lung, the organ with the largest surface area in the body, represents a unique interface with the external environment. Lung maturation and function peak around 25 years of age, remain steady until 35 years of age, and gradually decline with structural remodeling thereafter (Ruaro et al., 2021; Schneider et al., 2021), which characterized by enlarged alveolar size and signifies increased mechanical force (Schiller et al., 2019). The progressive increase in alveolar size as the lungs senescence partially explains why the elderly are more likely to suffer from IPF in terms of mechanical force. In recent years, developments in mechanics and mechanical force, including mechanical stiffness, stretch, adhesion, density and tension, have been thought to be the key factors in IPF remodeling (Chilosi et al., 2013). They not only induce cellular senescence but also promote AECII proliferation, differentiation, and alveolar regeneration by regulating multiple signaling pathways (Wu et al., 2021). Elevated mechanical tension can activate TGF-β signaling loop in AECIIs, which drives the periphery-to-center progression of lung fibrosis (Gonzalez-Garcia et al., 2018; Wu et al., 2021). Transforming growth factor β (TGF-β) is a multifunctional cytokine that controls growth, proliferation, differentiation and apoptosis in many cell types. It includes TGF-β isoforms (TGF-β1, TGF-β2 and TGF-β3) and other signaling proteins (Meng et al., 2016; Morikawa et al., 2016). Numerous studies have demonstrated a significant increase in TGF-β1 gene and protein expression in fibrotic lung tissue (Bellaye et al., 2018; Boutanquoi et al., 2020; Lee et al., 2020; Lv et al., 2020). In IPF, TGF-β leads to increased ECM production mainly through induction of fibroblast activation and myofibroblast differentiation (Liu et al., 2021). Circular RNA (circRNA) is found to be associated with pulmonary fibrosis (Zhou et al., 2022). It produces from pre-mRNA back splicing, is a kind of endogenous noncoding RNA. A total of 67 significantly dysregulated circRNAs were identified in the plasma of IPF patients by using a circRNA microarray, including 38 upregulated-circRNAs and 29 downregulated-circRNAs (Li et al., 2018; Li et al., 2019). Among these circRNAs, the upregulated has-circ-100906, termed circANKRD42 because it is derived from its host gene Ankyrin repeat domain 42 (ANKRD42), increases with age in healthy people. It can accelerate IPF by mediating the crosstalk between mechanical stiffness and biochemical signal (Xu et al., 2022). Mechanistic studies reveal that circANKRD42 sponges miR-324-5p and miR-136-5p to promote the expression of yes-associated protein 1 (YAP1). Accumulating YAP1 in nucleus bound to tea domain transcription factor (TEAD), which initiates the transcription of genes related to mechanical stiffness.
In IPF, cellular senescence can lead to stem cell failure, SASP secretion, impaired myofibroblast apoptosis (Liu and Liu, 2020), and senescence-associated differentiation disorder (SADD), manifested by reduced tissue regeneration and excessive cellular matrix deposition. Impaired myofibroblast apoptosis, excessive deposition at an injury site, and continuous response are also considered the base for the continuous IPF process (Liu and Liu, 2020; Wei et al., 2021). Studies confirmed that targeting senescence cells is effective in alleviating IPF and senescence-related diseases (Lehmann et al., 2017; Merkt et al., 2020). Therefore, further exploring cellular senescence mechanisms and the involvement of senescent cells in the pathogenesis of IPF can facilitate the discovery of novel therapies for IPF treatment and other senescence-related diseases.
SENESCENT AECIIS PROMOTE IDIOPATHIC PULMONARY FIBROSIS DEVELOPMENT
Role of AECIIs
AECs are composed of alveolar type I epithelial cells (AECIs) and AECIIs. They are separated from one another by interalveolar septa. AECIs are differentiated cells with a thin and flat shape and cover over 90% of the alveolar surface area, facilitating contact among alveolar endothelial cells and promoting gas exchange. AECIIs are small and cuboidal cells covering the remaining 10% of the alveolar surface area. Their primary function is to reduce surface tension by secreting surfactants (Confalonieri et al., 2022). When lung tissues are damaged, AECIIs can differentiate into AECIs, which are involved in epithelial repair (Barkauskas et al., 2013). In recurrent micro-injuries, dysfunctional AECIIs not only fail to maintain physiological lung regeneration but also promote abnormal epithelial–mesenchymal crosstalk, which lead to fibrosis rather than regeneration (Confalonieri et al., 2022). Mature AECIIs have heterogeneity, telomerase activity, and proliferative and differentiation potential. They respond to various cellular signals during senescence (Chen et al., 2017), and are among the major effector cells in the evolution of IPF. Therefore, understanding the mechanisms involved in the involvement of AECII as stem cells in lung repair is of great importance in delaying or treating pulmonary fibrosis. Their quiescence, proliferation, and differentiation are regulated by a combination of signaling pathways, including Notch, Hippo/Yap, and TGF-β1 pathways (Aumiller et al., 2013; Wu and Song, 2020).
The Hippo/YAP kinase cascade reaction promotes alveolar regeneration induced by proliferation of lung parenchymal cells. It comprises a large protein network, whose central components can be divided into two modules: the regulatory kinase module in the cytoplasm and the transcription module in the nucleus (Sun et al., 2021). The kinase module mainly comprises mammalian Ste20-like serine/threonine protein kinase 1 and 2 (MST1/2) and the large tumor suppressor kinase 1 and 2 (LATS1/2) axis (Moya and Halder, 2019). They interact with the scaffolding protein Salvador (SAV1) and ultimately phosphorylate Yap and its homologue TAZ in the transcriptional module to prevent nuclear localization. Most importantly, activation of the upstream kinase module hinders the downstream transcription module (Sun et al., 2021). When in the absence of this phosphorylation cascade, YAP/TAZ localizes to the nucleus to regulate gene transcription associated with cell migration and proliferation. Nuclear translocation of YAP/TAZ can promote AECII differentiation into AECI. Studies shown that non-cell-specific YAP/TAZ RNA interference can exacerbate bleomycin-induced pulmonary fibrosis in mice by blocking alveolar regeneration (Haak et al., 2019).
There have been conflicting reports on the relationship between TGF-β signaling and alveolar epithelial cells. For example, when IL-33 was transferred into Treg-depleted mice during the study of ARDS, Treg cell recovery and a significant increase in TGF-β1 secretion were observed, and lung regeneration was promoted by accelerating the recovery of AECII, presumably IL-33-dependent Tregs accumulation may accelerate lung epithelial regeneration in a TGF-β1-dependent manner (Tan et al., 2021). This validates that TGF-β1 promotes regeneration of alveolar epithelial cells. In addition, single-cell RNA sequencing also identified TGF-β signaling as a key factor in lipopolysaccharide (LPS)-induced regeneration after lung injury in mice (Riemondy et al., 2019). However, it has also been demonstrated that TGF-β1 promotes lung fibrosis by inducing apoptosis in AECII. Recent studies have found that in bleomycin-induced lung fibrosis, the early production of TGF-β and platelet derived growth factor subunit A (PDGFA) by senescent AECII may directly promote fibroblast activation and collagen production, which in turn promotes fibrosis (Yamada et al., 2022). In addition to the above signaling pathways, growth factors produced by different neighboring cells, intercellular contacts, immune cells, and the extracellular matrix also regulate the state of AECIIs (Wu and Song, 2020).
Pro-fibrotic role of senescent AECII
AECII senescence promotes IPF (Parimon et al., 2020), and the senescent phenotypes of AECIIs are detected in fibrotic areas in the lungs of patients with IPF. These features confirm that senescent AECIIs have capacities for incomplete repair and can promote fibroproliferation (Wiley et al., 2021). To study the role of AECII senescence in IPF, Yao et al. (2021) established a mouse model with a conditional deletion of Sin3a in AECIIs and found that conditionally induced AECII senescence leads to progressive fibrosis and removing senescent AECIIs from the lungs of Sin3a LOF mice prevents progressive fibrosis, suggesting that targeting senescent AECIIs can prevent progressive fibrosis. Moreover, a study has confirmed that targeting senescent AECIIs can stabilize epithelial cell phenotype and reduce fibrosis markers (Lehmann et al., 2017).
Telomere is a ribonucleoprotein complex at the end of a cell’s chromosome, consisting of an oligonucleotide sequence and a corresponding protein, which is essential for chromosome stability (Rossiello et al., 2022). Telomere is highly susceptible to various stresses. Cellular stress signals trigger glycogen synthase kinase-3β targeting the telomere protection protein complex, inducing the telomerase recruitment protein tripeptidyl peptidase I (TPP1) phosphorylation, and promoting TPP1 multisite polyubiquitination and degradation, resulting in telomere uncapping, which in turn activates protein kinase inhibitors (Razdan et al., 2018; Hong et al., 2022). H2O2-induced AECII model, bleomycin-treated mice and IPF patients samples show that AECIIs exhibit abnormal shortening of telomeres. In addition to this, incomplete replication of chromosome ends can lead to telomere shortening (Pineiro-Hermida et al., 2022). Recently, Pineiro-Hermida et al. (2022) studied the telomeres of different cell types in the lung by controlling the TRF1 gene and confirmed that fibrosis only occurs when telomeres are disrupted in AECII, and telomere shortening can be compensated by the telomerase reverse transcriptase (TERT) and telomerase RNA component (TERC) (Pineiro-Hermida et al., 2022). Thus, preventing stress-induced telomere damage may prevent cells from entering replicative senescence and fibrosis. Targeting senescent AECII or using inhibitors of telomere dysfunction to prevent senescence is a promising strategy for IPF intervention (Wang et al., 2020; Hong et al., 2022). Peptidomimetic telomere dysfunction inhibitor TELODIN, a newly discovered 8-mer peptide with TPP1 protective function that can reduce telomere uncapping and shortening, thereby expanding the alveolar AECII stem cell population in mice and preventing chronic stress-induced premature lung senescence and fibrosis, thus serving as a novel tool for disrupting pulmonary fibrosis (Wang et al., 2021). Long noncoding RNA (lncRNA) is usually unable to code protein and has a length more than 200 nt, which can inhibit or promote lung fibrogenesis and is becoming a promising new target (Song et al., 2014a; Zhang B et al., 2021). lncRNA telomeric repeat-containing RNA (lncTERRA) is a physiological indicator of aging for IPF. Gao et al. (2017) found that RNA interference on lncTERRA can ameliorate the functions of telomeres, thereby alleviating the symptoms of pulmonary fibrosis such as forced vital capacity.
As AECIIs become senescent, their stem cell potential is gradually exhausted. This effect not only cause impaired self-proliferation but also hamper the differentiation of AECIIs into AECIs, which leaves AECIIs in an intermediate or partially differentiated state, also known as the pre-alveolar type I transitional cell state or alveolar differentiation intermediate, resulting in SADD. When AECIIs are in a state of transition or partial differentiation, they can promote the proliferation of myofibroblasts in a low-inflammation environment created by SASP, which promote the development of IPF (Hong et al., 2022). Watanabe et al. (2021) has confirmed that the incomplete conversion of AECs from AECIIs into AECIs can lead to the development of pulmonary fibrosis. During the differentiation of AECⅡs into AECIs, AECⅡs undergo dramatic cell shape changes (Wu et al., 2021). When SADD occurs in senescent AECIIs, it not only promotes aberrant trans-differentiation but also leads to impaired AECⅡ regeneration during the repair of AECs. Impaired regeneration results in the exposure of AECIIs to continuously elevated mechanical force caused by cytoskeleton rearrangement (Wu et al., 2021). Thus, SADD should be used as an entry point for the detection of premature lung failure and the early stages of fibrosis. Single-AECII populations can be sequenced for the differentiation of the gene profile of AECII senescence and differentiation status, identification of structural modifications after gene transcription, and decoding of compromised protective complexes. An in-depth study of the mechanisms that promote lung regeneration and reduce elevated mechanical forces caused by impaired alveolar regeneration may improve interventions for IPF. The Notch signaling pathway plays an important role in the differentiation of AECII into AECI, it is activated in AECII early in alveolar repair but is inhibited by the Notch ligand deltalike 1 homolog (Dlk1) late in repair after Notch activation has reached its peak. Dlk1 controls Notch signaling after lung injury and promotes AECII to AECI conversion and alveolar epithelial repair. Lack of Dlk1 in AECII results in continued activation of Notch signaling in AECII, which prevents AECII from differentiating to AECI, resulting in incomplete alveolar repair. It suggesting that Dlk1 and the Notch signaling system may be potential therapeutic targets for alveolar epithelial repair (Liu et al., 2010; Finn et al., 2019). In-depth study of the Notch signaling pathway to facilitate the conversion of AECII to AECI, thus avoiding the development of SADD-induced IPF is a possible direction for future research.
Senescent AECII and senescence-associated secretory phenotype
During AECII senescence, a specific phenotype is acquired, which is known as the SASP, which is characterized by replication arrest and the abnormal secretion of pro-fibrosis and pro-inflammatory senescence-related factors (Munoz-Espin and Serrano, 2014; Lehmann et al., 2017; Hansel et al., 2020). Proinflammatory and matrix-degradation factors are the most important ones (Coppe et al., 2008). SASP can lead to cellular dysfunction and impaired immune function and reacts on senescent cells and their neighbors, accelerating the aging process and thus creating a vicious cycle that maintains inflammation in the lungs. SASP acts as a trigger and effector molecule for the advancement of IPF (Rana et al., 2020). Studies have confirmed that KDM4, a key regulator of SASP, can selectively target SASP to inhibit AECII senescence while maintaining cell cycle arrest to manipulate senescent AECII, thereby maintaining homeostasis within tissues and organs and controlling organismal senescence (Zhang S et al., 2021). By contrast, the human protein 12S rRNA-c, encoded by mitochondrial DNA, and the mitochondrial open reading frame induce the production of specific SASP factors in azithromycin-induced and replicative cellular senescence (Kim et al., 2018). Therefore, targeting mitochondria to inhibit SASP may be a potential strategy for the treatment of IPF. Furthermore, the expression of noncoding RNAs is significantly up-regulated during cellular senescence. Further analysis has shown that human satellite II (hSATII) RNA interferes with the staining of certain SASP gene regions by impairing the function of CCCTC-binding factor. Pericentromeric hSATII RNA can promote SASP-Like inflammatory gene expression in senescent cells, thereby up-regulating the expression of SASP-like inflammatory genes (Miyata et al., 2021). In addition, studies have shown that telomere-mediated AECII senescence can lead to cell-autonomous defects and upregulation of secondary paracrine signaling, which can induce inflammation and mesenchymal abnormalities associated with altered intracellular gene expression and SASP (Alder et al., 2015). SASP affects its surrounding non-senescent cells through autocrine and paracrine functions and mediate the exacerbation of cellular senescence (De Cecco et al., 2019).
In IPF, SASP regulates senescence mainly through nuclear factor kappa-B (NF-κB), CCAAT-enhancer-binding protein beta (CEBPβ), and tumor protein p53 (TP53). All three of these transcription factors have a common characteristic which is their redox-dependent regulation. Among them, NF-κB is the main regulator of SASP, which is maintained in an autocrine manner by the SASP factor interleukin Iα (IL-Iα) (Nelson et al., 2012; Salminen et al., 2012). Secretion of IL-1α and signaling cascade of the p38 mitogen-activated protein kinase (p38MAPK) can active NF-κB, thereby promoting SASP expression (Orjalo et al., 2009; Amaya-Montoya et al., 2020). C/EBPβ mainly regulates the expression of various SASP factors. Its activation is a key event in the transition of cells to the terminal senescent state (Hoare et al., 2016). TP53 plays a key role in cellular stress response and senescence by regulating multiple antioxidant genes to maintain cellular redox homeostasis. It can promote p38MAPK phosphorylation and downstream NF-κB activation when p53 inactivated, thereby establishing an irreversible senescence phenotype (Freund et al., 2011). TGF-β is one of the secreted factors of SASP. When TGF-β signaling is activated in an autocrine or paracrine manner, it induces SASP and thus induces and maintains the aging phenotype. Interestingly, spectral tracing in mice has shown that AECIIs undergo aberrant cellular remodeling during increased TGF-β and TP53 signaling. This effect is accompanied by morphological changes associated with the replicative senescence characteristics of SADD (Yang et al., 2020).
Senescent AECIIs propagate senescence signals to surrounding cells by secreting SASP, which not only leads to persistent inflammation, tissue remodeling, and fibrotic phenotypic changes but also creates senescence-associated low-grade inflammation, leading to SADD that promotes myofibroblast proliferation under SALI (Acosta et al., 2013; Kobayashi et al., 2020) and further promoting IPF. In conclusion, a causal relationship among senescent AECⅡs, SASP, and SADD was found, which synergistically promotes the occurrence and progression of IPF. Therefore, preventing premature pulmonary failure or clearing senescent AECⅡs and blocking its related SASP secretion can be effective measures for IPF treatment.
Senescent AECII and autophagy
Autophagy, a highly selective cellular clearance pathway associated with the maintenance of cellular tissue homeostasis, is an evolutionarily conserved degradation system in which cellular contents, such as proteins, organelles, and lipids are degraded in a lysosome-dependent manner (Kirkin, 2020). Autophagy inhibits senescence-associated inflammation, maintains genomic integrity, and preserves cellular and tissue homeostasis and the regenerative capacity of stem cells; the core processes are initiated by inhibiting mammalian target of rapamycin (mTOR) or activating Adenosine monophosphate (AMP)-activated protein kinase (AMPK) (Rubinsztein et al., 2011; Hansen et al., 2018). Studies show a decrease in AMPK phosphorylation and an increase in mTORC1 signaling and metabolic reprogramming in IPF (Hansen et al., 2018; Rangarajan et al., 2018). mTOR, a mammalian target of rapamycin, forms two complexes, mTORC1 and mTORC2. They have distinct effector proteins that are activated by multiple upstream inputs and trigger distinct downstream cellular responses (Plate et al., 2020). Among them, mTORC1 regulates autophagy and senescence by promoting ab initio lipid synthesis through sterol response element binding protein (SREBP), protein synthesis through phosphorylation of the eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), and in the absence of glucose, the key energy sensor AMPK promotes autophagy through direct activation of unc-51-like kinase 1 (ULK1). Under nutrient-sufficient conditions, mTORC1 phosphorylates ULK1, preventing its activation and disrupting its interaction with AMPK to prevent autophagy (Kim et al., 2011).
Impaired autophagy is one of the hallmarks of senescence (Aman et al., 2021), and inflammation caused by its impairment is a major driver of senescence-induced tissue damage (Lopez-Otin et al., 2013; Franceschi et al., 2018). In addition, autophagy plays an important role in the control and treatment of COVID-19 (Brest et al., 2020; Mijaljica and Klionsky, 2020; Shojaei et al., 2020). The autophagic pathway is tightly regulated by multimolecular pathways, such as AMPK and mTORC1, and deacetylases (sirtuins) (Rubinsztein et al., 2011), and mTOR signaling is a central part of TGF-β1-mediated fibrosis (Laplante and Sabatini, 2012; Zhai et al., 2017). Severe deficiencies in autophagy levels in lung tissues during the IPF cause AEC senescence and damage, leading to abnormal epithelial–mesenchymal crosstalk and promoting fibroblast-to-myofibroblast differentiation. Meanwhile, restoring autophagy inhibits transformation and reduces collagen deposition, thereby inhibiting IPF formation (Araya et al., 2013; Margaritopoulos et al., 2013). Therefore, promoting autophagy to slow down senescence and regulating the IPF process through the disruption of typical molecular pathways is a promising therapeutic option. lncIAPF (lncRNA inhibit autophagy in pulmonary fibrogenesis) is identified as a profibrotic factor to promote pulmonary fibrosis. Mechanistically, lncIAPF forms a RNA-protein complex with human antigen R (HuR) to block autophagy by controlling the stability of the target genes EZH2 (enhancer of zeste 2 polycomb repressive complex 2 subunit), STAT1 (signal transducer and activators of transcription 1) and FOXK1 (forkhead box K1). Zhang et al. have provided preclinical evidence from the mouse models of lung fibrosis and patient samples and proposed pharmacological approaches for inhibiting lncIAPF related to autophagy; these approaches represent promising therapeutic options for IPF (Zhang et al., 2022). However, numerous questions need to be answered. For example, given that reduction in autophagy in IPF can lead to AEC senescence and the accumulation of inflammatory factors, and excessive autophagy can lead to lung atrophy, how autophagy balance can be achieved? What is the threshold for autophagy balance? How autophagy regulators can be delivered to specific cells at the right time? In the future, changes in AECII autophagy in IPF, the role and regulatory mechanism of autophagy in IPF, and whether AECII stem cell properties can be restored through autophagy for the conversion of AECIIs into AECIs and alleviation of SADD should be investigated.
MEDICATION
IPF is a serious lung disease with poor prognosis and without effective treatment. Anti-inflammatory drugs, corticosteroids and immunosuppressants have been used in the treatment of IPF over the past decades based on the assumption that inflammation is the main mechanism of pulmonary fibrosis (Hewlett et al., 2018). However, a multicentre randomised trial showed that the combination of corticosteroids, azathioprine and N-acetylcysteine increased mortality and hospitalisation rates (Raghu et al., 2012). As a result, this combination was discontinued. Only pirfenidone and nintedanib are currently approved for clinical use. In placebo-controlled, randomised phase 3 studies, pirfenidone and nitisinib effectively slowed disease progression, but did not improve survival or reverse pulmonary fibrosis (Lomas et al., 2012; King et al., 2014; Richeldi et al., 2014). Recent advances in understanding the pathogenesis of IPF are multifaceted and have led to the exploration and development of therapeutic agents for IPF. AECII, as stem cells of the alveolar epithelium, play an important role in the development of IPF due to the positive feedback loop caused by their senescence (Parimon et al., 2020; Kellogg et al., 2021; Parimon et al., 2021). Hashimoto et al. (2016) provided striking evidence that cellular senescence is a relevant target for lung functional improvement. Thus, one of the therapeutic strategies for IPF is to target senescent cells mainly through the elimination of senescent cells or restoration of their vitality. The following section will focus on three therapies targeting senescent AECIIs. Senotherapeutics, which is a new class of antisenescence agents designed to eliminate or delay the adverse effects of cellular senescence containing senolytics (selectively removes senescent cells) and senomorphics (acts as SASP inhibitors without killing cells) (Lagoumtzi and Chondrogianni, 2021), autophagy regulators, and stem cell therapy.
Senolytics
Senolytics are agents that target senescent cells through senescence-associated anti-apoptotic pathways (Lagoumtzi and Chondrogianni, 2021). Kim et al. have summarized seven classes of antisenescence agents, namely, natural compounds, kinase inhibitors, Bcl-2 family inhibitors/Bcl-2 homolog 3 (BH3) mimetics, MDM2/p53 interaction inhibitors, Hsp90 inhibitors, p53 binding inhibitors, and HDAC inhibitors (Kim and Kim, 2019). The combination of quercetin and dasatinib (DQ therapy) can alleviate experimental pulmonary fibrosis by targeting senescent cells. The first human trial conducted on patients with IPF has validated the safety of DQ therapy (Justice et al., 2019). The AECII pathology-driven features in COVID-19 are similar to those in IPF (Sinha et al., 2022). Tests on mice infected with SARS-CoV-2 showed that DQ therapy or ABT-263 have targeted the elimination of virus-induced senescence and alleviation of COVID-19-related pulmonary symptoms. Further clinical trials conducted on COVID-19 patients have found that quercetin significantly improve pulmonary symptoms (Lee et al., 2021), but DQ therapy dose-dependently cleared senescent cells while damaging proliferating cells. The inhibition of Bcl-2/xl by ABT-263 can selectively target senescent AECIIs and reverses persistent pulmonary fibrosis in mice. However, it also results in the removal of normally proliferating or dormant cells from organs (off-target effect) (Pan et al., 2017). Research should further explore the key molecules and signaling pathways involved in AECII senescence causing IPF to preserve AECII population with differentiation potential in tissues and prevent the off-target effect. Damage to the stem cell characteristics of AECIIs in the microenvironment, which can lead to impaired differentiation and renewal and repair of tissues, should be prevented.
Senomorphics
Senomorphics target SASP by inhibiting SASP-expression-related pathways or inhibit specific SASP factors and neutralizing specific antibodies. Senomorphics contain JAK inhibitors (ruxolitinib), NF-κB inhibitors (resveratrol and apigenin), mTOR kinase inhibitors (rapamycin and everolimus) and antibodies against specific SASP factor (Song et al., 2020). Metformin, ruxolitinib and glucocorticoids have been currently approved by the FDA as potential anti-aging drugs (Laberge et al., 2012; Lagoumtzi and Chondrogianni, 2021). Other reports have suggested that the Ca2+ channel blockers loperamide and niguldipine, the ataxia telangiectasia-mutated (ATM) kinase inhibitor KU-60019, and the IKK peptide inhibitor NBD have potential antisenescence activities (Kang et al., 2017; Song et al., 2020; Lagoumtzi and Chondrogianni, 2021). However, their targeting and efficacy have not yet been systematically and comprehensively elucidated.
Procyanidin C1 (PCC1), a polyphenolic component of grape seed extract (GSE), is the main substance mediating the senolytic effect of GSE. It can increase the accumulation of ROS in the cytoplasm of senescent cells and induce a continuous decrease in the mitochondrial membrane potential of senescent cells followed by the release of mitochondrial cytochrome c, resulting in the abnormal cleavage of caspase 3 and ultimately causing senescent cell apoptosis. In contrast to other traditional senolytics, PCC1 has a dual function of inhibiting SASP and targeting senescent cells (Xu et al., 2021). Its efficacy and safety in antisenescence has been demonstrated in animal studies. Moreover, the concentration of PCC1 in vivo varies among organs, and their local concentration may not achieve antisenescence effects in some tissue types. As phenolic compounds in grapes generally have disadvantages, such as poor water solubility and oral bioavailability. However, the use of solid lipid nanoparticle drug delivery systems to encapsulate GSE containing proanthocyanidins not only alleviates these problems but also greatly reduces oxidative stress and inflammation (Castellani et al., 2018). Astaxanthin works in the same manner as PCC1, which can ameliorate IPF through the ROS-dependent mitochondrial signaling pathway in AECIIs (Song et al., 2014b). However, the therapeutic role of PCC1 and astaxanthin in IPF should be further investigated.
Aging is an irreversible process. Senescent cells are the sources of SASP, so SASP cannot be permanently eliminated. Therefore, senomorphics need to be taken for a long period to achieve maximum intervention, and the potential risks and adverse effects of senomorphics are greater than those of senolytics (Song et al., 2020). Antisenescence agents exert a positive effect on the treatment of IPF by modulating the activities of senescent cells, as demonstrated in a mouse model (Wiley et al., 2019). However, whether its long-term application promotes the proliferation of adjacent cells, accelerate telomere shortening, and thus promote aging is unclear. Therefore, long-term preclinical trials on the efficacy of antisenescence agents for patients with IPF are needed (Lagoumtzi and Chondrogianni, 2021).
Autophagy regulators
The mechanism of impaired autophagy in IPF is unclear. Not only it can trigger fibrosis due to inadequate mitochondrial quality control but also it can lead to abnormal NF-κB signaling through p62 accumulation (Patel et al., 2012; Hill et al., 2019; Sharma et al., 2021). Autophagy regulators include the mTOR pathway-dependent inhibitors (rapamycin, torin-1, PP242h) and the direct activators of AMPK (metformin and alginate), as well as the regulators of the acetylation pathway (spermidine and resveratrol), and also classical autophagy-inducing factors such as transcription factor EB (TFEB) (Rubinsztein et al., 2012; Menzies et al., 2017; Aman et al., 2021). It was found that metformin accelerated the regression of experimental fibrosis in an AMPK-dependent manner. Mechanistically, metformin not only promoted autophagy and reduced collagen production (Kheirollahi et al., 2019), but also prevented the production of α-SMA and ECM after TGF-β1 stimulation (Rangarajan et al., 2018). The ATM kinase inhibitor KU-60019 induces the functional recovery of an autophagic system and restores mitochondrial function and metabolic reprogramming. Autophagy modulators not only promote autophagy to prevent AEC senescence and inhibit senescence-associated inflammation but also directly reduce collagen deposition (Kang et al., 2017). Thus, the modulation of autophagic pathways holds great promise in the therapeutic exploration of IPF. The compounds of autophagic regulators are listed in Table 1.
TABLE 1 | Autophagy regulators.
[image: Table 1]Stem cell therapy
Mesenchymal stem cells (MSCs) have great therapeutic potential in IPF due to their powerful paracrine, anti-inflammatory, anti-apoptotic, and immunomodulatory capabilities. MSCs can inhibit AECII senescence by regulating NAMPT-mediated nicotinamide adenine dinucleotide (NAD+) metabolism and attenuating fibrosis, as demonstrated in animal models (Lai et al., 2022). Thus, NAD+ homeostasis may be responsible for the control of IPF by MSCs. Studies on animal models have found that supplementation with NAD+ precursors, such as nicotinamide riboside (NR) and nicotinamide mononucleotide (NM) can promote autophagy and have significant anti-aging effects (Verdin, 2015; Lautrup et al., 2019; Ruaro et al., 2021). According to preclinical studies on different sources of MSCs in IPF models, human Wharton jelly-derived mesenchymal stem cells may offer prospects for stem cell therapy for pulmonary fibrosis (Saleh et al., 2022).
Stem cell therapy has promising clinical applications, but high labor costs and tumorigenesis and immunological risks limit its application. Dinh et al. (2020) have proposed that the inhalation of lung spheroid cell secretome (LSC-Sec) and exosomes (LSC-Exo) is more therapeutic and has fewer side effects. Monocyte chemotactic protein 1 (MCP-1), also known as chemokine (C-C motif) ligand 2, is down-regulated in sera from animals treated with LSC-Sec and LSC-Exo. MCP-1 plays a key role in lung inflammation, and increase in its level represents poor prognosis in patients with IPF. Hence, the nebulized inhalation of LSC-Sec and LSC-Exo not only offers an opportunity for the treatment of IPF but also provides a reliable way for assessing its prognosis. However, current researches on these compounds have found many limitations in terms of dose response, route of administration, and secretome isolation. Selecting the right stem cell dose and injection method and establishing precise isolation protocols are challenges in stem cell therapy. Rejuvenating strategies for stem-cell-based therapies for aging should be explored.
CONCLUSION
AECII senescence is one of the key drivers of IPF pathogenesis (Parimon et al., 2020; Yao et al., 2021). Senescent AECII-associated SADD and SASP act together as triggers and effector molecules to promote the IPF process. How senescent AECIIs act on IPF, how it alters the lung microenvironment, and how it mediates persistent and progressive fibrosis are unclear. The role of AECIIs in IPF should be explored in depth, and in vivo models should be conducted for the senescent AECII population.
The evolution of IPF is a dynamic process with complex etiology and unknown mechanisms. A large number of studies have revealed the complex pathophysiological basis of IPF, including genetics, epigenetics, metabolomics, and interaction with environment (Figure 1). Single-cell RNA sequencing data have shown that senescence markers are up-regulated in AECIIs in IPF (Xu et al., 2016; Mora et al., 2017; Adams et al., 2020), suggesting that impaired self-differentiation and profibrotic and low-inflammation environment caused by AECII senescence are important risk factors for IPF. Targeting senescence is expected to improve the health of patients with IPF. However, no research has confirmed that targeting senescence agents can completely remove senescent cells. However, numerous studies have shown that even partial elimination of senescent cells can cause a remission of the aging phenotype (Lehmann et al., 2017). In addition to using TELODIN and autophagy modulators in preventing AECII senescence (Hong et al., 2022), we can further investigate the selection of antisenescence agents to target senescent AECIIs or selectively block the damaging effects of SASP, thus minimizing the drive of senescence on IPF. For the acceleration of the process for targeting senescent AECIIs in the treatment of IPF, at least three issues need to be addressed: whether the progression of IPF can be terminated by targeting senescent AECIIs, whether AECII senescence can be selectively and safely targeted by some drugs without affecting normal cells, and whether clearance senescent AECIIs can reverse or even counteract the pathological features of IPF. The resolution of these issues can facilitate the design of highly effective drugs or development of novel therapies that can target senescent AECIIs and promote the restoration of the original function of senescent lung cells. In conclusion, combating or reversing lung aging by targeting senescent AECIIs is a demanding challenge. The implications of inhibiting the deterioration of IPF by medical means are objectively complex and are the subject of continued exploration in the future.
[image: Figure 1]FIGURE 1 | Regulation of AECII senescence and strategy of targeting senescent AECⅡ for IPF treatment.
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Disrupted neonatal lung angiogenesis and alveologenesis often give rise to bronchopulmonary dysplasia (BPD), the most common chronic lung disease in children. Hyperoxia-induced pulmonary vascular and alveolar damage in premature infants is one of the most common and frequent factors contributing to BPD. The purpose of the present study was to explore the key molecules and the underlying mechanisms in hyperoxia-induced lung injury in neonatal mice and to provide a new strategy for the treatment of BPD. In this work, we reported that hyperoxia decreased the proportion of endothelial cells (ECs) in the lungs of neonatal mice. In hyperoxic lung ECs of neonatal mice, we detected upregulated fibroblast growth factor receptor 1 (FGFR1) expression, accompanied by upregulation of the classic downstream signaling pathway of activated FGFR1, including the ERK/MAPK signaling pathway and PI3K-Akt signaling pathway. Specific deletion of Fgfr1 in the ECs of neonatal mice protected the lungs from hyperoxia-induced lung injury, with improved angiogenesis, alveologenesis and respiratory metrics. Intriguingly, the increased Fgfr1 expression was mainly attributed to aerosol capillary endothelial (aCap) cells rather than general capillary endothelial (gCap) cells. Deletion of endothelial Fgfr1 increased the expression of gCap cell markers but decreased the expression of aCap cell markers. Additionally, inhibition of FGFR1 by an FGFR1 inhibitor improved alveologenesis and respiratory metrics. In summary, this study suggests that in neonatal mice, hyperoxia increases the expression of endothelial FGFR1 in lung ECs and that deficiency of endothelial Fgfr1 can ameliorate hyperoxia-induced BPD. These data suggest that FGFR1 may be a potential therapeutic target for BPD, which will provide a new strategy for the prevention and treatment of BPD.
Keywords: bronchopulmonary dysplasia (BPD), hyperoxia, endothelial cells (ECs), FGFR1, neonatal
INTRODUCTION
In neonates, especially premature infants, the premature developing lungs are often susceptible to damage from many factors, such as hyperoxia, which often results in bronchopulmonary dysplasia (BPD). It is the most common chronic lung disease in preterm birth and is mainly characterized by simplified vascularization and alveolarization and even fibrosis in severe cases (Northway et al., 1967; Thébaud et al., 2019; Sahni and Mowes, 2022). As a consequence of BPD, residual pulmonary dysfunction and cardiovascular sequelae in adolescence and adulthood may occur (Islam et al., 2015; DeMauro, 2018; Tracy and Berkelhamer, 2019).
The development of the mammalian lung is broadly divided into two phases: prenatal phase and postnatal phase. During the prenatal phase, the core lung structure containing the branching conducting airways with their attendant vasculature develops, while the alveolarization and the maturation of pulmonary microvasculature are mainly completed at the postnatal phase (Warburton et al., 2005; Chang et al., 2013; Silva et al., 2015; Schittny, 2017). The two phases of lung development are intimately coordinated, and being disturbed at any phase may provoke lung disease (Chang et al., 2013). BPD is thought to be the result of an abnormal reparative response to both antenatal injury and repetitive postnatal injury to the developing lungs (Thébaud et al., 2019). Endothelial cells (ECs) play an important role in angiogenesis, which fundamentally contributes to lung development, homeostasis, and injury repair (Ding et al., 2011; Miller and Sewell-Loftin, 2021; Filippini et al., 2022; Zhou et al., 2022). There is complicated reciprocal signaling between ECs and epithelial cells, which regulates the formation of an extensive capillary network to support lung development (Ren et al., 2019).
General capillary endothelial cells (gCap cells) and aerosol capillary endothelial cells (aCap cells) are two subpopulations of ECs that make up the alveolar endothelium. gCap cells are specialized to regulate vasomotor tone and are considered as stem/progenitor cells in capillary homeostasis and repair, while aCap cells are specialized for gas exchange and trafficking of leukocytes (Gillich et al., 2020). Prior studies showed that adoptively transferred c-kit+ ECs (gCap cells) increased lung angiogenesis and prevented alveolar simplification in neonatal mice exposed to hyperoxia (Ren et al., 2019). Furthermore, it was previously reported that after acute lung injury, Car4-high ECs (aCap cells) are preferentially localized in regenerating regions of the alveolus and contribute to alveolar revascularization (Niethamer et al., 2020). Although previous studies have reported that ECs and their subpopulations play an important role in impaired lung repair, the underlying mechanisms by which ECs and their subpopulations act in BPD are unclear.
Here, we detected the alterations in ECs and their subpopulations in hyperoxia-impaired neonatal lungs by scRNA-seq and RNA-seq. We found that endothelial fibroblast growth factor receptor 1 (FGFR1), a member of the fibroblast growth factor receptor (FGFR) family, may play an important role in hyperoxia-induced BPD. FGF/FGFR signaling was reported to be crucial for many physiological activities, such as embryonic development, organogenesis, and tissue maintenance (Dow and deVere White, 2000; Bates, 2011; Goetz and Mohammadi, 2013; Yu et al., 2017; Kurowski et al., 2019). Some scholars believe that FGF/FGFR signaling plays a proangiogenic role in physiological or pathological conditions (Yanagisawa-Miwa et al., 1992; Deng et al., 1994; Compagni et al., 2000; De Smet et al., 2014). In addition, it was previously found that FGFR1 is the key inhibitor of endothelial-to-mesenchymal transition (EndMT) and is important in combating EndMT-associated fibrotic disorders (Li et al., 2017). Nevertheless, scholars have reported that FGF/FGFR signaling is not essential for angiogenesis and injured vessel repair (Ortega et al., 1998; Zhou et al., 1998; Miller et al., 2000; Ong et al., 2000). Exaggerated FGF2/FGFR1 signaling caused by SUMOylation-defective mutation of FGFR1 suppressed VEGFA/VEGFR2 signaling and the angiogenic capabilities of ECs (Zhu et al., 2022). Additionally, it was previously reported that continuous activation of endothelial FGFR1 can promote the formation of profibrotic vascular niche, which would facilitate fibrosis in chronic liver injury (Ding et al., 2014). Moreover, there is another point of view that endothelial FGFR1 is necessary for pathological neovascularization after injury but not for physiological vascular development and vascular homeostasis (Oladipupo et al., 2014; House et al., 2016). These studies indicated that FGFR1 performs different and potentially important functions in different physiological situations. In this work, we found that hyperoxia increased the expression of endothelial FGFR1, which indicated that endothelial FGFR1 may be a key regulatory molecules in hyperoxia-induced BPD. However, the role of FGFR1 in hyperoxia-induced BPD have not been reported. Therefore, it is meaningful to throw light on this question.
To mimic lung injuries in patients with BPD, firstly, wild-type (WT) neonatal mice were exposed to hyperoxia (80% O2) to induce a BPD-like lung phenotype, which was suggested to be an ideal model to identify and study pivotal developmental steps of lung injury and repair (Nardiello et al., 2017; Surate Solaligue et al., 2017; Ito et al., 2022). Mice reared in room air were used as controls. Consistent with previous studies (Nardiello et al., 2017; Ito et al., 2022). We observed that hyperoxia exposure resulted in abnormal angiogenesis and disrupted alveologenesis, the prominent features of BPD, in neonatal mice. Next, single-cell RNA sequencing (scRNA-seq) was performed to investigate the cellular and molecular changes in hyperoxia-damaged lungs. The results of scRNA-seq analysis suggested that hyperoxia decreased the proportion of ECs in the lungs of neonatal mice. Then, we employed whole transcriptome sequencing (RNA-seq) to further explore and confirm the molecular changes in ECs during the occurrence and development of hyperoxia-based BPD. We found that hyperoxia increased the expression of endothelial FGFR1. Therefore, using the same hyperoxia procedure, we used a genetically modified mouse in which Fgfr1 was conditionally deleted specifically in ECs (Fgfr1iΔEC/iΔEC) to investigate the role of FGFR1 in hyperoxia-induced lung injury and repair.
MATERIALS AND METHODS
Mice and neonatal hyperoxia
The WT C57BL/6J mice were obtained from the Model Animal Research Center of Nanjing University. Floxed Fgfr1 (Fgfr1fl/fl) C57BL/6J mice were generously provided by Dr. Shahin Rafii. Mice expressing EC-specific VE-Cadherin-(PAC)-CreERT2 were obtained from Taconic Biosciences. Fgfr1iΔEC/iΔEC mice were generated by crossing Fgfr1fl/fl mice with VE-Cadherin-(PAC)-CreERT2 mice. From the day of birth (P0) to postnatal day (P)2, Fgfr1iΔEC/iΔEC mice were intraperitoneally treated with tamoxifen (50 µg/mouse/day) to induce endothelial-specific deletion of Fgfr1. The neonatal hyperoxia exposure was performed to develop the BPD mouse model according to previously described protocols (Silva et al., 2015; Nardiello et al., 2017; Cheon et al., 2018; Willis et al., 2018). At P0, neonatal mouse pups delivered on the same day were randomly divided into equal-sized litters around six pups nursed by each dam. Then, following randomization, mouse cages were either maintained in room air (21% O2) or in hyperoxia (80% O2) from P0 to P14. Lungs of mouse pups were harvested for testing at P14. The hyperoxic environment was maintained in sealed Plexiglas chambers, which contained sodium bicarbonate as an odor adsorbent and sodium hydroxide as an H2O adsorbent. The chamber contained a continuous oxygen monitoring system (ProOX-100HE, TOW-INT TECH) and was attached to a medical oxygen source. To avoid oxygen toxicity, nursing dams were rotated between normoxic and hyperoxic groups every 24 h. All mice were housed under SPF conditions (12/12 h light/dark cycle, 50%–70% relative humidity, temperature was maintained between 26°C and 28°C) and with access to ad libitum feeding. All mouse pups were euthanized at P14 to harvest lungs for testing.
FGFR1 inhibitor (AZD4547) injection
The FGFR1 inhibitor (AZD4547) was generously provided by Dr. Tinghong Ye. For in vivo efficacy studies, neonatal mice were randomly divided into three groups: room air + vehicle, hyperoxia + vehicle or hyperoxia + inhibitor. From P0 to P5, neonatal mice were daily treated with vehicle or inhibitor (5 μg inhibitor dissolved in 20 μL vehicle: 5% DMSO + 40% PEG 400 + 55% saline) by intragastric injection through the abdominal wall according the dose used in a previously reported study (Gudernova et al., 2016). Each mouse was injected with 20 μL vehicle or 5 μg inhibitor/20 μL vehicle by using a 50-ml Hamilton microsyringe. The hyperoxia exposure and feeding management protocols were the same as those described above. All mouse pups were euthanized at P14 to harvest lungs for testing.
Histology
At P14, the lungs were inflated with 20 ml 4% paraformaldehyde in PBS under constant pressure of 20 cm H2O and allowed to fix for 24 h. After being fixed with 4% paraformaldehyde, the tissues were dehydrated with an ethanol series, embedded in paraffin and sectioned. Hematoxylin and eosin (H&E) staining was performed for tissue morphology examination and mean linear intercept (MLI) and radial alveolar count (RAC) measurement. Analysis of sections was recorded with an Olympus BX51 microscope (Olympus America). The MLI and RAC were measured following a previously described protocol (Cooney and Thurlbeck, 1982; Ashour et al., 2006). For each animal, one lung sections was prepared on a slide, and 5 randomized microscopic fields in each section were selected for MLI or RAC measurement. The average value of the 5 microscopic fields was calculated to represent the results for individual mouse.
Immunofluorescence
At P14, after the mice being sacrificed, the lungs were inflated with 20 ml PBS under constant pressure of 20 cm H2O from the left atrium. Then, lung tissues were embedded in Optimum Cutting Temperature (OCT) and made into cryosections. Briefly, at first, each lung was slowly filled with 50 μL OCT:PBS (1:1) mixture from the trachea. Secondly, the lungs were removed from the chest cavity and placed into tissue embedding cassettes with the maximum side down and carefully filled with OCT into the cassettes. Placed the filled cassettes containing embedded tissues onto the flat surface and quickly placed them into a -80°C refrigerator to freeze the embedded tissue. Next, cryosections were made from the frozen embedded tissue for immunofluorescence (IF) analysis. Six-millimeter-thick tissue cryosections were blocked (5% donkey serum/0.3% Triton X-100) and incubated in primary antibodies at 4°C overnight (anti-VE-cadherin antibody, R&D Systems, #AF1002). After incubation with primary antibodies, slides were washed three times with PBS, followed by incubation in fluorophore-conjugated secondary antibodies (Jackson ImmunoResearch), and nuclear staining was carried out with DAPI by using Prolong Gold Anti-fade Reagent (Invitrogen). Finally, fluorescent images were recorded on an AxioVert LSM980 confocal microscope (Zeiss) for analysis. ImageJ (version: 2.0.0-rc-69/1.52p) was used for fluorescent image analysis following a previously described protocol (Zhou et al., 2021). For each animal, one lung section was prepared on a slide and 5 randomized microscopic fields in each section were selected for fluorescence analysis. The average value of the 5 microscopic fields was calculated to represent the results for individual mouse.
Respiratory metrics testing
The respiratory metrics were quantified by whole-body plethysmography (WBP, DSI Buxco) at P14. Mice were examined in a calibrated WBP chamber, and the manufacturer software was used to calculate respiratory measures. After the respiratory data stabilized, data were recorded for 5 min per mouse. The average was calculated to represent the results for individual mouse.
Single-cell RNA sequencing
Single-cell suspension was prepared following a previously described protocol (Zepp et al., 2017). Briefly, lungs were perfused with PBS, minced with scissors and digested in an enzymatic mixture (dispase II: 200 μg/ml, collagenase I: 200 μg/ml, DNase I: 40 μg/ml) for 35 min at 37°C. Following enzymatic digestion, the samples were filtered, and red blood cells were lysed. Then, single cells were resuspended in MACS buffer (DPBS + 0.1% BSA + 2 mM EDTA). Ensure cell viability exceeded 80% as determined by AO/PI reagent staining. The following sequencing steps were performed by 10X Genomics. The scRNA-seq profiles of 17,320 cells from 16 normoxic and hyperoxic mouse lungs were generated with 150 G sequencing depth. Single-cell suspensions were loaded into 10x Chromium to capture 10,000 single cells according to the manufacturer’s instructions of the 10X Genomics Chromium Single-Cell 3′ Kit (V3). Using microfluidic techniques, gel beads with barcodes and primers were wrapped in oil droplets (GEMs) with individual cells. Then the gel beads were dissolved and the cells were lysed to release the mRNA. cDNA with barcode and UMI information for sequencing was generated by reverse transcription of the mRNA. The cDNA amplification and library construction steps were performed according to the standard protocol. Libraries were sequenced on an Illumina NovaSeq 6,000 sequencing system (paired-end multiplexing run, 150 bp). Sequencing results were converted to FASTQ format using Illumina bcl2fastq software (version 2.20). Cell Ranger pipelin (version 6.1.1) was used for sample demultiplexing, barcode processing and gene counting, and scRNA-seq data were aligned to the reference genome (Transcriptome: mm10–1.2.0). Seurat (Version 4.0) was used for dimensional reduction, clustering and analysis of scRNA-seq data. Each group contained eight mice mixed into one sample for scRNA-seq.
iDISCO (ace) procedure
The iDISCO (ace) procedure was performed according to the previously described protocol (Liu et al., 2020). The VE-cadherin antibody conjugated with Alexa Fluor™ 647 (VE-cadherin antibody, Biolegend, #138002. Alexa Fluor™ 647 dye, Thermo Fisher, #A20006) was diluted 1:1000 for use. After immunolabeling with Alexa Fluor dye-conjugated VE-Cadherin antibody, the tissues were washed directly with PBS/0.1% Tween 20/heparin (10 μg/ml) at room temperature for 24 h following the protocol described. The lung tissues processed by the iDISCO (ace) procedure were imaged on an Andor Dragonfly 200 Confocal Imaging System, with a ×10 objective, a step size of 8μm, 250 ms exposure time. About 1200-μm-thick optical stack of signal were acquired for each lung tissue. Imaris (version 9.9) was used to reconstruct the image stacks obtained from the confocal imaging to perform whole-tissue 3D assessment of the vasculature. AngioTool (version 0.6a) was used for vessels percentage area and total number of junctions analysis (Zudaire et al., 2011).
Vascular leakage experiment
After being euthanasiaed, the mice were treated with FITC-dextran (Sigma, #R9379-250 MG, 50 mg/ml, 25 μL/mouse) via lateral tail vein injection. 30 min after FITC-dextran injection, the mice were sacrificed to harvest the lung tissues. After the mice being sacrificed, skipping the step of inflating with PBS, lung tissues were removed from the chest cavity and directly embedded in OCT according to the protocol described above and then made into cryosections. Nuclear staining with DAPI was performed according to the IF protocol described above. Finally, the tissue sections were imaged on an AxioVert LSM980 confocal microscope (Zeiss) for analysis. The fluorescence analysis protocol was the same as that for IF described above.
Whole transcriptome sequencing (RNA-seq)
Single-cell suspensions were prepared as described above. Next, the single-cell suspension was incubated with CD45-coated beads for 30 min at 4°C, the bead-bound cells were removed using a magnet, and the unbound cell suspension was collected, followed by incubation with CD31-coated beads for 30 min at 4°C. The CD31-coated bead-bound cells were collected and washed 5 times with PBS/0.1% BSA/2 mM EDTA. Purified Rat Anti-Mouse CD31 (#553370) and Purified Rat Anti-Mouse CD45 (#553076) were obtained from BD Biosciences, and Dynabeads Sheep anti-Rat IgG (#11035) was obtained from ThermoFisher Scientific. Total RNA was prepared from the collected ECs using TRIzol (ThermoFisher, #15596018) following the manufacturer’s procedure. Then the 2 × 150 bp paired-end sequencing (PE150) was performed on an Illumina NovaseqTM 6,000 following the vendor’s recommended protocol. Count data for genes were analyzed in R using the DESeq2 software package (version 1.30.1).
Quantitative RT‒PCR
ECs were isolated as described above. Total RNA was prepared from lung ECs using TRIzol following the manufacturer’s procedure. Complementary DNAs (cDNA) were synthesized from the total RNA using the PrimeScript RT Reagent Kit (TaKaRa, #RR0447A), and qPCR was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad). Gene mRNA expression was quantified using SYBR green technology, with β-actin and Gapdh used as internal controls. Primer sequences are available upon request.
Western blot
Protein was extracted from lung ECs isolated as described above. Equal amounts of protein were separated in a 10% gel and transferred to nitrocellulose membranes. The membranes were incubated overnight with primary anti-FGFR1 antibody (1:1000; Cell Signaling Technology, #9740). Gapdh (1:1000, Santa Cruz #sc-32233) was used as an internal control. Signals were detected using corresponding horseradish peroxidase-conjugated secondary antibodies (1:5000, Abcam, #ab205719, #ab6721) and enhanced chemiluminescence (ThermoFisher, #34095).
Quantification and statistical analysis
Calculations were carried out with the Excel and Prism nine software packages (Version 9.1.1). One-way ANOVA followed by Tukey’s test was employed to determine statistical significance. All data are presented as means ± standard error of means (SEMs). Error bar shows SEMs and center shows means. p < 0.05 was considered statistically significant.
RESULTS
Neonatal hyperoxic lung injury results in disrupted alveolar development, respiratory dysfunction and abnormal vascular development
WT neonatal mice were exposed to hyperoxia (80% O2) for 14 days to develop a mouse model of BPD, while the mice living in room air were used as controls (Figure 1A). Hyperoxia interrupted lung development in neonatal mice, resulting in enlarged alveoli and reduced alveolar numbers (Figures 1B–D). Mice from the hyperoxia group had an increased mean linear intercept (MLI) (Figure 1C) and a decreased radial alveolar count (RAC) (Figure 1D). Compared with mice from the room air group. The results of respiratory metrics measurement showed a significant decrease in minute ventilation (MVb), tidal volume breathing (TVb) and peak expiratory flow (PEFb) in hyperoxic mice compared to normoxic mice (Figures 1E–G), but a significant increase in Rpef, the ratio of time to peak expiratory flow (PEF) relative to total expiratory time (Te) (Figure 1H). These data mainly show that hyperoxia provokes disrupted alveologenesis, a prominent phenotype of BPD, as well as respiratory dysfunction in neonatal mice.
[image: Figure 1]FIGURE 1 | Hyperoxia disrupted angiogenesis and alveologenesis and resulted in respiratory dysfunction inneonatal mice. (A) Approach to develop a mouse model of BPD. Mouse pups were exposed to room air (21% O2) or hyperoxia (80% O2) from the day of birth (P0) to postnatal days (P)14. After measuring the respiratory metrics at P14, lungs were harvested for detection. (B) Representative images of H&E-stained lungs. The left panel shows low-magnification (scale bar = 100 μm) images, and the right panel shows higher-magnification (scale bar = 20 μm) images. (C,D) Quantification of MLI (C) and RAC (D) based on the data in (B). Data are shown as the means ± SEMs. n = 8 per group. **p < 0.01, ****p < 0.0001. (E–H) Results of respiratory metrics measurement. Data are shown as the means ± SEMs. n = 13 or 14 per group. **p < 0.01, ****p < 0.0001. (I–K) Whole-tissue 3D assessment of vasculature in normal and hyperoxia-impaired lungs. 3D volume fluorescence images of VE-cadherin (VE-Cad)-stained lungs. The left panel shows low-magnification (scale bar = 1000 μm) images, and the right panel shows higher-magnification (scale bar = 200 μm) images (I). Quantification of the total number of junctions (J) and vessels percentage area (K) based on the data in (I). Data are shown as means ± SEMs. n = 5 per group. ***p < 0.001, ****p < 0.0001. (L) Representative images of IF staining for VE-Cad in lung sections. Magnification: ×40. Scale bar = 20 μm. (N) Mean gray value of VE-Cad based on the data in (L). Data are shown as means ± SEMs. n = 6 per group. ***p < 0.001. (M) Representative images of FITC-dextran leakage from mice reared in room air or hyperoxia. Magnification: ×40. Scale bar = 20 μm. (O) Mean gray value of dextran based on the data in (M). Data are shown as means ± SEMs. n = 5 per group. ***p < 0.001.
Next, we detected the influence of hyperoxia on pulmonary vascular development. The iDISCO (ace) tissue clearing procedure followed by immunofluorescence staining was employed to assess the development of pulmonary vasculature. The results showed that hyperoxia-exposed mice had reduced vascular branching and density (Figures 1I–K). The total number of junctions and vessels percentage area were reduced significantly in hyperoxic lungs (Figures 1J,K). Moreover, the results of IF staining showed that the expression of vascular endothelial cadherin (VE-Cad), a marker of endothelial cells, was lower in lungs developed in hyperoxia than in lungs developed in normoxia (Figures 1L, N). We further performed a FITC-dextran leakage experiment to evaluate the barrier function of blood vessels, which indicated that hyperoxia increased vascular leakage (Figures 1M, O). These results confirmed that hyperoxia results in abnormal vascular development, which thought to be one of the main mechanisms contributing to disrupted alveologenesis.
Hyperoxia induces ECs loss and upregulates the expression of endothelial FGFR1 and the classic FGFR1 signaling pathways in ECs
To investigate the cellular and molecular changes resulting from neonatal lung injury induced by hyperoxia, scRNA-seq was performed on a 10X genomics platform to generate scRNA-seq profiles of WT mice reared in normoxia or hyperoxia (Figure 2A). Five major cell lineages (lymphocytes, endothelial cells, stromal cells, epithelial cells and myeloid cells) corresponded by 19 cell clusters were identified by the expression of marker genes (Figures 2B–D; Table 1). We noted that the frequency of ECs decreased in the hyperoxia-impaired lungs (Figures 2E,F), which is consistent with the results obtained by analyzing the raw data from Thébaud who generated scRNA-seq profiles of 66,200 cells from normally (21% O2-exposed from P0-P14) and aberrantly (85% O2-exposed from P0-P14) developing mouse lungs at P14 (Supplementary Figure S1D,E). Gene ontology (GO) enrichment analysis of the endothelial cell population suggested that the pathways associated with angiogenesis were impacted by hyperoxia exposure (Figure 2G). Furthermore, the GO enrichment analysis showed that hyperoxia impacted the signaling pathways associated with epithelial cell migration (Figure 2G). In addition, the results of scRNA-seq analysis showed an increase in the expression of Fgfr1 in ECs from hyperoxic lungs (Figure 2H) and that the proportion of Fgfr1-positive (Fgfr1+) ECs increased in hyperoxic lungs (Figure 2I).
[image: Figure 2]FIGURE 2 | scRNA-seq analysis of lungs from normoxia- and hyperoxia-reared mice. (A) Approach to generate a single-cell atlas. (B) UMAP plot of all scRNA-seq data, showing a total of 19 distinct cell types corresponding to 5 major cell groups. Cell populations are colored as indicated by the legend. (C) Heatmap of the top 5 most differentially expressed genes across 5 major cell types. The intensity of expression is indicated as specified by the color legend. (D) Feature plots showing the expression of principal identifiers of epithelial cells, endothelial cells, stromal cells, myeloid cells, lymphocytes (B cells) and lymphocyte (T cells) populations. (E) Cellular compositions are colored as indicated by the legend in normal and hyperoxia-impaired lungs. (F) The relative proportion of endothelial cells from all cells in normal and hyperoxia-impaired lungs. (G) Hyperoxia-impacted signaling pathways in ECs, as identified by GO enrichment analysis of biological processes. (H) Violin plot showing the expression of Fgfr1 in ECs. (I) Fgfr1+ ECs in total ECs.
TABLE 1 | Identified cell populations.
[image: Table 1]Next, we performed RNA-seq to further verify the key molecular changes in ECs during the occurrence and development of hyperoxia-induced BPD. The results revealed that the expression of endothelial Fgfr1 was increased in hyperoxic lungs (Figures 3A,B). Furthermore, the enrichment analysis of differentially expressed genes (DEGs) showed that hyperoxia upregulated the downstream signaling pathways of activated FGFR1, including the ERK/MAPK signaling pathway and PI3K-Akt signaling pathway (Figures 3C–E). Notably, hyperoxia also affected the signaling pathways associated with epithelial cell proliferation and epithelial tube morphogenesis (Figure 3C). Consistent with the results of sequencing, the results of qPCR and WB also showed that the expression of FGFR1 was significantly increased in ECs from hyperoxic lungs (Figures 3F,G). We also detected the expression of endothelial FGFR2, another major FGFR expressed by ECs in addition to FGFR1. The results showed that there was no significant difference in endothelial FGFR2 expression between normoxic and hyperoxic neonatal lungs (Supplementary Figures S2A–C). We speculate that this may be attributed to that in neonatal lung, endothelial FGFR1 may be more sensitive to hyperoxia exposure than endothelial FGFR2. These data suggest that hyperoxia upregulates endothelial FGFR1 expression and that the upregulated endothelial FGFR1 may play a vital role in hyperoxia-induced BPD.
[image: Figure 3]FIGURE 3 | RNA-seq analysis of differentially expressed genes (DEGs) and hyperoxia-impacted signaling pathways in ECs from normal and hyperoxia-impaired lungs. (A) Volcano plot showing upregulated and downregulated transcript levels of DEGs, p-value < 0.05, |log2FoldChange|≥1. (B) Heatmap of the top 50 upregulated DEGs and top 50 downregulated DEGs. (C) Hyperoxia-impacted signaling pathways in ECs as identified by GO enrichment analysis of biological processes. All terms shown are significantly enriched (p-value < 0.05). (D) Hyperoxia-impacted signaling pathways in ECs as identified by KEGG pathway enrichment analysis. All terms shown are significantly enriched (p-value < 0.05). (E) Upregulated downstream pathways of activated FGFR1 as revealed by Gene Set Enrichment Analysis, all terms shown are significantly enriched (p-value < 0.05). (F) qPCR of Fgfr1 expression in ECs of normoxic or hyperoxic lungs. n = 7 per group. Data are shown as means ± SEMs. **p < 0.01. (G) Western blot examining the expression of FGFR1 in ECs of normoxic or hyperoxic lung, Gapdh as negative control.
Deficiency of endothelial FGFR1 improves alveologenesis, respiratory function and angiogenesis in hyperoxia-exposed mice
To dissect the functional contribution of FGFR1 in hyperoxia-induced BPD, we generated the genetically modified mouse in which Fgfr1 was conditionally deleted specifically in ECs (Fgfr1iΔEC/iΔEC) by crossing Fgfr1fl/fl mice with VE-Cadherin-(PAC)-CreERT2 mice (Figure 4A). The results of qPCR verification showed that the endothelial Fgfr1 was knockout efficiently (Supplementary Figures S3A–C). Wild-type mice (Fgfr1+/+) were used as controls. We found that deletion of Fgfr1 improved the alveologenesis of neonatal mice upon hyperoxia (Figures 4B–D). After hyperoxia exposure, the MLI of mice from the Fgfr1iΔEC/iΔEC group was significantly decreased, and the RAC was significantly increased compared to mice from the Fgfr1+/+ group (Figures 4C,D). Next, we measured the respiratory metrics of Fgfr1+/+ and Fgfr1iΔEC/iΔEC mice. Unsurprisingly, deficiency of FGFR1 in ECs improved the respiratory function of neonatal mice upon hyperoxia, with TVb, MVb and PEFb increasing markedly and Rpef decreasing markedly in Fgfr1iΔEC/iΔEC mice (Figures 4E–H). After hyperoxia exposure, the expression of VE-Cad increased in lungs from Fgfr1iΔEC/iΔEC mice compared to that in lungs from Fgfr1+/+ mice by detecting with IF staining (Figures 4I,K). The results of FITC-dextran leakage experiment indicated that the vascular leakage of Fgfr1iΔEC/iΔEC mice was decreased in hyperoxia (Figures 4J,L). There were no significant differences observed between normoxia-exposed Fgfr1+/+ mice and the normoxia-exposed Fgfr1iΔEC/iΔEC mice or the hyperoxia-exposed Fgfr1iΔEC/iΔEC mice. Here, it is demonstrated that deletion of endothelial Fgfr1 can protect the lungs from hyperoxia-induced lung injury in neonatal mice.
[image: Figure 4]FIGURE 4 | Deletion of endothelial Fgfr1 improved alveolar development and respiratory metrics and angiogenesis in mice upon hyperoxia. (A) Schematic representation of EC-specific inducible deletion of Fgfr1 in neonatal mice. (B) Representative images of H&E-stained lungs from Fgfr1 +/+ and Fgfr1iΔEC/iΔEC mice reared in room air or hyperoxia. The top panel shows low-magnification (scale bar = 100 μm) images, and the bottom panel shows higher-magnification (scale bar = 20 μm) images. (C,D) Quantification of MLI (C) and RAC (D) based on the data in (B). Data are shown as means ± SEMs. n = 6 per group. **p < 0.01, ***p < 0.001. (E–H) Results of respiratory metrics measurement. Data are shown as means ± SEMs. n = 9, 13 or 14 per group. *p < 0.05, **p < 0.01, ****p < 0.0001. (I) Representative images of IF staining for VE-Cad in lung sections. Magnification: ×40. Scale bar = 20 μm. (K) Mean gray value of VE-Cad based on the data in (I). Data are shown as means ± SEMs. n = 5 per group. **p < 0.01, ***p < 0.001. (J) Representative images of FITC-dextran leakage from mice reared in room air or hyperoxia. Magnification: ×40. Scale bar = 20 μm. (L) Mean gray value of dextran based on the data in (J). Data are shown as means ± SEMs. n = 5 per group. ***p < 0.001.
Hyperoxia triggers up-expression of FGFR1 in aCap cells rather than in gCap cells
To shed light on the underlying regulatory mechanisms of endothelial FGFR1 in hyperoxia-induced lung injury, we analyzed the alteration of EC subpopulations by scRNA-seq. Five distinct EC subpopulations, including gCap, aCap, Artery, Vein and Lymph, were identified based on their expression profiles (Figures 5A–C; Table 1). Hyperoxia reduced the frequency of gCap cells while increasing the frequency of aCap cells, which is consistent with the results obtained by analyzing the raw data from Thébaud (Figure 5D, Supplementary Figures S4D–E). Corresponding to the changes in cell proportion, in hyperoxia-impaired lung, the expression of gCap cell markers, Gpihpb1, Aplnr and Kit were decreased, while the expression of aCap cell markers, Ednrb, Apln and Car4 were increased (Figure 5E).
[image: Figure 5]FIGURE 5 | Hyperoxia induced upregulation of FGFR1 mainly in aCap cells rather than in gCap cells. (A) A total of 5 clusters of ECs were identified. Cell populations are colored as indicated by the legend. (B) Feature plots showing the expression of principal identifiers of general capillary endothelial cells (gCap), aerocyte capillary endothelial cells (aCap), arterial endothelial cells (Artery), venous endothelial cells (Vein) and lymphatic endothelial cells (Lymph). (C) Dotplot depicting the top 5 most differentially expressed genes across endothelial clusters. The intensity of expression is indicated as specified by the color legend. (D) Alteration of the relative proportion of gCap cells and aCap cells. The right panel shows the cellular compositions of ECs, colored as indicated by the legend, and the left panel shows the relative proportion of gCap cells and aCap cells from ECs. (E) Violin plots displaying the expression patterns of gCap cell and aCap cell markers. (F) Column chart showing Fgfr1+ gCap cells and Fgfr1+ aCap cells from total Fgfr1+ ECs. (G) Violin plots displaying the expression patterns of Fgfr1 in gCap cells and aCap cells. (H) qPCR of gCap cell markers, Aplnr and Kit expression and aCap cell markers, Apln and Car4 expression in ECs of lung from Fgfr1+/+ and Fgfr1iΔEC/iΔEC mice reared in room air or hyperoxia. n = 5 or 6 per group. Data are shown as means ± SEMs. nsno significant, *p < 0.05, **p < 0.01, ***p < 0.001.
To determine whether FGFR1 results in these changes, we first analyzed the expression patterns of Fgfr1 in gCap cells and aCap cells. Interestingly, hyperoxia increased the frequency of Fgfr1+ aCap cells, and Fgfr1+ aCap cells accounted for the majority of Fgfr1+ ECs in hyperoxia (Figure 5F). Additionally, the increment of Fgfr1 expression was mainly observed in aCap cells rather than in gCap cells (Figure 5G). Next, we found that in hyperoxic lung ECs, Fgfr1iΔEC/iΔEC mutant increased the mRNA expression of gCap cell marker, Aplnr, while decreased the mRNA expression of aCap cell markers, Apln and Car4 (Figure 5H). These data indicate that FGFR1 may be pivotal in maintaining the proportion and cellular function of gCap cells and aCap cells upon hyperoxia.
Inhibition of endothelial FGFR1 ameliorates hyperoxia-induced alveolar damage and respiratory dysfunction
To verify whether FGFR1 could be a potential therapeutic target for BPD, the effects of the FGFR1 inhibitor (AZD4547) on hyperoxia-induced BPD was evaluated. The results showed that inhibition of FGFR1 by AZD4547 also improved the alveologenesis of neonatal mice upon hyperoxia (Figure 6A). AZD4547 treatment significantly decreased the MLI of hyperoxia-exposed mice, while significantly increased the RAC of hyperoxia-exposed mice (Figures 6B,C). In addition, the results of respiratory metrics measurement showed that after hyperoxia exposure, mice from AZD4547 treated group had increased TVb, MVb and PEFb, while had decreased Rpef (Figures 6D–G). Consistent with the results of the Fgfr1 genetic deficiency model, these data demonstrated that FGFR1 may be a potential therapeutic target for BPD.
[image: Figure 6]FIGURE 6 | Inhibition of endothelial Fgfr1 improved alveolar development and respiratory metrics in neonatal mice in hyperoxia. (A) Representative images of H&E-stained lungs from vehicle or FGFR1 inhibitor treated mice. The top panel shows low-magnification (scale bar = 100 μm) images, and the bottom panel shows higher-magnification (scale bar = 20 μm) images. (B,C) Quantification of MLI (B) and RAC (C) based on the data in (A). Data are shown as means ± SEMs. n = 6 per group. **p < 0.01, ***p < 0.001, ****p < 0.0001. (D–G) Results of respiratory metrics measurement. Data are shown as means ± SEMs. n = 10 per group. *p < 0.05, **p < 0.01, ****p < 0.0001.
DISCUSSION
Oxygen supplementation is the most common treatment in newborns. However, hyperoxic damage is one of the main factors that blunts normal lung alveologenesis and the development of pulmonary microvasculature. In this work, neonatal mice exposed to hyperoxia ultimately exhibited simplified alveolarization and enlarged alveolar cavity, the prominent features of BPD. Additionally, we reported a decrease in MVb and TVb in mice with BPD, which indicates the destruction of respiratory function in mice. The worsening of PEFb and Rpef, reference indicators of airflow restriction, perhaps suggested decreased respiratory muscle strength and increased airway obstruction (Menachery et al., 2015; Ramírez-Ramírez et al., 2017). These data suggest that neonatal hyperoxia exposure disrupted alveologenesis and ultimately led to obstructed respiratory function, which indicated that we established the hyperoxia-induced BPD mouse model successfully and stably.
We observed that hyperoxic mice exhibited abnormal vascular development and mice from hyperoxia group had reduced vascular branching and density. Additionally, the increased leakage of vasculature also suggested that hyperoxia disrupted blood vessels. Disruption of lung angiogenesis is a key mechanism through which hyperoxia leads to alveolar simplification in BPD (Ren et al., 2019). Previous studies have shown that ECs play a critical role in organ injury and repair (Cao et al., 2016; Gladka et al., 2021; Li et al., 2022), so does in hyperoxia-induced lung injury. It was reported that hyperoxia specifically decreased fatty acid oxidation (FAO) in ECs, which induced apoptosis and simplified alveolarization and vascularization in the lungs of mice (Yao et al., 2019). Exposure of human microvascular endothelial cells to hyperoxia decreased cell viability and proliferation (Attaye et al., 2017). Moreover, it was previously found that hyperoxia could evoke mitochondrial DNA damage and mitochondrial fragmentation in pulmonary endothelial cells, which would result in pulmonary endothelial cell dysfunction (Ma et al., 2018). These data demonstrateed that ECs are crucial to the hyperoxia-induced lung injury response.
We further investigated the cellular and molecular changes resulting from hyperoxia-induced lung injury by performing scRNA-seq analysis of normal and hyperoxia-injured lungs and RNA-seq analysis of ECs in lungs from normal mice and hyperoxia-exposed BPD mice. We reported that hyperoxia decreased the proportion of ECs in lungs of neonatal mice. FGFR1 was upregulated in ECs of the hyperoxia-damaged lungs, which was also confirmed in the results of qPCR and WB. Nevertheless, we did not observe significant difference in the expression of endothelial FGFR2. We hypothesized that perhaps endothelial FGFR1 was more sensitive to hyperoxia exposure than endothelial FGFR2. A previous study showed that FGFR1 and FGFR2 were the dominant FGFRs in ECs (Presta et al., 2005) and were autophosphorylated and activated upon the binding of FGF ligands, such as FGF1 and FGF2 (Goetz and Mohammadi, 2013; Xie et al., 2020). In some studies, endothelial FGF/FGFR signals have been reported as facilitative for angiogenesis under physiological or pathological states (Tsuboi et al., 1992; Yanagisawa-Miwa et al., 1992; Compagni et al., 2000; Murakami and Simons, 2009; De Smet et al., 2014). Nevertheless, other findings reported that FGF/FGFR signaling is not essential for angiogenesis. Mice with deficiency of FGF1 or FGF2, even deficiency of FGF1 and FGF2 together had few angiogenesis abnormalities (Ortega et al., 1998; Zhou et al., 1998; Miller et al., 2000). Moreover, there is another point of view that endothelial FGFR1 and FGFR2 are necessary for pathological neovascularization after injury but not for physiological vascular development and vascular homeostasis (Oladipupo et al., 2014; House et al., 2016). Interestingly, studies reported that overactivated FGFR1 could suppress angiogenesis and promote fibrosis. A previous study reported that exaggerated endothelial FGF2/FGFR1 signaling caused by SUMOylation-defective mutation of FGFR1 suppressed VEGFA/VEGFR2 signaling and the angiogenic capabilities of ECs (Zhu et al., 2022). In another study, it was reported that overactivation of FGFR1 contributed to the occurrence of fibrosis (Ding et al., 2014), a prominent feature of severe BPD. The present study, as well as previous studies, demonstrated that in different situations, balancing the level of FGFR1 is important for physiological or pathological activities. The upregulation of the downstream signaling pathways of activated FGFR1 further demonstrated that hyperoxia activated FGFR1 signaling pathways. These data suggested that hyperoxia-induced upregulation of endothelial FGFR1 expression may be a key factor in hyperoxia-induced abnormal vascular development and ultimately result in interrupted alveologenesis and pulmonary dysfunction.
Therefore, we treated the Fgfr1iΔEC/iΔEC mice with the same hyperoxia exposure protocol to further address the role of FGFR1 in hyperoxia-induced lung injury and repair. We found that deletion of endothelial Fgfr1 protected the lungs from hyperoxia-induced lung injury in neonatal mice. After hyperoxia exposure, mice from Fgfr1iΔEC/iΔEC group had improved angiogenesis, alveologenesis and respiratory metrics. The results of scRNA-seq analysis suggested that hyperoxia decreased the frequency of gCap cells but increased the frequency of aCap cells. Consistently, downregulation of gCap cell markers and upregulation of aCap cell markers were detected in hyperoxic lungs. The c-Kit+ endothelial cells (gCap) were reported to be capillary progenitors, which could enhance lung angiogenesis and prevent alveolar simplification in neonatal mice exposed to hyperoxia (Miranda et al., 2013; Ren et al., 2019). In addition, gCap cells were shown to be critical for normal neonatal lung angiogenesis (Wang et al., 2022). Thus, it makes sense to believe that the reduction in gCap cells caused by hyperoxia may be crucial to disrupted vascular development in newborn mice. On the other hand, previously published data showed that the number of aCap cells increased after hyperoxia exposure, accompanied by upregulation of inflammatory genes and antiangiogenic genes, which contribute to BPD (Hurskainen et al., 2021). The other point of view supports that Car4+ capillary endothelial cells (aCap) are important for normal alveolar development by interacting with AT1 cells through VEGFA and contribute to alveolar revascularization postinjury (Niethamer et al., 2020; Vila Ellis et al., 2020). Consequently, we hypothesize that the hyperoxia-induced increase in aCap cells resulting in upregulation of the expression of some unfriendly genes (such as inflammatory genes and antiangiogenic genes), through which aCap cells interact with other cells (such as AT1 cells), may be a major factor in disrupting lung development and regeneration in neonatal mice.
Interestingly, scRNA-seq analysis revealed that the upregulated expression of endothelial Fgfr1 was mainly found in aCap cells rather than in gCap cells. We validated the correlation of endothelial FGFR1 deficiency with the expression of gCap cell markers and aCap cell markers upon hyperoxia. We observed that deletion of Fgfr1 increased the expression of gCap cell markers but decreased the expression of aCap cell markers in hyperoxic lung ECs. Thus, we speculate that the upregulated FGFR1 in aCap may affect the cellular proportion and function of gCap cells and aCap cells upon hyperoxia. In the future, further researches are needed to determine their regulatory relationships and the underlying mechanisms.
Finally, to mimic the clinical treatment method, we treated neonatal mice with FGFR1 inhibitor by intragastric injection of AZD4547 to induce FGFR1 deficiency. Consistent with the results of the Fgfr1 genetic deficiency model, inhibition of FGFR1 by AZD4547 also showed protective function against hyperoxia-induced lung injury in neonatal mice. After hyperoxia exposure, mice from inhibitor treated group had improved alveologenesis and respiratory metrics. These data suggest that FGFR1 may be a potential therapeutic target for BPD.
In summary, the present study shows that hyperoxia upregulates the expression of FGFR1 and FGFR1 signaling pathways in lung ECs of neonatal mice. Deletion of endothelial Fgfr1 can protect lung from hyperoxia-induced lung injury in neonatal mice, which may be attributed to the regulation of FGFR1 on gCap cells and aCap cells. The results of the present research suggest that FGFR1 is a potential therapeutic target for BPD, which has considerable clinical value.
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The high incidence and mortality of idiopathic pulmonary fibrosis (IPF) have led to the widespread use of antifibrotic drugs such as pirfenidone; however, the associated adverse reactions greatly vary among individuals and the dose is not fixed. To date, no reliable blood concentration range of pirfenidone is available to monitor adverse reactions and clinical efficacy. This real study assessed the efficacy and safety of different plasma concentrations of pirfenidone in patients with IPF. The study included 99 patients with IPF orally treated with pirfenidone capsules for at least 52 weeks. Ultra-performance liquid chromatography–mass spectrometry was used to analyze drug plasma concentrations. The annual rate of forced vital capacity (FVC) decline, assessed at week 52, was set as the primary end point. Secondary end points were the change from the baseline in the 6-min walk distance (6 MWD) and the time to the first acute exacerbation of IPF, both of which evaluated over 52 weeks. In the total population, the annual FVC decline in the high-concentration group was −90.0 ml per year versus −260.0 ml per year in the low-concentration group, for a between-group difference of 190.3 ml per year. The proportion of patients treated with high plasma concentrations of pirfenidone who showed an absolute decline of ≥10% in FVC% predicted, with a 6 MWD reduction of ≥50 m, or died, was lower than that of patients treated with low plasma concentrations of pirfenidone. High concentrations of pirfenidone reduced the risk of acute exacerbation in patients with IPF. Considerable differences were not observed for the total St. George’s Respiratory Questionnaire score or the rates of death between the high- and low-concentration groups. Mild to moderate adverse events, mainly involving the gastrointestinal system and the skin, were more common in the high-concentration group than in the low-concentration group but did not lead to termination of treatment in most cases. Our results suggest that treatment of IPF with high blood concentration of pirfenidone is both safe and effective. In the case of tolerable adverse reactions, patients with IPF may benefit from high concentrations of pirfenidone.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive fibrotic lung disease with usual interstitial pneumonia (UIP) as the main histopathological and radiological pattern. IPF causes honeycombing, irreversible tissue damage, and respiratory failure, which seriously affect the quality of life of patients and increase the mortality rate. IPF accounts for approximately 20% of all cases of interstitial lung diseases, with approximately 3 million IPF cases globally (Lederer and Martinez, 2018) and a high prevalence among the elderly and males. The survival time varies widely among patients with IPF (Raghu et al., 2011). Advanced age, male, dyspnea, the rapid decline of lung functions in the early stage of the disease (Raghu et al., 2020), and severe pathological injury are all associated with the poor prognosis of patients with IPF. Due to the lack of effective drug treatments, the median survival of transplant-free patients with IPF is 3–5 years, which is less than the survival rate of patients with other malignancies (Mora et al., 2017), with an extremely poor prognosis. Hence, the search for an effective therapeutic strategy for IPF is at the forefront of contemporary research (Collard et al., 2016; Kolb et al., 2017; Richeldi et al., 2017; Lederer and Martinez, 2018; Kondoh, 2019; Kirby, 2021).
The pathogenesis of IPF is extremely complex and hence can be easily misdiagnosed. Studies have shown that the epithelial-mesenchymal transition (Jayachandran et al., 2009; Wilson and Wynn, 2009), abnormal activation of lung fibroblasts (Zhao et al., 2016), and excessive deposition of collagen matrix (Martinez et al., 2017) play a key role in the process of pulmonary fibrosis.
Previous large-scale controlled clinical trial studies of IPF do not recommend the use of the combination of prednisone, azathioprine, and N- acetylcysteine as well as the administration of warfarin and endothelin receptor antagonists (Noth et al., 2012) due to their poor efficacy. The Food and Drug Association (FDA) has approved the antifibrotic drugs pirfenidone (Noble et al., 2011; King et al., 2014) and nintedanib (Richeldi et al., 2014; Bonella et al., 2015; Flaherty et al., 2019) for the treatment of IPF, as they suppress the decline in lung functions and delay disease progression. Pirfenidone, an oral pyridone derivative with anti-inflammatory, antioxidant, and antifibrotic properties (Lee et al., 1998; Schaefer et al., 2011), has been reported to regulate TGF-β expression in animal models of pulmonary fibrosis and can inhibit fibroblast and collagen synthesis (Schaefer et al., 2011).
A study showed that pirfenidone reduced the number of coughs per hour in patients with IPF by 35% and improved subjective cough indicators (van Manen et al., 2017). In addition, pirfenidone could significantly alleviate the deterioration of dyspnea by decreasing the change of FVC decline and the University of California and San Diego Shortness of Breath Questionnaire from baseline to 12 months in the patients with IPF treated with pirfenidone (Glassberg et al., 2019). In a prospective controlled trial, treatment with pirfenidone for 9 months improved vital capacity and significantly reduced the risk of acute exacerbation of IPF (Azuma et al., 2005). A retrospective analysis of ASCEND and CAPACITY004 and 006 studies reported that pirfenidone could reduce the incidence of disease progression events in patients with IPF (FVC% predicted decreased by more than 10%, 6 MWD decreased by more than 50 m, hospitalization and death) (Nathan et al., 2019).
In recent years, more patients with IPF are prescribed pirfenidone by professional respiratory physicians, and the recommended dose is 1,800 mg/d. However, pirfenidone causes side effects, mostly in the gastrointestinal tract (indigestion and loss of appetite) and skin (photosensitivity), and these adverse reactions worsen with dosage increase, resulting in poor compliance of patients. There are highly variable individual differences in adverse reactions, the dosage is not fixed, and there is a lack of a reliable blood concentration range of pirfenidone to monitor adverse reactions and clinical efficacy. In view of this, this study investigates the safety and efficacy of different plasma concentrations of pirfenidone in the treatment of patients with IPF and explores appropriate drug reference for clinical treatment decisions.
MATERIALS AND METHODS
Study design and patients
This study is a multicenter real-world study conducted in 16 centers in Henan Province. The study was approved by the Research and Clinical trial Ethics Committee of the First Affiliated Hospital of Zhengzhou University (Ethical Review No. 2020-KY-257).
The recruitment time was from July 2020 to August 2021, and the eligible patients were 40–85 years old. IPF was diagnosed based on the diagnostic guidelines for IPF by the ATS/ERS/JRS/ALAT in 2018 (Raghu et al., 2018); patients with image findings suggesting probable UIP were diagnosed by transbronchial lung biopsy or surgical lung biopsy. All the high-resolution computed tomographic images and lung histopathology specimens were reviewed uniformly by at least one expert chest radiologist and one pathologist. The range dose of pirfenidone was 1,200–1,800 mg/d, taken orally ter in die (t.i.d., i.e., three times a day). Other eligibility criteria were as follows: 1) An FVC % predicted of 50% or more. 2) A diffusion capacity of the lung for carbon monoxide (DLco) between 30 and 90% predicted. 3) A ratio of the forced expiratory volume in 1 s to the FVC that was equal to or greater than 0.80. 4) A 6-min walk distance (6 MWD) of over 150 m at baseline. Written informed consent was obtained from all patients.
Exclusion criteria were as follows: 1) Use of other antifibrotic drugs, including nintedanib, high-dose prednisone (>10 mg), immunosuppressants, rituximab, and N- acetylcysteine. 2) Participation in any study of IPF drugs during the preceding one month. 3) History of malignant tumors during the preceding 5 years. 4) Patients receiving antineoplastic therapy. 5) Patients suffering from active or latent tuberculosis during the preceding six months. If an acute exacerbation was reported at any time during the trial, the researcher had the choice to either start any other treatment or increase the dose as required.
Treatment regimen
All patients had been treated with an oral pirfenidone capsule with a dose of ≥1,200 mg/d and a maximum dose of 1,800 mg/d. The drug was administered in three equal doses and taken with three meals. Physical examination, clinical laboratory tests, lung function test, 6 MWD test, and the analysis of total St George’s Respiratory Questionnaire (SGRQ) score were performed at baseline and at week 52. Telephone follow-up was carried out on the 2nd, 4th, 8th, 13th, 26th, 39th, and 52nd weeks to evaluate exercise tolerance and dyspnea, acute aggravation of symptoms, and hospitalization due to illness. Adverse drug reactions and treatment measures were documented meticulously. We assessed the adequacy and repeatability of all lung function results according to the American Thoracic Society standards (Culver et al., 2017). Safety outcomes were determined from clinical and laboratory evaluations and the records of adverse events that occurred within the 52 weeks and were coded using the Common Toxicity Criteria (CTC) version 2.0 of the National Cancer Institute.
Measurement of pirfenidone plasma concentration
Serial blood samples were collected at the baseline. Peripheral venous blood samples (2 ml) were drawn from each patient prior to dosing and at 1.5, 2, 4, 6, and 8 h post-dosing. All blood samples were collected in EDTA tubes and centrifuged at × 3,500 g for 10 min to isolate the plasma. Ultra-performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) was used to analyze the plasma concentrations of pirfenidone. The calibration curve covered the range of 0.2–20.0 mg/L. An analysis of quality control samples indicated good precision (coefficients of variation ≤4.2%) and accuracy (measured concentrations ≤4.7% from target concentrations) (Wang et al., 2021). The area under the curve (AUC) at baseline was evaluated using the linear trapezoidal method, whereas the AUC 8 h was multiplied by 3 to obtain the AUC 24 h.
Outcomes
The primary endpoint was the annual rate of decline in the FVC over the 52-week period. According to the international guidelines (Culver et al., 2017), pulmonary function was measured at the baseline and at the 52nd week. The secondary end points were the assessment of absolute changes in the percentage of predicted FVC, DLco, 6 MWD reduction, and the time to the first confirmed or suspected acute exacerbation of IPF or death from baseline to week 52.
The implementation of the 6-min walk test was defined and controlled according to the standards defined and validated by du (Bois et al., 2011); additional control measures were taken according to the ERS/ATS guidelines for field walking testing (Holland et al., 2014). Disease progression was defined as a decline of greater than 10% in the absolute FVC % predicted, hospitalization due to respiratory diseases, or a drop of 50 m or more in the 6 MWD compared with the baseline measurement. Acute exacerbation of IPF was defined as the acute clinically significant deterioration of respiratory functions characterized by new evidence of extensive alveolar abnormalities, which met the following diagnostic criteria (Collard et al., 2016): 1) The previous or current diagnosis was IPF. 2) Acute deterioration or dyspnea, usually lasting <30 days. 3) Computed tomography showed bilateral ground glass shadows and/or overlapping consolidations of background types consistent with the common type of interstitial pneumonia. 4) A deterioration that does not account completely for heart failure or humoral overload. Cases that are of unknown cause but do not fulfill the criteria listed due to missing computed tomography data and have been termed “suspected acute exacerbations of IPF.” Additional secondary endpoints included the change in the total SGRQ score measured over the entire treatment period. The SGRQ, which is used to evaluate the quality of life, is a self-administered questionnaire that consists of three different domains (symptoms, activity, and impact). The score of each domain ranges from 0 to 100, and the total score represents the weighted average of the three sub-scores, with higher scores corresponding to a poorer quality of life (Jones et al., 1991; Furukawa et al., 2017; Prior et al., 2019).
Statistical analysis
The research data were statistically analyzed using the SPSS25.0 software (IBM Corporation, Armonk, NY, United States). To analyze the mean change, the missing values due to death were assigned the worst result (e.g., FVC = 0). The normal distribution, skewed distribution, and counting data were expressed as average ±standard deviation, median (lower quartile, upper quartile), and frequency (constituent ratio), respectively. The T, χ2, and Mann-Whitney U tests were performed for comparisons among groups. The data were all double-tailed statistics, with an alpha value of 0.05. For time-to-event analyses, the high-concentration group was compared with the low-concentration group using the log-rank test.
RESULTS
Patient characteristics
From July 2020 to August 2021, 405 blood samples were collected from 371 patients treated with pirfenidone (≥1,200 mg/d), of which 31 collected two blood samples and 1 collected four blood samples while adjusting the drug dose. After excluding the patients with inadequate clinical features, test results, pulmonary functions, 6 MWD and SGRQ scores at baseline, and follow-ups within 52 weeks, along with the patients who could not be diagnosed as having IPF by imaging or pathology, 99 patients who completed the visits were finally enrolled in the study (Figure 1).
[image: Figure 1]FIGURE 1 | Enrollment and Grouped in the Overall Population. Patients could have more than one reason for exclusion. The numbers of patients who withdrew from the study do not include patients who died or underwent lung transplantation. Patients who discontinued the study treatment were included in the analysis of data for patients who completed the study.
A UPLC-MS/MS-based method for the simultaneous measurement of pirfenidone and its main metabolites in the plasma of the patients was established in our center. Blood samples were collected for drug concentration determination after repeated administration. The plasma concentration of pirfenidone in patients with IPF was 112.8 ± 65.5 mg h/L. Upon viewing the AUC of the receiver operating characteristic curve (Figure 2A), we found that pirfenidone exposure was strongly correlated with the progression of the disease, and the cut-off value was 104.483 mg h/L; the patients were assigned into two different plasma concentration groups: the low-concentration group (AUC lower than 100 mg h/L) and the high concentration group (AUC ≥100 mg h/L). The distribution of pirfenidone plasma concentrations showed considerable differences between the two groups (Figure 2B).
[image: Figure 2]FIGURE 2 | The concentration group. (A) ROC curve for values of pirfenidone plasma concentration to predict the progression in IPF patients. (B) The distribution for the two different concentrations, the horizontal red lines represent the mean value and the lower and upper black lines represent the S = D value, respectively.
Overall, the two study groups were similar in terms of demographic and baseline characteristics (Table 1). Most enrolled patients in the low- and high-concentration groups were males (80.4%and 76.7%, respectively), with a median age and smoking history of 64 and 67 years and 66.1 and 58.1%, respectively. Most patients were diagnosed within the preceding 3 years, with 80.4% in the low-concentration group and 79.1% in the high-concentration group. The mean (±SD) baseline FVC of the predicted value was 78.6% ± 16.7% in the low-concentration group and 74.4% ± 18.5% in the high-concentration group. The baseline values of the 6 MWD were 452.5 (388.5–505.0) m in the low-concentration group and 415.0 (385.0–465.0) m in the high-concentration group; the percentage of predicted DLco was 53.6% ± 12.2% and 53.7% ± 14.9%, respectively.
TABLE 1 | Characteristics of the patients at baseline.
[image: Table 1]Plasma concentration and clinical outcomes of treatment
After treatment with pirfenidone capsules, the adjusted annual rate of decline in the FVC (the primary end point) was −90.0 ml per year in the high-concentration group as compared with −260.0 ml per year in the low concentration group, with a difference of 190.3 ml per year (95% CI, 109.2–280.0; p < 0.001) (Table 2; Figure 3B).
TABLE 2 | Efficacy endpoints.
[image: Table 2][image: Figure 3]FIGURE 3 | Efficacy Outcomes during the 52-Week Study Period. (A) Shows the proportion of patients who had a decreased percentage of the predicted FVC≥ 10% or who died. (B) Shows the mean change from baseline in FVC. (C) Shows the proportion of patients who had a decline of 6-min walk distance≥ 50 m or who died. (D) Shows the Kaplan–Meier distribution for the probability of time to first investigator-reported Acute Exacerbation.
The FVC % predicted changed significantly during the 52-week treatment period between the two different plasma concentration groups (p < 0.001) (Table 2). The proportion of patients with a decline of ≥10% in the absolute FVC % predicted or who had died at week 52 was less in the high-concentration group than in the low concentration group (9.3% vs. 33.9%, p = 0.004) (Figure 3A). The high-concentration group showed a significantly lower decline over the 52-week period in the 6 MWD than the low concentration group (−15.0 m and −40.0 m, respectively, between-group difference, 23 m; 95% CI, 5.0–35.0; p = 0.006) (Table 2). At week 52, five patients (11.63%) in the high-concentration group and 21 patients (37.5%) in the low-concentration group had a 6 MWD reduction of more than 50 m or died, for a relative decrease of 28.6% in the high concentration group (Figure 3C).
During the assessment of changes in the percentage of predicted DLco from the baseline to week 52, the high- and low-concentration groups showed a decrease of −5.3 and −7.9% in DLco, respectively (between-group difference, 2.5%; 95% CI, −0.3 to 5.6; p = 0.078) (Table 2). At week 52, no significant difference in the average change in the total SGRQ score was observed between the two groups (2.7 and 2.9 in the high- and low-concentration groups, respectively; between-group difference, −0.3; 95% CI, −2.1–1.6; p = 0.764) (Table 2).
In the analyses of the time to the first acute exacerbation, a significant increase was observed in the high-concentration group compared with that in the low-concentration group (hazard ratio, 0.30; 95% CI, 0.11–0.82; p = 0.046) (Figure 3D); the percentage of patients with an acute exacerbation of IPF was lower in the high-concentration group than in the low-concentration group (7.0% vs. 21.4%) (Table 3). The all-cause mortality analysis showed two deaths (4.7%) over the 52-week period in the high-concentration group and three deaths (5.4%) in the low-concentration group; no significant difference was observed between the two groups (hazard ratio, 0.85; 95% CI, 0.14–5.09; p = 0.860) (Table 3). Similarly, the percentage of patients who died from IPF in the high-concentration group was lower than that in the low-concentration group, although the difference was not significant (p = 0.461) (Table 3).
TABLE 3 | Outcomes of the trial.
[image: Table 3]Plasma concentration and adverse events
Table 4 summarizes the adverse events associated with oral administration of pirfenidone in patients within the 52 weeks. In the overall population, the most common adverse events associated with oral pirfenidone were digestive tract-related adverse reactions such as nausea, vomiting, abdominal pain, diarrhea, dyspepsia, gastroesophageal reflux, weight loss, and rash. The total number of adverse events was 37 (86.0%) in the high-concentration group and 35 (62.5%) in the low-concentration group. There was a significant difference in the total incidence of adverse effects between the different concentration groups (p = 0.009).
TABLE 4 | Adverse events in the overall population.
[image: Table 4]In the high-concentration group, adverse events related to nausea, dyspepsia, weight loss, arthritis, and rash were more common compared with those in the low-concentration group. In the low-concentration group, one patient (1.8%) had grade 3 gastrointestinal adverse events, and two patients (3.6%) had grade 3 weight loss adverse events. One patient (2.3%) in the high-concentration group showed grade 4 skin-related adverse effects, while another (1.8%) in the low-concentration group showed grade 3 skin-related adverse effects. The adverse events were mostly mildly to moderately severe, easy to occur in the early stage of oral drug increment, and could be gradually tolerated or significantly relieved by drug treatment (such as proton pump inhibitors) or adjustment of living habits. In this study, liver-related adverse reactions were very rare. Only one patient (1.0%) had alanine or aspartate aminotransferase levels at least three times higher than the upper normal limit in the total population; the total bilirubin level of this patient increased to more than double the upper normal limit. However, the liver injury was reversible, and liver functions were restored after treatment with hepatoprotective drugs.
DISCUSSION
The recommended initial dosage for oral administration of pirfenidone capsules for patients with IPF is 200 mg thrice daily, and has been incrementally increased. The dosage of pirfenidone capsules is maintained at 600 mg per dose (1,800 mg daily). However, in clinical setting, patients with IPF are more susceptible to adverse events such as gastrointestinal reactions and skin rashes upon oral administration of 1,200 mg/day and these adverse reactions worsen as the dosage increase, and so does the cost of treatment, thereby causing financial burden on patients and affecting the incremental use of drug. Thus, it is pertinent to find an effective and safe blood concentration range of pirfenidone in patients with IPF. When we collated the data in the early stages, we found that ingesting higher doses of pirfenidone would increase the blood drug concentration in the same patient. However, no apparent correlation was observed between the dose and blood drug concentration in the overall population. Accordingly, it can be inferred that increasing the oral pirfenidone dose may increase the blood concentration of pirfenidone, resulting in a better therapeutic outcome.
In a multicenter clinical trial in Japan (Taniguchi et al., 2010), significant differences were observed in the vital capacity decline and progression-free survival (PFS) between the high-dose and placebo groups, but not between the high-dose (1,800 mg/d) and low-dose (1,200 mg/d) groups. The Ascend study (Richeldi et al., 2014) found that the annual FVC decline was 428 ml in the placebo group versus 235 ml in the pirfenidone group. At week 52, treatment with pirfenidone led to a markedly lower reduction in the 6 MWD and an improvement in the PFS. In this study, we found that the annual FVC decline (the main endpoint) was −90 ml in the high-concentration group and −260 ml in the low-concentration group. Additionally, the number of patients who showed a reduction of more than 10% in the absolute FVC % predicted, had a 6 MWD decrease of more than 50 m, or died at week 52 was considerably lower in the high-concentration group than in the low-concentration group. We found that the high plasma concentration of pirfenidone was beneficial in hindering the annual FVC decline and reducing the progression of the disease.
In previous clinical studies, it had been proved that pirfenidone had a positive effect on the decline of pulmonary function in the treatment of IPF, which not only reduced the annual decline rate of FVC but also slowed down the decline of DLCO (Feng et al., 2020; Krauss et al., 2020). In addition, DLCO decline of ≥10% shows potential as a mortality predictor in IPF patients on pirfenidone during follow-up examinations (Zurkova et al., 2019). Health-related quality of life (HRQL), often measured using the SGRQ is impaired in patients with IPF. This study showed no significant differences between the two different concentration groups regarding the changes in the percentage of predicted DLco (p = 0.078) or the total SGRQ score (p = 0.764) from the baseline to week 52. This may be because high-and low-concentration groups do not meet the differences in these indicators, and we need to enroll more patients to confirm these results.
Previous studies (Taniguchi et al., 2010; Noble et al., 2011; Richeldi et al., 2014) reported limited effects of pirfenidone on reducing the risk of acute exacerbation of IPF compared with that in the placebo group. However, the high plasma concentration of pirfenidone was beneficial in prolonging the time to the first acute exacerbation and reducing the risk of acute exacerbations, thus providing more evidence emphasizing the importance of monitoring the blood levels of pirfenidone.
A comprehensive analysis of data from three phase III clinical trials (Nathan et al., 2019) showed a significant reduction in the overall number of deaths (p = 0.01) and IPF-related deaths (p = 0.006) in the pirfenidone group compared with the placebo group. However, this study showed no significant differences between the two different concentration groups regarding the change in the overall deaths (p = 0.860), or deaths related to IPF (p = 0.461). This may be due to the low mortality rate in patients participating in IPF clinical trials, resulting in a small sample size not sufficient to acquire an accurate estimate of the therapeutic effect. Generally, pirfenidone capsule intake was safe. However, it was associated with some adverse events, the most common being digestive tract-related adverse events, weight loss, and rashes, which is consistent with the previous research findings (Wilson and Wynn, 2009; Raghu et al., 2011; Kolb et al., 2017; Martinez et al., 2017). The total incidence of adverse events in the high-concentration group (86.0%) was higher than that in the low-concentration group (62.5%). Adverse events (mostly mild to moderate) related to nausea, indigestion, weight loss, arthritis, and rash were more common in the high-concentration group than in the low-concentration group, but did not result in discontinuation of the drug.
This study has some limitations. 1) Its realistic design that did not alter the clinical treatment decisions of patients and the lack of a blank control group for comparison. 2) Relatively small sample size. 3) Patients with mild to moderate physical injuries were included. 4) The study groups were not divided by sex. IPF is a sex-dependent disease, and men and women could react to the treatment differently. 5) Some patients were on a long-term treatment of chronic diseases and had different lifestyles, which made it a tedious process to accurately evaluate the adverse reactions attributed to pirfenidone.
Despite these limitations, our multicenter study confirmed the advantages of the high plasma concentration of pirfenidone in the treatment of patients with IPF, such as delaying the annual decline rate of FVC, reducing the decline of 6 MWD, attenuating disease progression and the risk of acute exacerbation. Moreover, Treatment with pirfenidone capsules containing high plasma concentrations was generally safe, with tolerable side effects.
It is expected to carry out prospective researches and find a therapeutic window of the pirfenidone to monitor adverse reactions and clinical efficacy. It may achieve personalized medication of pirfenidone in the treatment of patients with IPF in the future.
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Umbilical cord mesenchymal stem cells (UCMSCs) are a reportedly promising choice in the treatment of irreversible pulmonary fibrosis and lethal interstitial lung disease with limited drug treatment options. In this study, we investigated the therapeutic efficacy of UCMSCs overexpressing hepatocyte growth factor (HGF), which is considered one of the main anti-fibrotic factors secreted by MSCs. Adenovirus vector carrying the HGF gene was transfected into UCMSCs to produce HGF-modified UCMSCs (HGF-UCMSCs). Transfection promoted the proliferation of UCMSCs and did not change the morphology, and differentiation ability, or biomarkers. Rats were injected with HGF-UCMSCs on days 7 and 11 after intratracheal administration of bleomycin (10 mg/kg). We performed an analysis of histopathology and lung function to evaluate the anti-fibrotic effect. The results showed that HGF-UCMSCs decreased the Ashcroft scores in hematoxylin and eosin-stained sections, the percentage positive area in Masson trichrome-stained sections, and the hydroxyproline level in lungs. Forced expiratory volume in the first 300 m/forced vital capacity was also improved by HGF-UCMSCs. To explore the possible therapeutic mechanism of HGF-UCMSCs, we detected inflammatory factors in the lungs and performed mRNA sequencing in UCMSCs and HGF-UCMSCs. The data indicated that inhibition of interleukin-17 in the lung may be related to the anti-fibrosis of HGF-UCMSCs, and overexpressed HGF probably played a primary role in the treatment. Collectively, our study findings suggested that the overexpression of HGF may improve the anti-fibrotic effect of UCMSCs through directly or indirectly interacting with interleukin-17-producing cells in fibrotic lungs.
Keywords: umbilical cord, mesenchymal stem cells, pulmonary fibrosis, hepatocyte growth factor, interleukin-17
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is one of the forms of chronic progressive fibrotic interstitial lung disease (Lederer and Martinez, 2018). Patients with IPF eventually develop and ultimately die of irreversible respiratory failure (Richeldi et al., 2017). The death rate among patients with IPF has gradually increased, with an annually increasing trend (Hutchinson et al., 2014; Raghu et al., 2014; Hutchinson et al., 2015; Dove et al., 2019; Navaratnam and Hubbard, 2019; Tran et al., 2020). At present, the most effective treatment is lung transplantation, but transplant rejection and a lack of donor’s lungs make it impossible for more patients to benefit from transplantation (Raghu et al., 2015; George et al., 2019). Although pirfenidone and nintedanib can improve lung function and exercise tolerance to some extent, it is still difficult to prevent IPF from progressing (King Jr et al., 2014; Richeldi et al., 2014). Thus, new curative methods for patients with IPF are urgently needed.
Mesenchymal stem cells (MSCs) have been widely proven to effectively treat pulmonary fibrosis in animals through secreting anti-fibrotic factors (Huang et al., 2015; Kotani et al., 2017; Chen et al., 2018). Given that MSCs were likely an effective way to cure patients with IPF, clinical studies were subsequently conducted. The results showed that MSC administration was safe and could delay the deterioration of pulmonary function over time (Tzouvelekis et al., 2013; Chambers et al., 2014; Glassberg et al., 2017). Nevertheless, the progression of pulmonary fibrosis still cannot be stopped. Therefore, researchers must find ways of enhancing the anti-fibrotic efficacy of MSCs.
Gene modification of anti-fibrotic factors is a valid means to achieve the abovementioned goal (Madrigal et al., 2014; Ocansey et al., 2020). The hepatocyte growth factor (HGF) is a crucial factor in anti-fibrosis (Dong et al., 2015; Cahill et al., 2016). It has been shown that HGF can repair damaged alveolar epithelium and inhibit the profibrotic ability of fibroblasts and myofibroblasts in the lungs (Mizuno et al., 2005; Lee et al., 2008; Shukla et al., 2009). Umbilical cord MSCs (UCMSCs) are most likely the appropriate choice for modification due to their naturally high secretion of HGF, abundant supply, and no invasive extraction or donor site morbidity (Prasanna et al., 2010; Balasubramanian et al., 2012; Han et al., 2013; El Omar et al., 2014; Marmotti et al., 2017; Kim et al., 2018; Al Naem et al., 2020). HGF-modified UCMSCs (HGF-UCMSCs) have been used in the treatment of bronchiolitis obliterans, wound healing, acute kidney injury, and liver fibrosis, among others (Chen et al., 2011; Li et al., 2015; Cao et al., 2016; Yin et al., 2020). However, the application of HGF-UCMSCs in the treatment of bleomycin-induced pulmonary fibrosis has rarely been reported. A comparison of the therapeutic effects between HGF-UCMSCs and identified anti-fibrotic drugs is also needful.
In the present study, we evaluated the therapeutic outcome of HGF-UCMSCs in rats with pulmonary fibrosis induced by bleomycin. The therapeutic mechanism of HGF-UCMSCs was also explored using lung cytokines detection together with mRNA sequencing.
MATERIALS AND METHODS
Isolation and culture of human UCMSCs
Clinical-grade UCMSCs were obtained from Beijing SH Biotechnology (http://www.bjshbio.com/). The isolation and culture of UCMSCs were based on previously described methods (Chu et al., 2019), as follows. The umbilical cord was minced into small pieces then washed thoroughly with phosphate buffer saline (PBS) (Gibco, United States) and digested using collagenase (Gibco, United States) at 37°C for 60 min. The digestion was stopped using an MSCs growth medium (Beijing SH Technology, China), and the digested mixture was passed through a 70-μm cell strainer (BD, United States) to obtain a single-cell suspension. All primary UCMSCs were seeded in flasks at a density of 8,000/cm2 and cultured at 37°C in a humidified atmosphere containing 5% CO2.
Production of HGF-UCMSCs
The protocol for producing HGF-UCMSCs was referred to in the previous paper (Wang et al., 2013). A replication-defective adenovirus expressing human HGF (Ad-HGF) and a replication-defective adenovirus not carrying exogenous genes (Ad-Null) were constructed with the AdEasy system (Stratagene, United States) and were purified by double cesium chloride density gradient ultracentrifugation. Ad-HGF and Ad-Null dissolved in storage buffer (Hanks’ buffer, 10% glycerol) were stored at −80°C. According to the previous protocol, UCMSCs were infected with 150 multiplicities of infection of Ad-Null or Ad-HGF. The cells were collected 48 h post-infection for further usage in vitro and in vivo experiments. Before treatment, the conditioned medium of MSCs infected with Ad-Null and Ad-HGF was collected for HGF testing according to the instructions in an HGF ELISA kit (ExCell, China). Medium not used for cell culture was utilized as a negative control in the ELISA reaction.
Identification of MSCs
Cultured MSCs were identified for cell morphology and adherence, immune surface markers, and differentiation potential (Nadri et al., 2002; Soleimani and Nadri, 2009). MSCs were photographed for observation using a fluorescence digital microscope BZ-X800 (Keyence, Japan). Immune surface markers (i.e., CD105, CD73, CD90, CD34, CD11b, CD19, CD45, and HLA-DR) were analyzed by flow cytometry using a Human MSC Analysis Kit (BD, United States). For osteogenesis or adipogenesis, MSCs were respectively incubated in an osteogenic or adipogenic medium (Cyagen, China) for 3 weeks, and were then fixed with methanol. A Leica DMI 3000B fluorescence microscope (Leica, Germany) was used for photographs of osteoblasts or adipoblasts stained with alizarin red or Oil Red O, respectively.
Animals and experimental design
Sprague-Dawley rats (6 weeks, 200–220 g) were purchased from Guangdong Medical Laboratory Animal Center (China) and were housed in a specific pathogen-free animal facility. All studies were approved by the Animal Ethics Committee of Guangdong Medical Laboratory Animal Center.
Rats were divided into five groups (six rats per group): a CTRL group, BLM group, UCMSC group, HGF-UCMSC group, and PFD group. A microsprayer aerosolizer (Yuyan Instruments Co., Ltd. China) (Figure 1) was used to deliver sterile PBS or bleomycin into the lungs. On day 0, rats in the CTRL group were instilled intratracheally with sterile PBS; the remaining rats were instilled with 10 mg/kg body weight bleomycin (Hanhui co. LTD., China). From day 7–20, rats in the PFD group were infused orally with 100 mg/kg body weight pirfenidone once a day. The remaining rats were injected with sterile PBS, UCMSCs, or HGF-UCMSCs via tail vein on both days 7 and 11, as follows. 1) CTRL group and BLM group: sterile PBS, 400 μL/day per rat; 2) UCMSC group: UCMSCs, 2 * 10^6/400 μL/day per rat; 3) HGF-UCMSC group: HGF-UCMSCs, 2 * 10^6/400 μL/day per rat.
[image: Figure 1]FIGURE 1 | Establishment of pulmonary fibrosis model. (A) A microsprayer aerosolizer was used to deliver aerosols of PBS or bleomycin into the lungs of rats (B) The aerosols were presented in the lower tracheas.
For the collected lungs on day 21, left lungs were inflated and immersed with 4% paraformaldehyde (Biosharp, China), and right lungs were frozen at −80°C in a refrigerator as quickly as possible.
Lung function test
Rats were anesthetized with pentobarbital sodium and endotracheal intubation was performed. The intubated catheter was connected to a Buxco pulmonary function testing system (DSI Buxco, United States) to measure lung function as follows: forced expiratory volume in the first 300 m/forced vital capacity (FEV300/FVC), peak expiratory flow (PEF), chord compliance (Cchord), and total lung capacity.
Hydroxyproline evaluation
The right lung lobes of each rat were ground into a powder in liquid nitrogen and used for hydroxyproline (HYP) detection. To assess the total collagen content of lung tissue, we used an HYP assay kit (Nanjing Jiancheng Bioengineering Institute, China). The experiment was performed according to the manufacturer’s instructions.
Cytokine detection
Some lung tissue powder was prepared for cytokine detection, referring to the protocol of the Rat Cytokine/Chemokine Magnetic Bead Panel (Millipore, United States). Interleukin-17 (IL-17), IL-10, vascular endothelial growth factor (VEGF), and granulocyte-macrophage colony-stimulating factor (GM-CSF) were detected in 96-well plates using MILLIPLEX® MAGPIX with MILLIPLEX Analyst. V5.1 software. Median fluorescence intensity data were analyzed using a five-parameter logistic method for calculating analyte concentrations in samples.
Histopathological analysis
Left lungs were processed by Bios Biological Co. Ltd. (China). For paraffin sections, lungs were dehydrated using gradient ethanol and then embedded in paraffin blocks. The blocks were cut into sections of 3–5 μm thickness; sections were placed on polylysine-coated glass slides and stored at room temperature for further use. Hematoxylin and eosin (H&E) and Masson trichrome staining were performed following the standard protocol. The stained sections were captured, and the pictures were sent to two pathologists for evaluation. The severity of the injury was quantified using the Ashcroft scoring system in H&E-stained lung sections (Ashcroft et al., 1988). The percentage of blue-stained area in Masson trichrome-stained lung sections was quantified using ImageJ (National Institutes of Health, United States).
mRNA sequencing
UCMSCs (N = 3) and HGF-UCMSCs (N = 3) were lysed and total RNA was extracted using a Trizol reagent kit (Invitrogen, United States), following the manufacturer’s protocol. For mRNA sequencing, samples were submitted to Gene Denovo Biotechnology Co. (Guangzhou, China), where RNA quality evaluation, mRNA enrichment, and cDNA library preparation were performed. The cDNA libraries were sequenced on the Illumina sequencing platform Novaseq6000 by Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China). RNA differential expression was analyzed using DESeq2 [7] software. Transcripts with a false discovery rate (FDR) < 0.05 and absolute fold change (FC) ≥ 2 were considered s differentially expressed genes/transcripts. The upregulation or downregulation of genes depended on the change in mean value of Fragments Per Kilobase of transcript per Million mapped reads (FPKM) in HGF-UCMSCs in comparison with UCMSCs. A volcanic map was drawn to display the differentially significant genes.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad Software, Inc. United States). Two groups were compared using an unpaired t test. Comparisons among more than two groups were performed using a one-way analysis of variance, followed by Tukey’s multiple comparison test. All values were expressed as the mean ± standard deviation. P < 0.05 was considered statistically significant.
RESULTS
Cell identification and quality control
In bright-field microscopy, both UCMSCs and HGF-UCMSCs were plastic-adherent and appeared spindle-shaped (Figure 2A). Ad-HGF transfection hardly changed the morphology of UCMSCs. Cultured in a specific differentiation induction medium, UCMSCs and HGF-UCMSCs differentiated into osteoblasts and adipoblasts (Figure 2A) with no obvious difference between the two groups. To identify MSC biomarkers, we performed flow cytometry. Overexpression of HGF did not alter the size and granularity of UCMSCs (Figures 2B, C). CD73, CD90, and CD105 were all positively expressed and CD34, CD11b, CD19, CD45, and HLA-DR were seldom expressed on the surface of the cells (Figures 2D–2G). Similar to the results of cell differentiation, gene modification did not influence the proportion of the markers mentioned above. To verify whether Ad-HGF transfection was successful, we measured the concentration of HGF in CM. The level of HGF was much higher in the CM of HGF-UCMSCs than that of UCMSCs (p < 0.0001) (Figure 2H). Moreover, HGF-UCMSCs proliferated faster than did UCMSCs (p = 0.0378) (Figure 2I). Collectively, the transfection of Ad-HGF promoted HGF secretion and cell proliferation without changing the basic characteristics of UCMSCs.
[image: Figure 2]FIGURE 2 | Characteristics of UCMSCs and HGF-UCMSCs. (A) Regularly cultured MSCs were induced into osteoblasts and adipoblasts stained with alizarin red and Oil Red O, respectively (magnification: ×100). (B–G) Flow cytometry was utilized to analyze the physical features and cell surface markers of MSCs (H) The concentration of HGF in the conditioned medium was detected using a commercial ELISA kit (I) The proliferation of MSCs was assessed by CCK8 assay. Values are presented as mean ± standard deviation. * p < 0.05; ** p < 0.01; *** p < 0.001.
Efficacy of HGF-UCMSCs in lung function
Before euthanizing the rats, we evaluated the physiological function of the lungs. Compared with the CTRL group, FEV300/FVC, PEF, Cchord and TLC in the BLM group decreased significantly (p < 0.05) (Figure 3). The PFD, UCMSC and HGF-UCMSC groups alleviated the pulmonary function injury, but the statistical difference was only found between the BLM and HGF-UCMSC group (p < 0.05). The therapeutic effect was not present for PEF, Cchord and TLC in the PFD, UCMSC and HGF-UCMSC group (p > 0.05).
[image: Figure 3]FIGURE 3 | Lung function test on day 21 before euthanasia. (A,B) Pulmonary ventilatory function: forced expiratory volume in the first 300 m/forced vital capacity (FEV300/FVC); peak expiratory flow (PEF). (C) Pulmonary compliance: chord compliance (Cchord). (D) Pulmonary volume: total lung capacity (TLC). Values are presented in mean ± standard deviation. * p < 0.05; ** p < 0.01; *** p < 0.001.
Effect of HGF-UCMSCs on the improvement of lung structure
The histopathology was analyzed to estimate the improvement effect on lung structure. In H&E-stained sections, pulmonary fibrosis of differing degrees was induced in the other groups but was not seen in the CTRL group. The alveolar septum was filled with mesenchymal tissue stained with “acidophilic eosin” (Figure 4A). Ashcroft scores in the BLM group were significantly higher than that in the CTRL group (p < 0.05) (Figure 4B). The scores were decreased in all therapeutic groups, in which the PFD group got the lowest scores followed by the HGF-UCMSC group (p < 0.05). In sections stained with Masson trichrome, there was a large amount of collagen abnormally present in the interstitial lung tissue (Figure 4A). Similar to the result of Ashcroft scoring, the CTRL group showed significantly less Masson area% than the BLM group (p < 0.05) (Figure 4C). In comparison to the BLM group, the PFD, UCMSC and HGF-UCMSC groups significantly decreased the Masson area% (p < 0.05). Of note, the HGF-UCMSC group had the lowest p-value among the treatment groups in comparison with the BLM group (p = 0.0005). For the evaluation of collagen content, we detected HYP levels in the lungs. A higher level of HYP was present in the BLM group than in the CTRL group (p < 0.05) (Figure 4D). The treatment groups had various degrees of inhibitory effect on collagen deposition. HYP was significantly decreased in PFD and HGF-MSC group than the BLM group (PFD vs. BLM, p = 0.0378; HGF-UCMSC vs BLM, p = 0.0088); the UCMSC group exhibited less HYP, with no statistical significance (p > 0.05). Though the statistical difference was not present between the UCMSC and HGF-UCMSC groups, it is likely that HGF modification probably promoted the anti-fibrotic effect of UCMSCs in bleomycin-induced pulmonary fibrosis.
[image: Figure 4]FIGURE 4 | Evaluation of pulmonary histopathology. (A) Lung sections were stained with H&E or Masson’s trichrome (magnification: ×100). (B) Ashcroft scoring was performed in H&E-stained sections (C) The percentage positive area was calculated in Masson’s trichrome-stained sections (D) HYP concentrations were detected in the lungs. Values are presented in mean ± standard deviation. * p < 0.05; ** p < 0.01; *** p < 0.001.
Influence of HGF-UCMSC treatment on lung cytokines
To explain why HGF-UCMSCs had better efficacy than UCMSCs in treating pulmonary fibrosis, cytokines that may be involved were detected according to previous studies (François et al., 2015). The concentration of IL-17 in the BLM group was higher than that in the CTRL group (p < 0.05) (Figure 5A). HGF-UCMSCs had significantly decreased levels of IL-17 compared with the BLM, PFD, and UCMSC groups (p < 0.05). There was no significance in the PFD and UCMSC group in comparison with the BLM group (p > 0.05), although these two groups showed lower levels of IL-17. Compared with the CTRL group, all groups administered with bleomycin exhibited much lower levels of IL-10, and no significance was seen among the bleomycin groups (p > 0.05) (Figure 5B). Significantly decreased VEGF and GM-CSF levels were observed in the BLM, PFD, and HGF-UCMSC groups, as compared with the CTRL group (p < 0.05) (Figures 5C, D). The UCMSC group had a numerically higher level of VEGF and GM-CSF than did the PFD and HGF-UCMSC groups (p < 0.05), although there was no significant difference between the UCMSC and BLM groups (p > 0.05). In short, IL-17 may play a role in treatment with respect to HGF-UCMSCs.
[image: Figure 5]FIGURE 5 | Detection of cytokines in the lungs. (A) Interleukin-17 (IL-17). (B) IL-10 (C) Vascular endothelial growth factor (VEGF). (D) Granulocyte-macrophage colony-stimulating factor (GM-CSF). Values are presented as mean ± standard deviation. * p < 0.05; ** p < 0.01; *** p < 0.001.
Transcriptome difference between UCMSCs and HGF-UCMSCs
Owing to few studies that have depicted the influence of HGF modification on UCMSCs, we conducted mRNA sequencing to uncover the transcriptional change of transfecting Ad-HGF into UCMSCs, thereby ascertaining whether HGF alone participates in treating pulmonary fibrosis. In total, 57% of genes were down-regulated and 43% of genes were up-regulated in all detected genes, without considering the statistical significance (Figure 6A). Among them, three genes (AC092718.2, POC1B-GALNT4 and AC007325.4) were significantly down-regulated, and five genes (HGF, DIO2, IGFBP5, SPTBN2 and SCRG1) were significantly up-regulated, with p values <0.05. (Figure 6B). As shown in Table 1, the log2(FC) value was higher and the FDR value was lower in the HGF gene than in the other genes, which suggested that the anti-fibrotic effect may be primarily owing to HGF.
[image: Figure 6]FIGURE 6 | Analysis of transcriptional expression of UCMSCs and HGF- UCMSCs. (A) The percentage of up-regulated and down-regulated genes was calculated among all genes (upper panel) or the significant differential genes (lower panel) (B) Significant differential gene symbols are shown in the volcanic map.
TABLE 1 | Statistics for significant differential genes.
[image: Table 1]DISCUSSION
Gene modification is a promising strategy in the application of MSCs in treating pulmonary fibrosis (Min et al., 2015; Lan et al., 2017). As such, individually designed MSCs may function precisely in the treatment of pulmonary fibrosis. It has been demonstrated that HGF functions as a protective protein in pulmonary fibrosis through binding its receptor, c-met, which is expressed by many types of cells (e.g., epithelial cells, fibroblasts) (Dohi et al., 2000; Watanabe et al., 2005; Gazdhar et al., 2007; Gazdhar et al., 2013; Gazdhar et al., 2018). We therefore performed HGF modification in UCMSCs in order to enhance the anti-fibrotic ability of the cells. Our data showed that the modification improved the anti-fibrotic efficacy of UCMSCs in pulmonary ventilatory function and collagen deposition in the lung.
To explore the possible mechanism of HGF-UCMSCs in treating pulmonary fibrosis, we detected the cytokines that may participate in the process. The results showed that IL-17 may be affected by the treatment of HGF-UCMSCs. Produced by T helper 17 (Th17) cells, IL-17 acts as a driver of pulmonary fibrosis (François et al., 2015; Ting et al., 2017). The deletion of IL-17 in mice ameliorated the severity of pulmonary fibrosis induced by bleomycin (Wilson et al., 2010). In our study, compared with the BLM group, all treatment groups had numerically decreased IL-17 levels but only the HGF-UCMSC group showed a significant inhibitory effect (p < 0.0001, Figure 6A). Thus, HGF-UCMSCs may ameliorate pulmonary fibrosis by inhibiting IL-17 in the lung. Our data also showed that significantly lower IL-17 levels were seen in the HGF-UCMSC group than those in the UCMSC group (p = 0.0285), which means that the inhibitory effect may be associated with HGF modification. To explore whether other anti-fibrotic factors influenced the inhibition of IL-17 apart from HGF, we performed mRNA sequencing in UCMSCs and HGF-UCMSCs. The data showed that the transcriptional level of HGF was relatively higher than that of other significantly different genes, which suggested that HGF may play the main role in inhibiting IL-17. Interestingly, HGF secreted by MSCs is reported to mediate the differentiation from CD4+ cells to regulatory T cells but not Th17 cells, the IL-17-producing cells (Chen et al., 2020). Therefore, we propose the possible therapeutic mechanism that HGF-UCMSCs may directly or indirectly interact with CD4+ cells or Th17 cells through HGF in fibrotic lungs.
Apart from HGF, the transfection of Ad-HGF also change the transcriptional expression of other genes in UCMSCs. DIO2 acts as an activator of the thyroid hormone, which is critical for the maintenance of cellular homeostasis during stress responses (Sagliocchi et al., 2019). Yu et al. (Yu et al., 2018) reported that DIO2-knockout mice exhibited more severe pulmonary fibrosis. The authors also used thyroid hormone to treat pulmonary fibrosis in mice; their results showed increased survival and resolved lung fibrosis. Insulin-like growth factor binding protein 5 (IGFBP5) was reported as a pro-fibrotic factor in pulmonary fibrosis (Yasuoka et al., 2006). The expression of the human IGFBP5 gene in transgenic mice induced the up-regulation of ECM genes in the lungs (Nguyen et al., 2021). The role of crapie responsive gene 1 (SCRG1) in pulmonary fibrosis is unknown, but it was reported that SCRG1 is associated with the stemness of MSCs (Chosa and Ishisaki, 2018). The relationship between other significantly changed genes and pulmonary fibrosis or MSCs remains unclear in the present.
Our study had some limitations. First, HGF-UCMSCs did not show significantly anti-fibrotic effect in the comparison to UCMSCs, albeit the administration of HGF-UCMSCs but not wild-type UCMSCs significantly improved FEV300/FVC and lung HYP level in our study. This might be attributed to the use of bleomycin in over dosage that is higher than the dosage reported in the published papers (Lee et al., 2010; Rathinasabapathy et al., 2016; Chu et al., 2019). Second, we did not investigate the specific mechanism of the interaction between HGF-UCMSCs and IL-17-producing cells. Thus, in vitro and in vivo experiments are needed to confirm whether IL-17-producing cells are the targets of HGF and whether IGFBP5 and SCRG1 participate in the treatment of pulmonary fibrosis. Thrid, we did not explore how HGF-UCMSCs function at different stages after treatment and whether there is an appropriate time window for HGF-UCMSC treatment for better therapeutic efficacy. These may be the keys to reverse fibrosis. Fourth, it remains unclear how the levels of VEGF and GM-CSFin lungs were decreased by HGF-UCMSCs in comparison to UCMSCs. To sample in earlier timing after the administration of HGF-UCMSCs and to determine the main cells secreting VEGF and GM-CSF might be important to reveal the possible mechanism.
CONCLUSION
In this study, we confirmed that treatment with UCMSCs or HGF-UCMSCs could alleviate pulmonary fibrosis caused by bleomycin in mice. Furthermore, the enhancement of HGF secretion may improve the anti-fibrotic effect of UCMSCs. The improved anti-fibrotic effect may be associated with the inhibition of IL-17 in the lungs.
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Introduction: Bu-Fei-Huo-Xue capsule (BFHX) has been used to treat pulmonary fibrosis (PF) in clinic. However, the mechanism of Bu-Fei-Huo-Xue capsule on pulmonary fibrosis remains unclear. Recent studies have shown that the changes in gut microbiota were closely related to the progression of pulmonary fibrosis. Modulating gut microbiota provides new thoughts in the treatment of pulmonary fibrosis.
Methods: In this study,a mouse model of pulmonary fibrosis was induced using bleomycin (BLM) and treated with Bu-Fei-Huo-Xue capsule. We firstly evaluated the therapeutic effects of Bu-Fei-Huo-Xue capsule on pulmonary fibrosis model mice. Besides,the anti-inflammatory and anti- oxidative effects of Bu-Fei-Huo-Xue capsule were evaluated. Furthermore, 16S rRNA sequencing was used to observe the changes in gut microbiota in pulmonary fibrosis model mice after Bu-Fei-Huo-Xue capsule treatment.
Results: Our results showed that Bu-Fei-Huo-Xue capsule significantly reduced the collagen deposition in pulmonary fibrosis model mice. Bu-Fei-Huo-Xue capsule treatment also reduced the levels and mRNA expression of pro-inflammatory cytokines and inhibited the oxidative stress in lung. 16S rRNA sequencing showed that Bu-Fei-Huo-Xue capsule affected the diversity of gut microbiota and the relative abundances of gut microbiota such as Lactobacillus, Lachnospiraceae_NK4A136_group, and Romboutsia.
Conclusion: Our study demonstrated the therapeutic effects of Bu-Fei-Huo-Xue capsule on pulmonary fibrosis. The mechanisms of Bu-Fei-Huo-Xue capsule on pulmonary fibrosis may be associated with regulating gut microbiota.
Keywords: Bu-Fei-Huo-Xue capsule, pulmonary fibrosis, inflammation, oxidative stress, gut microbiota
INTRODUCTION
Pulmonary fibrosis (PF) is the final outcome of numerous interstitial lung diseases, and interstitial fibrosis is the most prominent phenotype in most cases. Most patients with interstitial fibrosis of unknown etiology are eventually diagnosed with chronic hypersensitivity pneumonitis, pulmonary sarcoidosis, or idiopathic interstitial pneumonia (Lederer and Martinez, 2018). In spite of the considerable progress in the field of pharmacological treatment in the last 5 years, the high cost of the drugs makes their practical application unsatisfactory. Therefore, continued search for alternative therapeutic drugs is necessary.
Traditional Chinese medicine (TCM) is reported to have a favorable therapeutic effect on PF (Li and Kan, 2017; Zhang et al., 2021). Mai-Men-Dong decoction can improve lung function in rats with PF by reducing the occurrence of endoplasmic reticulum stress (ERS) and apoptosis in alveolar epithelial type II cells (AECIIs) (Shen et al., 2020). Recent studies have reported that SARS-CoV-2 infection can also cause PF (George et al., 2020). Xuan-Fei-Bai-Du decoction (XFBD) has demonstrated remarkable therapeutic effects on COVID-19, and further studies revealed that XFBD improved bleomycin (BLM)-induced PF and reduced collagen deposition in mice. In addition, XFBD improves PF through the inhibition of the IL-6/STAT3 signaling pathway and the regulation of macrophage polarization (Wang et al., 2021; Wang et al., 2022). Qi-Mai-Fei-Luo-Ping decoction inhibits transforming growth factor (TGF)-β-induced proliferation of A549 cells, attenuates epithelial-mesenchymal transition (EMT), and promotes extracellular matrix (ECM) degradation by inhibiting the TGF-β/Smad3 pathway (Yang et al., 2021). Elucidation of the mechanism of action of TCM in the treatment of PF facilitates the modernization of TCM.
Gut microbiota comprise all intestinal microorganisms and contain diverse populations. Each phylum is distributed in different proportions in different parts of the intestine and they maintain the homeostasis of the gut environment (Jandhyala, 2015). With proposal of the concept of “gut-lung axis,” the study of lung diseases through gut microbiota has become a new research direction (Dang and Marsland, 2019). In recent years, a correlation between gut microbes and PF has been discovered. Compared to healthy subjects, patients with silicosis and progressive PF showed decreased levels of Actinobacteria, along with reduced levels of Devosia, Clostridiales, Alloprevotella, and Rikenellaceae_RC9 (Zhou et al., 2019). A study on the correlation between gut microbiota and PF in mice found that Alloprevotella, Helicobacter, Rikenella, and Rikenllaceae RC9 gut group were negatively correlated with the severity of PF, whereas Dubosiella and Parasutterella were positively correlated with the outcomes of PF (Gong et al., 2021). Regulating gut microbiota may reportedly provide new therapeutic ideas for treating PF. Anthocyanins modulate radiation-induced disturbances in the lung and gut microbiota of mice and reduce radiation-induced lung inflammation and fibrosis (Li and Kan, 2017; Li et al., 2020; Zhang et al., 2021).
Bu-Fei-Huo-Xue capsule (BFHX) consists of Astragalus mongholicus Bunge, Paeonia anomala subsp. veitchii (Lynch) D.Y.Hong and K.Y.Pan, and Cullen corylifolium (L.) Medik. Clinical studies have shown that BFHX can reduce the secretion of inflammatory cytokines in lung tissue and improve the degree of inflammatory damage and fibrosis-like changes in the lung (Jing et al., 2017). However, the underlying mechanism of action remains unclear.
In the present study, a mouse PF model was established using BLM, which was also treated with BFHX. We first confirmed the therapeutic effects of BFHX on PF and chronic inflammation in PF mice, and then detected changes in gut microbiota diversity and abundance in each group of mice using 16s rRNA sequencing.
MATERIALS AND METHODS
Reagents
The detailed information of reagents used in this study can be found in Supplementary Materials.
Preparation and quality control of BFHX
BFHX was obtained from Guangdong Leiyunshang Pharmaceutical Co., Ltd. (Approval No.: Z20030063). Briefly, 30 g of A. mongholicus Bunge, 30 g of P. anomala subsp. veitchii (Lynch) D.Y.Hong & K.Y.Pan, and 12 g of C. corylifolium (L.) Medik were weighed. The herbs were mixed with 576 mL of distilled water. The mixtures were then decocted for 2 h twice and the water extracts of botanical drugs were filtered and evaporated using a rotary vaporization to obtain the drug powder of BFHX. Each capsule contained 0.35 g of drug powder.
High performance liquid chromatography (HPLC) was conducted for the quality control of the drug powder of BFHX. Psoralenoside, isopsoralenoside, psoralen, angelicin and bakuchiol (purchased from Yuanye Bio-Technology, Shanghai) were used as the reference standards for quality control. The experimental conditions of HPLC were shown in the supplementary materials (Supplementary Table S1) and the chromatograms of BFHX and reference standards were shown in Supplementary Figure S1. Three different detection parameters (different chromatographic columns, different mobile phases and different detection wavelengths) within one method were applied to ensure a comprehensive characterization and to countervail the intrinsic limitations of the common fingerprinting methods (Supplementary Tables S2–S5).
Animals
90 male C57BL/6 mice, weighed 18–20 g, were purchased from Beijing Huafukang Co., Ltd. [Certificate of Approval No.: SCXK (Beijing) 2019-0008]. The feeding environment of animals was shown in Supplementary Materials. The animal study was approved by Animal Medicine and Animal Protection Ethics Committee of Qingdao University (approval no. QDU-AEC-202282).
Model construction, grouping, and dosing
90 mice were randomly divided into 6 groups as follows: control, model, DXM, low-dose BFHX (LD-BFHX), medium-dose BFHX (MD-BFHX), and high-dose BFHX (HD-BFHX), with 15 mice in each group. For mice in the model, DXM, LD-BFHX, MD-BFHX, and HD-BFHX groups, PF was induced by a single intratracheal injection of 2.5 mg/kg of BLM. Meanwhile, mice in the control group received a single intratracheal injection of an equal volume of PBS. Starting on day 1 after intratracheal injection, the DXM group received 2 mg/kg of DXM via intragastric administration on daily basis. The LD-BFHX, MD-BFHX, and HD-BFHX groups received 0.32, 0.63, and 1.26 g/kg of BFHX powder by intragastric administration on daily basis, respectively. Briefly, drug powder of BFHX was weighed and diluted into saline to obtain the BFHX mixture, with the final concentration of 32, 63, and 126 mg/mL respectively. The gavage amount of BFHX mixture was 0.1 mL/10 g. The control and model groups received equal volumes of distilled water via intragastric administration on daily basis as vehicle (0.1 mL/10 g), and the entire drug administration process lasted for 21 days. During drug administration, the number of surviving mice in each group was counted daily. The mice were also weighed on days 0, 7, 14, and 21 of administration to observe the changes in body weight. On day 22, after intratracheal injection, all mice were sacrificed and samples were collected.
Collection of bronchoalveolar lavage fluid (BALF) and lung tissues
After the mice were sacrificed, the thorax was incised and the cervical trachea was fully exposed. After ligation of the left lung, the right lung was lavaged three times with PBS at 4°C, 0.5 ml each time, and the collected fluid was BALF. The lavaged right lung was removed and stored at −80°C. BALF was then centrifuged at 3,000 rpm for 5 min at 4°C, and the supernatant of the first lavage solution was stored at −80°C and analyzed for total protein content using a protein assay kit. Cell pellets from BALF samples were resuspended in PBS for cell counting, and smears were prepared and then underwent to Wright-Giemsa staining to observe various types of inflammatory cells.
Pathological staining
After BALF collection, the ligated left lung was removed and placed into 4% paraformaldehyde for fixation and embedded in paraffin. The fixed tissue blocks were embedded in paraffin and then cut into 3-μm sections. Hematoxylin and eosin (H&E) staining and Masson’s trichrome staining were routinely performed, and the results were observed under a light microscope. The positive expression of Masson staining was quantified using Image Pro Plus 6.0 software and average optical density (AOD) was calculated.
Immunohistochemistry
Paraffin sections were made from fixed lung tissue, and endogenous peroxidase was deactivated using methanol-hydrogen peroxide, followed by clearing using PBS and distilled water. Immunohistochemical staining was carried out after antigen retrieval and blocking. The sections were incubated overnight at 4°C with rabbit anti-smooth muscle actin (α-SMA) (1:100) or rabbit anti-transforming growth factor beta 1 (TGF-β1) (1:100). After that, the sections were washed and incubated with secondary antibody (1:10000), washed again. The sections were then mounted after color development and hematoxylin counterstaining. The α-SMA and TGF-β1 protein expression in lung tissue were observed under a light microscope. The expression in the positive regions was quantitatively analyzed using the Image Pro Plus 6.0 software and AOD was calculated.
Lung tissue biochemical test
We added 100 mg of lung tissue to 900 μL of saline, and homogenized the tissue via ultrasonication. The tissue mixture was then centrifuged 3,000 rpm for 15 min at 4°C and the supernatant was collected, where the protein levels in the tissue homogenate were normalized using the BCA kit. Superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) activities, malondialdehyde (MDA) and hydroxyproline levels were measured in lung tissue using biochemical assay kits. These assays were performed according to the manufacturers’ instructions.
Enzyme-linked immunosorbent assay (ELISA)
Quantification of interleukin (IL)-1β, IL-6, and tumor necrosis factor alpha (TNF-α) in lung tissue was performed using mouse ELISA kits. The 10% of the lung homogenate supernatant was added to wells coated with the capture antibody. After washing, biotin-labeled detection antibodies were added to each well. After washing, the color development reaction substrate was added and the reaction was terminated after 15 min. The absorbance was read at 450 nm using a microplate reader and the concentration of the corresponding substance to be measured in the sample was calculated after plotting the standard curve.
Quantitative polymerase chain reaction (qPCR)
RNA extraction kit was used to isolated the total RNA in lung. The purity and concentration of RNA samples were detected by nanodrop. Then the cDNA was synthesized and qPCR was conducted to detect the mRNA expression of IL-6, IL-1β and TNF-α. Actb was used as a loading control. 2−△△CT method was used to calculate the relative expression. The primer sequence was shown in Supplementary Table S6.
16S rRNA sequencing
Twenty-one days after BFHX treatment, the fecal contents of mice in control, model and HD-BFHX were collected. The total genomic DNA from the fecal contents of the mice was extracted with the cetyltrimethylammonium bromide (CTAB)/sodium dodecyl sulfate (SDS) method, and the DNA concentration and purity were tested using a 1% agarose gel. DNA was diluted to 1 ng/μL with sterile water based on the concentration. The detailed information about PCR and sequencing data analysis were included in Supplementary Material.
Statistical analysis
All values were expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA for multiple comparisons. In all analyses, a difference with p < 0.05 was considered statistically significant.
RESULTS
BFHX improved fibrosis progression in PF mice
After model construction and drug administration, the survival rate was 100% in the control group and 53% in the model group, and DXM and BFHX interventions significantly increased the survival rate of PF mice. The survival rate was 73% in the DXM group, 53% in the LD-BFHX group, 60% in the MD-BFHX group, and 73% in the HD-BFHX group (Figure 1A). Besides, compared with the control group, the body weight of the model group was significantly decreased; compared to the model group, the body weights of mice in the DXM, LD-BFHX, MD-BFHX and HD-BFHX were increased (Figure 1B). H&E staining showed that no alveolar inflammatory exudation and fibrotic lesions were found, and the alveolar structure was clear in the lung tissue of the control group; the structure of bronchial epithelial cells was impaired, the number of interstitial lung cells was increased, fibrous tissue proliferation and fibrosis were present, and alveolar cavity was enlarged and fused in the model group. After the intervention of DXM, LD-BFHX, MD-BFHX and HD-BFHX, lung histopathological changes in mice were reduced, and the lung tissue structure was intact, the alveolar septum was slightly thickened, and inflammatory cell infiltration was reduced (Figure 1C). The results of Masson staining showed that the lung tissues of mice in the control group had normal structural morphology. Compared to the control group, there were significant blue collagen deposits in the interstitium of the model group, which were distributed in large bundles and patches, and the lung tissue fibrosis was severe. Compared to the model group, blue fibrous tissue in the lung tissues of mice was reduced after the intervention of DXM, LD-BFHX, MD-BFHX, and HD-BFHX. The degree of lung tissue fibrosis was significantly improved (Figures 2A, B). The results of hydroxyproline corroborated the degree of pathological changes in lung tissue. Compared to the control group, the model group had significantly higher level of hydroxyproline, and the DXM, LD-BFHX, MD-BFHX, and HD-BFHX groups had lower level of hydroxyproline than the model group (Figure 2C). Besides, immunostaining of lung tissue showed that the expression of α-SMA and TGF-β1 was increased in model group compared with the control, whereas BFHX and DXM treatment reduced the expression of α-SMA and TGF-β1 compared with the model group (Figures 3A–D).
[image: Figure 1]FIGURE 1 | Bu-Fei-Huo-Xue capsule (BFHX) treatment increased the survival rate, ameliorated the body weight loss and reduced the pathological changes in bleomycin (BLM)-induced pulmonary fibrosis (PF) mice. (A,B) The survival rate was increased (A) and the body weight loss was reduced (B) in PF model mice after treated with BFHX; (C) H&E staining indicated that BFHX ameliorated the damage of bronchial epithelial cells, the proliferation of fibrous tissue and the infiltration of inflammatory cells in lung (magnification: ×40 for full-field and 400× for bronchus and alveoli) ##p < 0.01 compared with the Control group; *p < 0.05 compared with the Model group; **p < 0.01 compared with the Model group Control group (n = 15); Model group (n = 8); DXM (n = 8); LD-BFHX (n = 8); MD-BFHX (n = 9); HD-BFHX (n = 11).
[image: Figure 2]FIGURE 2 | BFHX treatment decreased the deposition of fibrotic contents in lung in PF model mice. (A,B) Masson staining showed that BFHX decreased the accumulation of fibrotic contents in lung (magnification: ×40 for full-field and 400× for bronchus and alveoli); (C) BFHX reduced the levels of hydroxyproline in lung tissue homogenates.
[image: Figure 3]FIGURE 3 | BFHX treatment decreased the expression of α-SMA and TGF-β1 in lung. (A,C) Immunohistochemistry showed that BFHX treatment reduced the expression of α-SMA in lung (magnification: ×40). (B,D) Immunohistochemistry showed that BFHX treatment reduced the expression of TGF-β1 in lung (magnification: ×40).
BFHX ameliorated inflammation and oxidative stress in PF mice
The results of BALF total cell count showed that the total cell count in the model group was significantly greater than that in the control group; the total cell count was reduced in the DXM, LD-BFHX, MD-BFHX, and HD-BFHX groups compared to those in the model group (Figure 4A). Wright-Giemsa staining was used to enumerate macrophages, lymphocytes, and neutrophils in BALF of each group of mice, and the results showed that the counts of macrophages, lymphocytes, and neutrophils were significantly greater in the model group compared to those in the control group. Compared to the model group, the counts of macrophages, lymphocytes, and neutrophils in the DXM, LD-BFHX, MD-BFHX, and HD-BFHX groups and neutrophil counts were reduced (Figure 4B). Total protein quantification showed that total protein concentration in BALF was significantly higher in the model group than in the control group, and DXM, LD-BFHX, MD-BFHX, and HD-BFHX interventions significantly reduced total protein concentration in BALF compared to the model group (Figure 4C). The levels of inflammatory cytokines IL-1β, IL-6, and TNF-α in lung tissue homogenates and BALF were measured using ELISA. The results showed that the levels of inflammatory cytokines, IL-1β, IL-6, and TNF-α, were significantly greater in the lung tissue homogenate in BALF of the model group than in the control group; while IL-1β, IL-6, and TNF-α were decreased in the lung tissue and BALF of DXM, LD-BFHX, MD-BFHX, and HD-BFHX-treated mice, with DXM and HD-BFHX having the most significant reductions (Figure 4D). Moreover, the mRNA expression of IL-6, IL-1β and TNF-α was upregulated in model group compared with the control group, DXM and BFHX treatment mice showed lower mRNA expression of IL-6, IL-1β and TNF-α than that in the model group (Figure 4E).
[image: Figure 4]FIGURE 4 | Treatment of BFHX alleviated inflammatory response in PF model mice. (A–C) BFHX treatment decreased the total cell counts (A), differential cell counts (B), and total protein concentration (C) in bronchoalveolar lavage fluid (BALF) in PF model mice. (D) The levels of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) levels in of lung tissue homogenate were decreased in PF model mice after BFHX treatment. (E) qPCR results showed that BFHX treatment downregulated the mRNA expression of IL-6, IL-1β and TNF-α in lung.
In addition, the effects of BFHX on oxidative stress in PF model mice were evaluated by measuring SOD, GSH-Px activity, and MDA levels in lung tissues of mice in each group. The results showed that the SOD and GSH-Px activities in the lung tissue homogenates of the model group decreased and the MDA level increased compared to the control group; compared to the model group, DXM, MD-BFHX, and HD-BFHX treatment could significantly increase the SOD and GSH-Px activities and decrease the MDA level (Table 1).
TABLE 1 | Effects of Bu-Fei-Huo-Xue capsule (BFHX) on SOD and GSH-Px activities and MDA levels in lung homogenate.
[image: Table 1]In summary, DXM or BFHX treatment improved histopathological changes in the lungs of PF mice, inhibited inflammatory responses, and alleviated oxidative stress. Among the three BFHX groups, the most significant improvement was again seen in the high-dose group. This suggested that BFHX can be a potential therapeutic agent for PF. Therefore, the HD-BFHX group was selected for the subsequent experimental study.
Results of gut microbiota 16S rRNA sequencing
The 16S rRNA sequencing results were used to construct a clustering table with the Amplicon Sequence Variant strategy for subsequent analysis. The α diversity of the gut microbial community was assessed by calculating the Shannon and Simpson indices. The results showed that there was no significant difference in Shannon and Simpson indexes in each group (Figures 5A, B). We then calculated the magnitude of differences in the microbial communities between different samples with the Principal Co-ordinates Analysis (PCoA) and UPGMA cluster tree and by assessing their beta diversity. The PCoA and clustering results showed that the sample points of the model group were significantly separated and distant from those of the control group, whereas the sample points of the HD-BFHX group were well separated from those of the model group (Figures 5C, D).
[image: Figure 5]FIGURE 5 | Treatment of high-dose HD-BFHX affected the gut microbiota community in mice with PF. (A,B) Shannon (A) and Simpson indexes (B) were higher in HD-BFHX group than that in the Model group. (C,D) Principal Co-ordinates Analysis (PCoA) score plot (C) and UPGMA cluster tree (D) indicated more similar beta diversity between HD-BFHX (B) and Control (C) groups than that between the Model (M) and Control groups. (E–L) At the phylum level, BFHX treatment decreased the F to B ratio (E,F); At the genus level, the relative abundances of Lactobacillus (G), Candidatus_Saccharimonas (H), Lachnospiraceae_NK4A136_group (I), Bacteroides (J), Helicobacter (K), and Romboutsia (L) were changed in PF model mice, BFHX treatment affected the relative abundances of, Lachnospiraceae_NK4A136_group, and Romboutsia in mice with PF. Control group (n = 6); Model group (n = 6); HD-BFHX (n = 6).
We further compared the relative abundance of gut microbiota to assess microbiota structure. The results showed that Firmicutes and Bacteroidetes were the dominant taxa in gut microbiota at the phylum level for each group (Figure 5E). The Firmicutes/Bacteroidetes (F to B) ratio was significantly increased in the model group compared to that in the control group, while the F to B ratio was significantly decreased after HD-BFHX intervention (Figure 5F). At the genus level, compared to the control group, the relative abundance of Candidatus_Saccharimonas, and Romboutsia was significantly increased and the relative abundance of Lactobacillus, Lachnospiraceae_NK4A136_group, Bacteroides, and Helicobacter was significantly decreased in the model group. Compared to the control group, the relative abundance of Lactobacillus and Lachnospiraceae_NK4A136_group was significantly increased and the relative abundance of Romboutsia was significantly decreased in the HD-BFHX group (Figures 5G–L)
DISCUSSION
In the present study, we established PF model mice by using BLM. BLM is a chemotherapeutic antibiotic that interrupts the cell cycle, leading to a massive production of free radicals, which causes an inflammatory response and pulmonary toxicity, activation of fibroblasts, and subsequent fibrosis. Therefore, it is widely used in the construction of PF animal models (Moeller et al., 2008; Mouratis and Aidinis, 2011). ECM deposition is the basic pathological feature of PF. Collagen is one of the components of ECM and hydroxyproline is the main component of collagen. Pathological staining of the lungs of mice in the model group revealed extensive fibrosis with structural destruction of the lungs and the appearance of striated fibers, as revealed by H&E and Masson staining. Biochemical assays showed a significant increase in hydroxyproline levels. Epithelial cells in the hypoxic environment created by myofibroblasts undergo apoptosis or EMT, which in turn drives the progression of fibrosis (Yang et al., 2021). Therefore, the expression level of α-SMA can be used to determine the progression of fibrosis (Kyung et al., 2018). Our results found that the expression level of α-SMA was significantly higher in the model group of mice than in the normal group, demonstrating the widespread occurrence of fibrosis. Furthermore, immunohistochemistry revealed the presence of large amounts of TGF-β1 in the lungs of PF mice. DXM is a hormonal drug that is commonly used in the clinical treatment of PF and has been used as a positive control drug in many PF animal studies. Our results suggested that no significant difference existed between the BFHX high-dose group and the active control group intervention in terms of improving lung tissue permeability and pathological changes in PF mice, and these suggested that BFHX has therapeutic effect in PF.
In addition, chronic inflammation is one of the important pathological changes in PF (Thannickal et al., 2004; Du et al., 2019). Under chronic inflammatory conditions, fibroblasts synthesize and release large amounts of ECM, which eventually leads to fibrosis and destruction of normal alveolar structure. Previous studies have reported that macrophages play a key role in PF (Kalluri and Weinberg, 2009; Kishore et al., 2021). During the onset of inflammation, macrophages can rapidly migrate to the site of inflammation, secrete a variety of inflammatory mediators, and promote fibroblast activation and proliferation (Buechler et al., 2021; Du et al., 2022). We measured the counts of total cells, macrophages, lymphocytes, and neutrophils in BALF, and found that cell exudation increased significantly in the model group, and the counts of macrophages, lymphocytes, and neutrophils increased to varying degrees, with macrophages occupying a dominant position. ELISA and qPCR results demonstrated the presence of large amounts of pro-inflammatory cytokines in the lung tissues and BALF of PF model mice than the control group, which is consistent with the results of other studies (Phan and Kunkel, 1992). Our results demonstrated that BFHX reduced the inflammatory response in PF mice.
We also assessed pulmonary oxidative stress by measuring the levels of oxidative stress-related enzyme activities and peroxidation markers. As per our expectations, SOD and GSH-Px activities in the lung tissue of the model group were reduced, whereas MDA levels were increased. This suggested that the lungs were subjected to severe oxidative stress. These sources of stress are associated with several factors besides BLM. Endoplasmic reticulum stress, and peroxisomes are major sources of intracellular reactive oxygen species (ROS); however, macrophages and epithelial cells are the major cellular sources of oxidative stress (Otoupalova et al., 2020). Notably, apoptosis of macrophages releases large amounts of ROS, and this leads to additional macrophage activation and drives PF progression, creating a vicious cycle. Further experiment can be carried out to study the mechanisms of BFHX on PF based on affecting the function of macrophages.
The potential role of gut microbiota in PF has been extensively studied and has been shown to be strongly correlated with inflammation (Bhattacharya et al., 2022). In the present study, the effect of BFHX on the structure and composition of the gut microbiota of PF mice was determined by 16S rRNA sequencing analysis. Alpha diversity of gut microbiota refers to the diversity of microbiota within a specific region or ecosystem and is a comprehensive indicator reflecting the abundance and homogeneity of the microbiota. PF model mice exhibited elevated Shannon and Simpson indices, suggesting elevated alpha diversity in the gut microbiota of PF mice. The beta diversity of mouse gut microbiota was subsequently analyzed using PCoA and cluster analysis, and the overall structure and composition of PF mouse gut microbiota underwent major changes, and BFHX could affect the beta diversity of PF mouse gut microbiota. The results of the analysis of the relative abundance of gut microbiota showed that BFHX could decrease the high F to B ratio caused by PF. Changes in the Firmicutes to Bacteroidetes ratio are intimately associated with many diseases, and Firmicutes to Bacteroidetes ratio was significantly increased in the PF model. Metabolic disorders and inflammatory responses can be alleviated by decreasing the F to B ratio (Trivedi and Barve, 2020; Bhattacharya et al., 2022).
We selected the top few bacteria with the greatest relative total abundance at the genus level for comparison. In PF mice, the relative abundance of Lactobacillus, Lachnospiraceae_NK4A136_group, Bacteroides, and Helicobacter were significantly decreased, and the relative abundance of Candidatus_Saccharimonas and Romboutsia were significantly increased. BFHX may have significantly increased the relative abundance of Lactobacillus, Lachnospiraceae_NK4A136_group and decreased the relative abundance of Romboutsia. Lactobacillus, a natural microorganism with immunomodulatory abilities, has been shown to alleviate respiratory diseases such as asthma in several animal studies and clinical trials (Thannickal et al., 2004; Du et al., 2019). In a previous study, Lachnospiraceae_NK4A136_group was significantly and positively correlated with IgE and IL-33 (Wang et al., 2022). However, there was a trend of decreasing abundance of Lachnospiraceae_NK4A136_group in the gut microbiota of classical low virulence Klebsiella pneumoniae infected mice (Jiang et al., 2022). In a particulate matter-induced lung injury mouse study, the Lachnospiraceae_NK4A136_group is likely to be the core gut microorganism playing a protective role (Zhou et al., 2016; Zhao et al., 2021). Our experimental results showed that the relative abundance of Lachnospiraceae_NK4A136_group in the gut microbiota of PF mice was significantly reduced, and this was reversed through BFHX intervention. Therefore, the specific role of the Lachnospiraceae_NK4A136_group in lung diseases requires further elucidation in the future. Bacteroides in gut can metabolize polysaccharides and oligosaccharides to provide nutrients and vitamins to the host and other gut microbiota. However, when Bacteroides colonize other sites, they have the potential to become opportunistic pathogens (Zafar and Saier, 2021). Helicobacter is a gram-negative spiral bacterium that is closely associated with many gastrointestinal diseases (Graham, 2015). However, controversy exists over the effect of Helicobacter on the respiratory system. Some studies have reported a degree of protective effect of Helicobacter in the respiratory system; however, other studies have pointed out that there is no negative association between Helicobacter and respiratory diseases (Miftahussurur et al., 2017). Candidatus_Saccharimonas, a conditional pathogen, was significantly elevated in a colitis-associated carcinogenesis model (Cruzdos et al., 2020). In addition, green tea leaf powder ameliorated high-fat diet-induced abnormalities in lipid metabolism while decreasing its Candidatus_Saccharimonas abundance in the gut (Shao et al., 2017). Romboutsia was significantly overrepresented in the lung tissue of cancer patients (Ock-Hwa et al., 2022) and positively correlated with the levels of Th2-related factors in the gut microbiota of ovalbumin-induced asthmatic mice, which is consistent with our results and in-depth studies can be conducted using Romboutsia as a pathogenic bacterium.
In conclusion, our study demonstrated the therapeutic effects of BFHX on PF. The mechanisms of BFHX on PF may be associated with regulating gut microbiota.
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease (ILD) without an identifiable cause. If not treated after diagnosis, the average life expectancy is 3–5 years. Currently approved drugs for the treatment of IPF are Pirfenidone and Nintedanib, as antifibrotic drugs, which can reduce the decline rate of forced vital capacity (FVC) and reduce the risk of acute exacerbation of IPF. However these drugs can not relieve the symptoms associated with IPF, nor improve the overall survival rate of IPF patients. We need to develop new, safe and effective drugs to treat pulmonary fibrosis. Previous studies have shown that cyclic nucleotides participate in the pathway and play an essential role in the process of pulmonary fibrosis. Phosphodiesterase (PDEs) is involved in cyclic nucleotide metabolism, so PDE inhibitors are candidates for pulmonary fibrosis. This paper reviews the research progress of PDE inhibitors related to pulmonary fibrosis, so as to provide ideas for the development of anti-pulmonary fibrosis drugs.
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1 INTRODUCTION
IPF is a chronic, progressive age-related interstitial lung disease (ILD) of unknown etiology. If not treated after diagnosis, the average life expectancy is 3–5 years (King et al., 2011; Richeldi et al., 2017). Although the understanding of IPF has been significantly improved, the critical pathways of disease still need to be further explored. It is generally believed that environmental stressors and genetic susceptibility are the key factors that activate and promote the development of pulmonary fibrosis (Maher et al., 2007; Margaritopoulos et al., 2012). Genetic, environmental factors (smoking, dust, etc.), infection (EB virus, cytomegalovirus, herpesvirus), aging and other aspects interact to initiate continuous micro-damage of alveolar epithelial cells (Stewart et al., 1999; Lok et al., 2001; Tang et al., 2003; Maher et al., 2007; Richeldi et al., 2017). Alveolar macrophages recognize epithelial injury and amplify inflammatory response, secrete transforming growth factor-β (TGF-β),IL-10, platelet-derived growth factor (PDGF), and other cytokines, recruit fibroblasts to the injured site, transform fibroblasts into myofibroblasts, stimulate alveolar epithelial cells to undergo epithelial-mesenchymal transformation (EMT), and myofibroblasts secrete extracellular matrix components (ECM). It eventually leads to the occurrence, development and maintenance of pulmonary fibrosis (Craig et al., 2015; Pardali et al., 2017; Sgalla et al., 2018; Spagnolo et al., 2018). Many cell types and signaling pathways are involved in disease pathogenesis. The process of pulmonary fibrosis involves epithelial repair disorders, cell senescence, and immune response disorders. Because redundant cell types, growth factors, and fibrosis pathways are involved in the pathogenesis of the disease, there is still a lack of effective treatment for the progressive stage of IPF (Spagnolo et al., 2018).
Pirfenidone and Nintedanib, the latest two antifibrotic drugs, can significantly reduce the decline rate of forced vital capacity (FVC) within 1 year in IPF patients with mild and moderate lung function impairment. Moreover, it can reduce the risk of acute exacerbation in IPF patients with mild and moderate lung function impairment. Nintedanib is a small molecular tyrosine kinase inhibitor, which can inhibit platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR) and vascular endothelial growth factor receptor (VEGFR) on the cell surface. It competitively binds to adenosine triphosphate (ATP) binding sites on these intracellular receptor kinase domains, block intracellular signal transduction and inhibit fibroblast proliferation, migration, and transformation (Richeldi et al., 2017). Pirfenidone is a broad-spectrum anti-fibrotic drug with anti-inflammatory and anti-oxidant effects. Its mechanism is not completely clear (Spagnolo et al., 2020). However, the clinical studies had found that neither these two drugs alleviated the IPF-related symptoms nor improved the overall survival rate of IPF patients (Noble et al., 2011; King et al., 2014; Costabel et al., 2016). Furthermore, although Nintedanib and pirfenidone have good safety in clinical trials, there are still a few patients with adverse reactions, including nausea and vomiting, skin photosensitization, dizziness, and liver function damage (Richeldi et al., 2017). Therefore, we hope to explore more effective drugs for IPF. As with other fibrotic diseases, anti-fibrosis therapy focuses on avoiding tissue damage and eliminating remodeling of tissue parenchyma and function decline resulting from ECM deposition. Accumulating evidence suggests that cyclic nucleotides are involved in the regulation of pulmonary fibrosis.
Cyclic nucleotides cAMP and cGMP are typical second messengers. In the classical paradigm, in response to extracellular stimuli, cAMP or cGMP are respectively synthesized by adenylate cyclase (AC) or guanylate cyclase (GC) located on the plasma membrane, and then spread throughout the cell, where they interact with the specific effector proteins that regulate cell function, such as cell proliferation and differentiation, inflammation, apoptosis and metabolic pathways (Bolger, 2021). Phosphodiesterase (PDEs) is involved in cyclic nucleotide metabolism. So exploring the role of cyclic nucleotides and PDEs in the development of pulmonary fibrosis is helpful for developing anti-fibrosis drugs.
2 MECHANISM OF CYCLIC NUCLEOTIDES REGULATING FIBROSIS
cAMP is an essential regulator of fibroblast function. The extracellular stimulators bind to the G protein-coupled receptor (GPCRs) on cell membrane, and adenylate cyclase (AC) responds to the activation of GPCRs to produce cAMP. cAMP enables the transmission of extracellular signals into the cell along defined and specific pathways within the network, allowing for signal regulation inside and outside the cell. This process, referred to as Compartmentalization, is a crucial aspect of cAMP signaling (Zuo et al., 2019a). cAMP participates in regulation mainly through four effectors: PKA (protein kinase A protein kinase, PKA), Epac (exchange protein activated by cAMP, Epac), cyclic nucleotide-gated (CNG) ion channels, and the Popeye domain-containing protein family (Zuo et al., 2019a). Furthermore, the cAMP/PKA pathway and the cAMP/Epac pathway have been reported the most in pulmonary fibrosis (Liu et al., 2004; Yokoyama et al., 2008; Insel et al., 2012).
The NO-GC-cGMP signaling pathway initiates with the catalytic conversion of arginine and molecular oxygen to NO and citrulline by nitric oxide synthase. After binding of lipophilic NO to sGC in the cytosol, sGC is fully activated and catalyzes the formation of the second messenger cGMP. cGMP can then bind to a variety of effectors to regulate cellular activity.
2.1 The cAMP/Epac pathway
Epac is widely found in lung, brain, and kidneyed. It participates in cAMP-mediated signal transduction by activating Ras-like small GTP enzyme Rap (Kawasaki et al., 1998). In cooperatione with PKA or alone, it undertakes numerous cAMP functions, such as regulating macrophage inflammation, epithelial cell adhesion, fibroblast proliferation, and differentiation. Epac consists of a regulatory region at its N-terminus and a catalytic region at the C-terminus. Based on the differences in the N-terminal regulatory region, Epac can be divided into two subtypes: Epac1 and Epac2 (Figure 1) (Niimura et al., 2009). By comparing pulmonary fibroblasts from normal patients to those from pulmonary fibrotic patients using Western blot, the study demonstrates that Epac1 is primarily expressed in the former group (Huang et al., 2008a). So, Epac1 may be responsible for the anti-fibrosis effect in the lung. Moreover, the lower cAMP concentration prioritizes the Epac pathway’s activation (Yokoyama et al., 2008). Based on these findings, Epac appears to be an attractive therapeutic target for the treatment of pulmonary fibrosis. Epac can regulate the proliferation, migration, and relaxation of airway smooth muscle cells (ASMC) in IPF, thereby correcting dysfunction and retarding the progression of IPF, which may be due to the reduction of RhoA activity by cAMP/Epac/Rap1 signaling (Roscioni et al., 2011; Zieba et al., 2011). Epac agonist promotes endothelial cells (ECs) survival by reducing the activities of pro-apoptotic caspases in a PI3K/Akt and MEK/ERK signalling-dependent manner (Gündüz et al., 2019). Besides, inhibition of MEK/ERK signaling enhances the stabilizing and protective effects of cAMP/Epac activation on endothelial cell barrier, indirectly inhibiting the progression of pulmonary fibrosis (Gündüz et al., 2019). TGF-β is an important profibrotic factor. In lung epithelial cells, EPAC is involved in the inhibition of transforming growth factor-β-dependent cell migration and adhesion, and endogenous TGFRI can form a complex with EPAC1 (Conrotto et al., 2007). In immune cells, Epac also can reverse the polarization of macrophages to pro-fibrotic M2, the mechanism of which remains to be explored (Hartopo et al., 2013). The antifibrotic effect of Epac may be multifaceted. Therefore, the anti-fibrosis mechanism is not well explained (Yokoyama et al., 2008). T cells also play an important role in the development of pulmonary fibrosis. In the early stage of pulmonary fibrosis, the major effector target T cells are regulatory T cells (Tregs). Treg are involved in early pulmonary fibrosis by secreting pro-fibrotic factors such as TGF-β, PDGF (Hou et al., 2017). However, as a homeostatic regulator of the immune response, Tregs can also mediate upstream inflammatory events and indirectly reduce the development of fibrosis by suppressing inflammation and T helper cell responses (Wilson and Wynn, 2009). Therefore, Tregs may have a different role in the process of pulmonary fibrosis at each stage. Epac1 can boosts Treg-mediated suppression effector T-cells (Teffs) while sensitizing Teffs to suppression (Almahariq et al., 2015). So, activation of Treg cells and regulating cAMP/EPAC in T cells may become a new strategy for the prevention and treatment of IPF. Mesenchymal Stem Cells (MSCs) is also involved in pulmonary fibrosis, but the effects are multifaceted. On the one hand, MSCs migrate to sites of lung injury to renew injured epithelial cells (Toonkel et al., 2013). On the other hand, the migration and adhesion of mesenchymal stem cells contribute to their differentiation into myofibroblasts and aggravate pulmonary fibrosis (El Agha et al., 2017). However, MSCs has been suggested as a therapy for the treatment of IPF (Toonkel et al., 2013). cAMP/Epac/Rap1 can promote the homing and migration of MSCs by enhancing stromal cell derived factor 1 (SDF-1), thereby enabling the repair of lung epithelial cells (Toonkel et al., 2013). A summary of the above cell types’ correlation with EPAC and IPF is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Domain architecture of EPAC isoforms: EPAC proteins are single polypeptide molecules which consist of an N-terminal regulatory region and a C-terminal catalytic region. The catalytic region at the C terminus is mainly composed of three structural and: Ras exchange motif (REM), Ras association (RA), CDC25 homology domain [also known as the guanine nucleotide exchange factor for Ras-like small GTPases (RasGEF) domain] responsible for nucleotide exchange activity. The two subtypes had different structures in the N-terminal regulatory region. The Epac2A regulation region contains two CAMP-binding domains, CNB-B and CNB-A. However, Epac1, Epac2A and Epac2B all have Disheveled/Egl-10/pleckstrin (DEP) domains, which are correlated with subcellular localization of Epac. Epac1 is widely expressed in human tissues, such as the hippocampus, thyroid, breast, and lung. EPAC2A is mainly expressed in the central nervous system, pituitary gland and adrenal gland.
[image: Figure 2]FIGURE 2 | Epac via differential cellular pathways inhibit the process of IPF. ↑ means increase or upregulated; ↓ means decrease or downregulated.
2.2 The cAMP/PKA pathway
PKA is also involved in the regulation of fibrosis. Endoplasmic reticulum stress (ER stress) contributes to the apoptosis of type II alveolar epithelial cells (AECs), which are involved in the process of pulmonary fibrosis (Kropski and Blackwell, 2018; Borok et al., 2020). ER stress stimulates NLRP3 inflammasome activation and promotes the process of lung fibrosis (Stout-Delgado et al., 2016). However, cAMP/PKA is a negative feedback regulator of ER stress-induced NLRP3 inflammasome activation, decreasing ACEⅡ pyroptosis (Hong et al., 2022). Prostaglandin (PG) E2 is a metabolite of arachidonic acid, mainly produced by alveolar epithelial cells and lung fibroblasts (Wilborn et al., 1995). Although it is a proinflammatory factor, it is essential in maintaining lung homeostasis. In the lung, PGE2 inhibits cell migration, proliferation, collagen accumulation, and differentiation into myofibroblasts (Elias et al., 1985; Wilborn et al., 1995; Kohyama et al., 2001). Therefore, PGE2 is considered to be a protective factor in pulmonary fibrosis. The downstream signal transduction of PGE2 is realized by binding to G protein coupled receptor EP1-EP4. However, Gαs-coupled E prostanoid (EP) 2 receptor will lead to an increaseing in cAMP (Huang et al., 2007). Therefore, the antifibrotic effect of PGE2 may be realized by the downstream effect mediated by cAMP.PGE2/Epac1/Rap pathway activation inhibites fibroblast proliferation, whereas PGE2/PKA activation inhibites collagen expression (Huang et al., 2008b). Futhermore, PGE2 can induce de-differentiation of human pulmonary myofibroblasts through cAMP/PKA pathway (Fortier et al., 2021). p75 neurotrophin receptor (p75NTR), a TNF receptor superfamily member upregulated after tissue injury, is involved in the regulation of proteolytic activity and fibrin degradation (Sachs et al., 2007). In neuronal tissues, p75NTR regulates tissue fibrosis through inhibition of plasminogen activation via a PDE4/cAMP/PKA pathway. However, p75NTR is also expressed in lung inflammation (Renz et al., 2004). Therefore, the p75NTR/PDE4/cAMP/PKA pathway it is a potential target for the study of pulmonary fibrosis. Respectively, activating the EPAC and PKA pathways, with the cAMP analogs 8-Me-cAMP and N6-cAMP, can reduce the sensitivity of fibroblasts to TGF-β and the production of myofibroblasts and extracellular matrix (ECM) (Insel et al., 2012). Recently, it has been reported that a new pan-PDE inhibitor shows anti-fibrosis effect in lung tissue by inhibiting the TGF- β signal pathway and activating the cAMP/PKA pathway (Wójcik-Pszczoła et al., 2020). A summary of the above the PKA and IPF is shown in Figure 3.
[image: Figure 3]FIGURE 3 | PKA pathways inhibit the process of IPF. cAMP/PKA can inhibit endoplasmic reticulum stress and promote dedifferentiation of myofibroblasts to realize anti-fibrosis. p75NTR regulates tissue fibrosis through inhibition of plasminogen activation via a PDE4/cAMP/PKA pathway. But it needs to be further verified in pulmonary fibrosis.
2.3 NO/SGC-cGMP pathway
cGMP can regulate heart, kidney, and liver fibrosis through the NO/SGC-cGMP pathway (Schinner et al., 2015; Sandner et al., 2017; Flores-Costa et al., 2018; Das et al., 2020). According previous studies, myofibroblasts responsible for lung damage in other ways besides the activity of contraction. The contractile force provides a feedforward mechanism, that maintains the differentiation of myofibroblasts in lung fibrosis. This is accomplished by converting mechanical stimuli into biochemical signals, which drive fibrosis progression (Desmoulière et al., 2005; Hinz, 2007; Wipff et al., 2007; Wynn and Ramalingam, 2012). Relaxin is a peptide hormone that regulates the production and degradation of collagen, and it is responsible for mediating the antifibrotic effects of collagen. Relaxin regulates myosin light chain (MLC20) dephosphorylation and lung myofibroblast contraction through the inactivation of RhoA/Rho-associated protein kinase by a nitric oxide/cGMP/protein kinase G (PKG)—dependent mechanism (Huang et al., 2011). Under conditions of high and persistent guanylyl cyclase activation, the activation of downstream cGMP can also reduce the differentiation of myofibroblasts induced by TGF-β (Dunkern et al., 2007).
Senescence is an important factor in the process of pulmonary fibrosis (Schafer et al., 2017; Justice et al., 2019; Otoupalova et al., 2020; Spagnolo et al., 2021a; Yao et al., 2021). Senescent alveolar epithelial cells and lung fibroblasts contribute to pulmonary fibrosis by secreting senescence-associated secretory phenotype (SASP) (Lin and Xu, 2020). Aging is accompanied by the increased oxidative stress and the accumulation of advanced glycation end products (AGEs), both of which are associated with the development of fibrosis (Richter and Kietzmann, 2016). One of the most important regulators of antioxidant genes is NFE2-related factor 2 (Nrf2). The antioxidant capacity of Nrf2 is reduced in the lung fibroblasts of aged mice, which results in a dynamic imbalance of cell redox homeostasis (Hecker et al., 2014). This pro-oxidant shift results in NO synthase (NOS) decoupling and a concurrent decrease in NO signaling and PKG activity (Sampson et al., 2012). Furthermore, in a variety of fibrotic diseases and also during the natural course of aging, NO/cGMP production is low (Sandner et al., 2017). Enhancement of NO/cGMP signaling by sGC stimulators or sGC activators ameliorates the development of fibrosis in various organs and tissues (Sandner et al., 2017). A summary of the above the NO/sGC-cGMP pathway shown in Figure 4.
[image: Figure 4]FIGURE 4 | NO/sGC-cGMP pathway in pulmonary fibrosis. Aging leads to a decrease in the antioxidant capacity of Nrf2. This pro-oxidant shift results in NOS decoupling and a concurrent decrease in NO signaling and PKG activity.
2.4 Structure and subtype of PDE
PDEs work by hydrolyzing the phosphodiester bonds of the cyclic nucleotides, cyclic adenosine 3′,5′-monophosphate (cAMP) and cyclic guanosine 3′,5′-monophosphate (cGMP), which terminates the downstream signalling of this second messenger. It is subdivided into eleven subtypes based on its diverse structure. Through selective splicing or transcriptional modification of mRNA, these genes produce nearly one hundred PDE isozymes (Azevedo et al., 2014). The structures that make up the PDE superfamily are related but functionally distinct. These differences include tissue distribution, cellular function, primary structure, affinity for cAMP and cGMP, catalytic properties, and responses to specific activators, inhibitors, and effectors and their regulatory mechanisms. PDE4, PDE7, and PDE8 are PDEs that specifically degrade cAMP, while some PDEs specifically degrade cGMP (PDE5, PDE6, and PDE9) (Maurice et al., 2014). Most cells contain more than one PDE family member but in varying amounts, proportions, and subcellular locations. Although PDEs exhibit a broad tissue distribution, some cells are relatively enriched in specific PDEs (Table 1).
TABLE 1 | PDE family and Tissue expression.
[image: Table 1]PDEs contain two functional regions, regulatory and catalytic. The catalytic region determines the specificity to the substrate or inhibitor. The amino-terminal regulatory regions of PDEs are highly heterogeneous, reflecting the different cofactors of PDE family members (Maurice et al., 2014). A-kinase anchoring proteins (AKAPs) are anchoring proteins that anchor PKA to specific subcellular sites. AKAPs, PDEs, together, keep cAMP signalling specific and physically compartmentalised. As PDEs are the only route to cyclic nucleotides degradation, the specificity of the temporal and spatial distribution of PDEs ensures the viability of signal transduction. Without PDE-dependent control of local cAMP levels, intracellular cAMP, cGMP would be distributed indiscriminately. As a result, signalling specificity would be lost, as all subpopulations of PKA present in the cell would be activated (Brescia and Zaccolo, 2016). In this scenario, manipulation cyclic nucleotides of levels by specific pharmacological inhibition of individual PDE families is an effective treatment.
3 STUDIES OF DIFFERENT CLASSES OF PDE INHIBITORS IN PULMONARY FIBROSIS
3.1 PDE4 inhibitor
PDE4 is a cAMP-specific PDE with relatively high expression levels in cells that regulate immune inflammatory responses and tissue remodeling (Torphy, 1998; Maurice et al., 2014), including macrophage activation (Hertz et al., 2009; Li et al., 2018). Furthermore, primary alveolar A549 cells and human bronchial epithelial (HBE) cells highly express PDE4 (Mata et al., 2005; Oldenburger et al., 2012). The non-selective PDE4 inhibitor Roflusteride is approved for use in severe COPD and acute exacerbations due to its anti-inflammatory properties (Hatzelmann et al., 2010). Studies have shown that PDE4 inhibitors can inhibit the release of fibrogenic factors and alleviate pulmonary fibrosis in a mouse model induced by bleomycin (Cortijo et al., 2009; Udalov et al., 2010; Milara et al., 2015). In transgenic mice expressing diphtheria toxin receptor under the control of the mouse surfactant protein C promoter (a model of pulmonary fibrosis targeting type Ⅱalveolar epithelial injury), PDE4 inhibitor also downregulated plasma levels of selective chemokines, and significantly reduces lung fibrosis induced by targeted type II AEC injury (Sisson et al., 2018). In vitro, PDE4 inhibitors inhibites FN-induced aggregation and collagen synthesis of human fetal lung fibroblasts (HFL-1), downregulates the sensitivity of fibroblasts to TGF-β, and promotes the inhibition of fibroblast function by prostaglandin E2 (PGE2) in the presence of PDE4 (Udalov et al., 2010). By decreasing reactive oxygen species, and extracellular signal-regulated kinase phosphorylation, the PDE4 inhibitor Rolipram or PDE4 small interfering RNA effectively inhibits EMT changes in a Smad-independent manner in the human alveolar epithelial type II cell line A549 (Kolosionek et al., 2022). Therefore, PDE4 inhibitors are the potential drug for IPF.
Still, the probability of side effects of non-selective PDE4 inhibitors, such as diarrhea, headache, nausea, and vomiting, makes the use of PDE4 inhibitors in patients limited (Spina, 2008; Maurice et al., 2014). These inhibitors have unfavorable side effects because they inhibit not just one PDE but an entire family of PDEs. It is known as the off-target effect. A coin has two sides, so as the off-target effects. On the one hand, it may increase drug toxicity and cause severe adverse reactions. However, acting with multiple targets may produce synergistic effects that amplify drug effects. For example, methylxanthine theophylline is a purine derivative, and it inhibits almost all types of PDEs. Theophylline can be used in asthma to dilate the bronchi by inhibiting PDE. And its anti-inflammatory actions -- which are mediated via inhibition of the nuclear translocation of nuclear factor-κb may be attributed to both PDE inhibition and increased cAMP signaling (Minguet et al., 2005). However, the therapeutic window of theophylline is narrow and toxic symptoms are easy to occur (Jacobs et al., 1976).
According to the difference between the transcriptional initiation site and selective mRNA splice site, PDE4 can be divided into four subtypes of PDE4A-D. In human primary lung fibroblasts (NHLF), PDE4A, B, and D are mainly expressed, while PDE4C is slightly or not present. Knockdown of PDE4B by SiRNA interference resulted in the most significant decrease in overall PDE4 enzyme activity, followed by PDE4A and PDE4D. PDE4B and 4D knockdown can inhibit the expression of α-SMA in TGF-βinduced pulmonary fibroblasts, in which the inhibition of PDE4B knockdown is the most effective, and the effect is similar to the non-selective PDE4 inhibitors (Selige et al., 2011). The adverse effects of PDE4 inhibitors appear to be related to the inhibition of PDE4D (Giembycz, 2001; Maurice et al., 2014). Therefore, PDE4B inhibitors seem to be ideal selective antifibrotic drugs.
BI101550, a PDE4 inhibitor with a high affinity to PDE4B, has anti-inflammatory and anti-fibrosis effects. In vitro, BI 1015550 inhibits lipopolysaccharide (LPS) induced TNF-α and phytohemagglutinin induced interleukin-2 synthesis in human peripheral blood mononuclear cells, as well as LPS-induced TNF-α synthesis in human and rat whole blood (Herrmann et al., 2022). In two mouse models of pulmonary fibrosis induced by bleomycin and silica, compared with a low dose (2.5 mg/kg), the higher BI1015550 (12.5 mg/kg b.i.d.) could improve the pulmonary function parameters of mice. High-dose BI1015550 could also significantly improve the content of dense fibrotic tissue in lung tissue. There is a synergistic effect between Nintedanib and BI1015550, which shifts the concentration-response curve to the left (Herrmann et al., 2022). Compared to roflumilast, BI 1015550 seems to be a safer option, and the male Suncus murinus is less likely to experience nausea and vomiting as a side effect (Herrmann et al., 2022). In a randomized, double-blind, placebo-controlled study involving 147 patients with IPF, the primary endpoint was the change from baseline in forced vital capacity (FVC) during 12 weeks of treatment with BI1015550 as monotherapy or in combination with antifibrotic background therapy. The trial results showed that BI1015550 at a dose of 18 mg twice daily prevented a decline in lung function in patients with IPF, regardless of background antifibrotic therapy. However, at the same time, the safety of BI1015550 is also of concern, with the most common adverse event being gastrointestinal disease. A case of “suspected IPF exacerbation and suspected vasculitis” was also reported (Richeldi et al., 2022). The adverse reactions need to be further evaluated in subsequent clinical trials. Nevertheless, BI1015550 is currently leading the way in the research and development of new drugs for the treatment of IPF.
There are other types of PDE4 inhibitors reported at present. AA6216 is a novel PDE4 inhibitor. AA6216, also ameliorated pulmonary fibrosis in mice by inhibiting TGF-β release from macrophages. However, in contrast to other PDE4 inhibitors, AA6216 possesses a more potent inhibitory effect with lower risk (Matsuhira et al., 2020). A novel PDE4 inhibitor was obtained by hit-to-lead optimization of natural mangoside based on structure, and its anti-pulmonary fibrosis effect was similar to that of pirfenidone. More importantly, it is safe and has fewer adverse reactions (Huang et al., 2021).
3.2 PDE5 inhibitor
PDE5 hydrolyzes cGMP exclusively. The pharmacological effect of sildenafil, a representative drug of the PDE5 inhibitor, is to increase the intracellular cGMP level by inhibiting cGMP degradation. And then the NO/sGC-cGMP pathway, is used to upregulate potassium channels, inhibit calcium channels, reduce intracellular calcium concentration, and dilate blood vessels. Its clinical indications include pulmonary hypertension (PH) and erectile dysfunction (Giovannoni et al., 2010). Currently, there are many studies on PDE5 inhibitors in pulmonary fibrosis. Due to the degeneration of lung structure that accompanies the progression of pulmonary fibrosis, pulmonary hypertension will eventually develop. In multiple randomized, controlled clinical trials, the addition of sildenafil in the context of antifibrotic agents has not been found to have a significant effect on all-cause mortality, hospitalization, or acute exacerbations (Kolb et al., 2018; Behr et al., 2021; Kang and Song, 2021). But, the efficacy evaluation of sildenafil in IPF is inconsistent (Collard et al., 2007). Since sildenafil improves gas exchange function in patients with severe pulmonary fibrosis by dilating pulmonary vessels, it may be effective in IPF. However, it is still debatable whether pulmonary vessel dilation can improve pulmonary gas exchange function in IPF (Sakao et al., 2019). IPF-related pulmonary arterial hypertension is distinct from idiopathic pulmonary arterial hypertension.
On the one hand, due to the destruction of the alveolar structure, the dysfunction of pulmonary gas exchange results in hypoxic pulmonary vasoconstriction (HPV) (Sylvester et al., 2012; Sakao et al., 2019). Early pulmonary vasoconstriction may be a compensatory mechanism during the development of pulmonary fibrosis. Pulmonary vasoconstriction can maintain the ventilation/perfusion ratio (V/Q) balance. However, continuous pulmonary vasoconstriction will lead to vascular remodeling, resulting in a vicious cycle, which should not be allowed to develop (Sakao et al., 2005; Sakao et al., 2006).
On the other hand, due to the destruction of the alveolar structure in IPF, the respiratory membrane is disordered and thickened, lung diffusion function is decreased, and dilated pulmonary blood vessels will further mismatch V/Q (Sakao et al., 2019). But is it feasible to use PDE5 inhibitors in the early stages of disease, when the structural damage of the lung is not apparent? Due to the insidious onset of IPF, non-specific clinical symptoms, and lack of diagnostic methods with high specificity for early IPF, most patients cannot be correctly diagnosed and treated at an early stage (Spagnolo et al., 2021b). By the time most patients are diagnosed with IPF, there is already apparent structural destruction of the lung. Consequently, there appears to be a lack of research on the potential benefits of initiating PDE5 inhibitor therapy at an early stage of IPF.
Additionally, sildenafil may contribute to pulmonary fibrosis through additional mechanisms. In a rat model of bleomycin-induced pulmonary fibrosis, sildenafil can reduce the oxidative stress level of lung tissue by inhibiting lipid peroxidation, the production and release of cytokines, and the aggregation of neutrophils, so as to achieve the therapeutic effect on pulmonary fibrosis (Yildirim et al., 2010). However, PDE5 inhibitors are not, according to the recommendations of international guidelines, appropriate treatment for IPF (Raghu et al., 2022).
3.3 Non-selective phosphodiesterase inhibitor
Pentoxifylline (PTX) is a methylxanthine derivative and non-selective phosphodiesterase inhibitor. Clinically, it is mainly used to improve peripheral circulation and relieve muscle pain caused by peripheral arterial diseases (Hood et al., 1996; Stevens et al., 2012). Previous studies have demonstrated that PTX can significantly inhibit the secretion of proinflammatory cytokines and the activation of NF-kB, thereby alleviating chronic inflammation (Speer et al., 2017). In RAW264.7 macrophages, the low dose of PTX (10 μg/mL) and the high dose of PTX (300 μg/mL) had different biological effects on cells. Low-dose PTX can reduce endoplasmic reticulum stress (ERS), fibrosis, angiogenesis, and chronic inflammation while promoting RAS/NF-kB signal transduction, proliferation, differentiation, and inflammation. It can also enhance Fas-mediated apoptosis. High doses of PTX, on the other hand, have the opposite effect by preventing RAS/NF-kB signal transduction, which prevents cell proliferation, inflammation, and fibrosis (Seo et al., 2022). It also suggests that PTX is a potential antifibrotic drug. PTX has an anti-fibrosis effect on radiation-induced pulmonary fibrosis by regulating the expression of PKA and PAI-1 (Lee et al., 2017; Wen et al., 2017). Our previous research found that, PTX could influence the expression of fibrosis-related genes in the mouse model of pulmonary fibrosis. In addition, we also found that the expression of senescence-associated secretory phenotype (SASP) decreased in the PTX group (Lin et al., 2022). Therefore, we speculated that PTX might may also alleviate pulmonary fibrosis through anti-aging. mTOR (mechanistic target of rapamycin) is a serine/threonine kinase involved in the integration of multiple metabolic and growth-promoting signals. Accumulating evidence indicates that mTOR activity is necessary for cell senescence (Liu and Sabatini, 2020). A decrease in mTOR activation was also observed after PTX treatment in human melanoma cells (Sharma et al., 2016). So we hypothesized that PTX may achieve its anti-fibrosis effect by affecting the mTOR pathway and changing the autophagy level of senescent cells. But that still needs to be tested. In other fibrosis models, including intestinal fibrosis, hypertrophic scar, and glomerulonephritis, PTX also has an anti-fibrosis effect (Boerma et al., 2008; Ng et al., 2009; Yang et al., 2019; Lee, 2022). The FDA approved PTX in 1984 for the treatment of arteritis. It is currently used to treat stroke because it improves circulation (Bath et al., 2000). So its safety in humans has been verified. “Drug repurposing” is a cost-effective option if the anti-fibrosis ability of PTX can be further developed.
3.4 Pan-PDE inhibitor
Because the antifibrotic effects of inhibitors of specific PDE subtypes are not clearly understood, and given the possible synergistic effects between different subtypes of PDE, the focus of some studies has shifted to dual PDE or pan-PDE inhibitors. Pan-PDE inhibitors represent compounds that can inhibit various isoforms within several PDE classes. Unlike simple PDE inhibitors, pan-PDE can inhibit individual PDE isoforms at the nano and/or micromolar level (Wójcik-Pszczoła et al., 2021). In vitro studies have shown that they have promising anti-inflammatory and antifibrotic activities and high inhibitory activity against a selection of PDEs. First, the PAN-PDE has significant inhibitory activity against multiple PDE isoforms, including PDE1, PDE3, PDE4, PDE5, PDE7, and PDE8, which are involved in airway remodeling and the development of pulmonary fibrosis (Wright et al., 1998; Fuhrmann et al., 1999). And next, considering the cAMP signaling compartmentalization during EMT, a different composition of individual isoforms within the cellular compartments cannot be ruled out (Zuo et al., 2019b; Wójcik-Pszczoła et al., 2022). In vitro, the pan-PDE inhibitors could inhibit the TGF-β-induced expression of several markers, including vimentin, fibronectin, collagen I, α-smooth muscle actin, N-cadherin, and snail-1 transcription factor in alveolar epithelial type II cells (Wójcik-Pszczoła et al., 2022).
4 OTHER NOVEL ANTI-PULMONARY FIBROSIS DRUGS
At present, there are other types of anti-pulmonary fibrosis drugs under development. The inflammasome NLR Family Pyrin Domain-Containing Protein 3 (NLRP3) is an important regulator of pulmonary inflammation and fibrosis (Colunga Biancatelli et al., 2022). NLRP3 promotes the development of pulmonary fibrosis mainly through the following aspects. Activated NLRP3 promotes fibrosis by producing IL-1 β and IL-18 (Colunga Biancatelli et al., 2022). NLRP3 mediated pyrolysis of csapase-1-dependent alveolar epithelial cells. NLRP3 induced pulmonary mesenchymal stem cells to differentiate into myofibroblasts (Ji et al., 2021). The activation of NLRP3 is increased in pulmonary fibrosis, and inhibition of NLRP3 can effectively delay the progression of pulmonary fibrosis, indicating that targeted NLRP3 may be a new choice for the treatment of pulmonary fibrosis. Although there are several NLRP3 inhibitors in existence, most of these drugs are still in the pre-clinical phase and there is a lack of validated data to confirm that they are indeed effective in pulmonary fibrosis. Furthermore, the indications for NLRP3 inhibitors are unclear. What clinical applications will show the best efficacy for NLRP3-targeting molecules? When, where, how is NLRP3 activated in human disease? To apply NLRP3 to pulmonary fibrosis, these questions need to be addressed.
GSDMD is a key effector of inflammasome signaling, because it controls pyroptosis and the resultant release of proinflammatory cellular contents. Given that GSDMD controls the release of IL-1β downstream of multiple inflammasomes, GSDMD is an attractive target for pulmonary fibrosis. Although, pyroptosis inhibitors will decrease the release of proinflammatory cell contents, they will not block the inflammasome-driven maturation of IL-1β or IL-18. Therefore, its anti-fibrosis effectiveness needs to be further confirmed. Heat-shock protein 90 (HSP) inhibitor, a new drug also developed from the NLRP3 inflammasome. As a multifunctional molecular chaperone, Hsp90 forms a complex with NLRP3 to protect NLRP3 from degrading. In response to stress stimuli, Hsp90 is released, and NLRP3 can be activated to promote inflammation. Hsp90 inhibition block the activation of the NLRP3 inflammasome. Inflammasome blockers show enormous promise as a new generation of anti-inflammatory drugs. However, these treatments are not mature at present, and there is still a long way to go before the real clinical application. Compared with PDEs inhibitors, the PDE inhibitors are more mature. Moreover, there are exact data to prove the effectiveness of PDEs inhibitors in pulmonary fibrosis.
Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/AKT) signaling pathway plays an important role in IPF. TGF-βand PI3K/AKT promoted the formation of pulmonary fibrosis synergistically. PI3K/AKT can promote pulmonary fibrosis by regulating its downstreams such as mammalian target of rapamycin (mTOR), hypoxia inducible factor-1a (HIF-1a). Therefore, targeting PI3K/AKT has become a new strategy for the treatment of IPF (Conte et al., 2013; Nie et al., 2017). Some PI3K/AKT inhibitors has been investigated in clinical research. Reported treatment-related adverse event mainly include gastrointestinal effects. But for its effectiveness, there is a lack of data at present (Wang et al., 2022). However, PI3K/AKT still considered promising drug candidates for IPF treatment.
5 DISCUSSION
Idiopathic pulmonary fibrosis is the most common type of idiopathic interstitial pneumonia. It is a progressive, irreversible and fatal disease. Its pathological mechanisms are complex and not well understood at present. Therefore, antifibrotic drugs are also limited. Although the current antifibrotic drugs, Pirfenidone and Nintedanib, have a certain therapeutic effect, they do not improve the prognosis of patients. Moreover, their current prices are relatively expensive. Therefore, we need to develop new antifibrotic drugs.
The cAMP signaling pathway is a relatively old signaling pathway, and scientists began to study it as early as 1953 (Zuo et al., 2019b). In the lung, cAMP, and cGMP mainly reduce the sensitivity of fibroblasts to pro-fibrotic factors and decrease the production of myofibroblasts. However, the underlying mechanisms need to be further explored. Our previous study shows that Pentoxifylline can inhibits pulmonary fibrosis by regulating cellular senescence. This suggests that we can study the possible mechanism of cyclic nucleotides against fibrosis from the point of view of aging. In recent years, an increasing number of studies have found that cAMP signalling also plays an important role in age-related cognitive deficits. So, Therefore, studying the role of cyclic nucleotides in pulmonary fibrosis from the perspective of aging may provide new ideas to understand the pathogenesis of pulmonary fibrosis further.
PDEs are involved in the metabolism of cyclic nucleotides, and their inhibitors can increase the intracellular concentration of cyclic nucleotides, thus exerting their anti-fibrotic effects. The “off-target” effect is a problem in the application of drugs, and it is a double-edged sword. On the one hand, the “off-target” result may have side effects on non-target sites, thus limiting the safe use of the drug. On the other hand, there may be synergistic effects between PDE isoforms, amplifying the drug’s therapeutic effects. A novel compound PDE inhibitor, Pan-PDE, is a good example. In contrast, PDE5 inhibitors, although some studies have shown some antifibrotic effects, whether IPF patients really benefit from them needs to be thoroughly evaluated.
Although there are many studies on PDEs inhibitors, most are still in animal experiments, and their effectiveness in humans needs further testing. But it is surprising that BI1O1550, a specific PDE4B inhibitor, has already started clinical trials. This is a big step forward in developing drugs to treat fibrosis.
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Arctiin-encapsulated DSPE-PEG bubble-like nanoparticles inhibit alveolar epithelial type 2 cell senescence to alleviate pulmonary fibrosis via the p38/p53/p21 pathway
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Background: Idiopathic pulmonary fibrosis is a severe and deadly form of diffuse parenchymal lung disease and treatment options are few. Alveolar epithelial type 2 (AEC2) cell senescence is implicated in the pathogenies of IPF. A major bioactive compound from the traditional Chinese medicine Fructus arctii, arctiin (ARC) has robust anti-inflammatory, anti-senescence, and anti-fibrosis functions. However, the potential therapeutic effects of ARC on IPF and the underlying mechanisms involved are still unknown.
Methods: First of all, ARC was identified as an active ingredient by network pharmacology analysis and enrichment analysis of F. arctii in treating IPF. We developed ARC-encapsulated DSPE-PEG bubble-like nanoparticles (ARC@DPBNPs) to increase ARC hydrophilicity and achieve high pulmonary delivery efficiency. C57BL/6 mice were used to establish a bleomycin (BLM)-induced pulmonary fibrosis model for assessing the treatment effect of ARC@DPBNPs on lung fibrosis and the anti-senescence properties of AEC2. Meanwhile, p38/p53 signaling in AEC2 was detected in IPF lungs, BLM-induced mice, and an A549 senescence model. The effects of ARC@DPBNPs on p38/p53/p21 were assessed in vivo and in vitro.
Results: Pulmonary route of administration of ARC@DPBNPs protected mice against BLM-induced pulmonary fibrosis without causing significant damage to the heart, liver, spleen, or kidney. ARC@DPBNPs blocked BLM-induced AEC2 senescence in vivo and in vitro. The p38/p53/p21 signaling axis was significantly activated in the lung tissues of patients with IPF, senescent AEC2, and BLM-induced lung fibrosis. ARC@DPBNPs attenuated AEC2 senescence and pulmonary fibrosis by inhibiting the p38/p53/p21 pathway.
Conclusion: Our data suggest that the p38/p53/p21 signaling axis plays a pivotal role in AEC2 senescence in pulmonary fibrosis. The p38/p53/p21 signaling axis inhibition by ARC@DPBNPs provides an innovative approach to treating pulmonary fibrosis in clinical settings.
Keywords: idiopathic pulmonary fibrosis, alveolar epithelial type 2 cells, cellular senescence, arctiin, nanoparticle, DSPE-PEG, p38/p53/p21 signaling axis, traditional Chinese medicine
1 INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible, and typically fatal lung disease characterized by airway remodeling, inflammation, alveolar destruction, and fibrosis (Wolters et al., 2018). It affects mainly male patients over the age of 60. The median survival of patients after diagnosis is 3–5 years in the absence of lung transplantation (Kropski and Blackwell, 2019); this is comparable to severe cancer disease.
The US Food and Drug Administration approved two medications to treat IPF in 2014: pirfenidone and nintedanib; however, these two therapies did not reduce IPF mortality (King and Nathan, 2015). Furthermore, frequent side effects restrict the clinical application of these antifibrotic drugs. Effective therapies with high accumulation in the lungs and low adverse side effects in other organs and tissues are urgently needed. Local administration of drugs to the lungs is a promising strategy that offers a high-effective dose and prolonged residence in the lungs (da Silva et al., 2017). Recently, nanoparticle drug delivery was used for pulmonary applications due to the increased permeability of the airway mucus layer (Ghumman et al., 2021; Han et al., 2022).
Accumulating evidence demonstrates that the pathogenesis of IPF involves accelerated aging, with senescence of alveolar epithelial type 2 (AEC2) cells playing an important role in this process (Kellogg et al., 2021; Parimon et al., 2021). A single-cell RNA-sequencing study of IPF explant tissues shows regional depletion of AEC2 cells and abnormal activation of multiple pathways related to cellular senescence (Xu et al., 2016). Previous studies (Qiu et al., 2019; Yao et al., 2021) demonstrated that therapies targeting the senescence process in AEC2s could attenuate the progression of pulmonary fibrosis. However, the pathogenesis of AEC2 senescence in IPF remains unclear. The p38 pathway is a major mitogen-activated protein kinase (MAPK) pathway initially discovered to be a mediator of inflammation and stress responses (Ono and Han, 2000). p38MAPK either directly phosphorylates and activates p53 or indirectly phosphorylates p53 through its downstream kinase, casein kinase 2. It was recently discovered that the p38 pathway plays an important role in fibroblast senescence and IPF (Matsuda et al., 2020); however, the role of p38/53 signaling in AEC2 senescence remains largely unknown.
Traditional Chinese Medicine (TCM) has gradually developed an advantage in treating IPF (Zhang et al., 2021). F. arctii, one of the most popular TCMs, is officially listed in the Chinese Pharmacopoeia (Li et al., 2022). Arctiin (ARC), isolated from F. arctii, is widely investigated for its anti-inflammatory (Lee et al., 2011), antiviral (Hayashi et al., 2010), antiproliferative (Matsuzaki et al., 2008), and anticancer (Hirose et al., 2000) properties. It inhibits hydrogen peroxide-induced senescence in human dermal papilla cells in vivo (Bae et al., 2014), suppresses cardiac fibrosis (Li et al., 2017), and attenuates silica-induced lung injury and fibrosis (Liu J. et al., 2021). However, it is unknown whether ARC attenuates bleomycin (BLM)-induced pulmonary fibrosis and AEC2 senescence. After oral administration, most ARC is metabolized to arctigenin. The systemic delivery of ARC has several limitations, including first-pass metabolism, low accumulation in the lungs, and possible adverse side effects in other organs and tissues.
One of the main problems with the inhalation route is the thick mucus layer, which may serve as a barrier to the uptake of active drug particles (Porsio et al., 2018). In this study, our objective was to develop a nanoparticle (ARC@DPBNP) that can be administered by airway delivery to suppress AEC2 senescence for the treatment of pulmonary fibrosis. We chose 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-polyethylene glycol (PEG) 2000 (DSPE-PEG2000) as the main amphiphilic polymer for nanocarrier formation owing to the hydrophobic nature of ARC.
2 MATERIALS AND METHODS
2.1 Studies in humans and animals
All animal experiments complied with the ARRIVE guidelines and were carried out in accordance with the National Research Council’s Guide for the Care and Use of Laboratory Animals. The protocol for each experiment was approved by the Research Ethics Committees of Nanjing Medical University Affiliated Wuxi People’s Hospital for Animal Research (2022–32). The study has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and was approved by the Research Ethics Committees of Nanjing Medical University Affiliated Wuxi People’s Hospital (KY22090). Informed consent was obtained from all participants.
2.2 Reagents
BLM was purchased from MedChemExpress (cat# HY-17565A, China), dissolved in phosphate-buffered saline (PBS) at a concentration of 10 mg/mL, and stored at −80°C in the dark. ARC was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China), dissolved in DMSO (Biyuntian, China) to a concentration of 200 mg/mL, and stored at −80°C in the dark. DSPE-PEG2000 was obtained from Ponsure Biological Co. (Shanghai, China). PD 169316 (an inhibitor of p38MAPK) was purchased from MedChemExpress (Cat# HY-10570, MCE, China), dissolved in DMSO at a concentration of 10 mM, and stored at −80°C.
2.3 Target fishing and network building
The chemical components of F. arctii were categorized using the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (https://tcmspw.com/tcmspsearch.php) (Ru et al., 2014), and those compounds with oral bioavailability ≥30% and drug likeness ≥0.18 were selected as potential active ingredients (Ru et al., 2014). Subsequently, the pharmacological targets of the components were identified and filtered using the Swiss Target Prediction (http://www.swisstargetprediction.ch/) (Gfeller et al., 2013) and ChEMBL databases (https://www.ebi.ac.uk/chembl/) (Gaulton et al., 2017). We searched the GeneCards (https://www.gene-(cards.org/) (Safran et al., 2010), OMIM database (https://www.omim) (Amberger et al., 2015), Drugbank database (https://www.drugbank.ca/) (Wishart et al., 2018) and TTD database (http://bidd.nus.edu.sg/group/cjttd/) (Zhou et al., 2022), using the keywords “idiopathic pulmonary fibrosis” to identify targets related to IPF. The Uniprot database (https://www.uniprot.org/) was used to standardize the target information by including the species information “homo sapiens.” The STRING database (http://string-db.org) (Szklarczyk et al., 2021) was used to build the protein–protein interactions (PPI) network, and the results were visualized with Cytoscape 3.9.1. Additionally, Cytoscape3.9.1 was adopted for constructing the medicine-ingredients-targets-disease network. The STRING database (http://string-db.org) was employed for Gene Ontology and Kyoto Encyclopaedia of Genes and Genome enrichment analyses, which were performed with Bioinformatics (https://www.bioinformatics.com.cn/).
2.4 Molecular docking
The SDF format file of the three-dimensional structure of ARC was obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The small molecule of ARC whose file was subsequently imported into ChemDraw (http://www.perkinelmer.com/tw/category/chemdraw) was processed with minimized energy and saved as a mol2 file. The initial structures of the top 8 potential targets were downloaded from the Protein Data Bank (http://www.rcsb.org/) database and were visualized using PyMoL. The target proteins were then imported into AutoDock MGLTools 1.5.6 (http://mgltools.scripps.edu/documentation/links/autodock), where they were hydrogenated, the charge calculated, and the non-polar hydrogen combination calculated. The results were stored in PDBQT format. Finally, molecular docking simulations were performed using AutoDock Vina 1.1.2, and PyMOL was used to visualize the results.
2.5 Preparation and characterization of ARC@DPBNPs
DSPE-PEG bubble-like nanoparticles (DPBNPs) were used as carriers to encapsulate ARC. DPBNPs were prepared as previously described (Zeng et al., 2012). Briefly, ARC (20 mg) was dissolved in CHCl3 (200 μL) by stirring. DSPE (50 mg, 0.06  mmoL, Ponsure Biological) and PEG 2000 (50 mg, 0.06  mmoL, Ponsure Biological) were dissolved in 200 μL chloroform. The two solutions were mixed in a 1:1 ratio to form a homogeneous organic phase. An additional 1 mL of deionized water was added to the mixture and mixed for 15 min. The solution was sonicated for 10 min using an ultrasonic mixer (Shanghai Bilon Instruments, Shanghai, China). Organic solvents were removed by rotary evaporation under reduced pressure. The deposited nanoparticle film was hydrated with deionized water to obtain a final concentration of 10 mg/mL. The nanoparticles were prepared by extrusion using Avanti mini-extruders (1 or 8 μm membranes). ARC@DPBNP absorbance properties were measured using a Hitachi UH5300 UV spectrophotometer (Tokyo, Japan), and their size was characterized using a Nano ZS zetasizer (Malvern, United Kingdom). The nanoparticle morphology was visualized using transmission electron microscopy (TEM, Tecnai G2-20).
2.6 Cell culture and treatment
The human AEC2 cell line (A549) was acquired from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). A549 cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 1X penicillin–streptomycin solution (Thermo Fisher Scientific, United States) at 37°C in 5% CO2. To create a model of cellular senescence, A549 cells were stimulated with particular doses of BLM for 72 h in Dulbecco’s modified Eagle’s medium supplemented with 5% fetal bovine serum. As described in the figure legends, cells were treated with BLM and/or various concentrations of ARC and ARC@DPBNPs.
2.7 Cell counting kit-8 (CCK-8) assay
In 96-well culture dishes, A549 cells were cultured for various lengths of time in a medium containing various concentrations of BLM, ARC, and ARC@DPBNPs. Each well (containing 100 L of media) received 10 µL of CCK-8 solution (Yesen, Shanghai, China), which was then cultured for 2 h at 37°C. Using a microplate reader (Type:1,510, Thermo Fisher Scientific), the absorbance of each group was determined at 450 nm (n = 5).
Ten microliters of CCK-8 solution (Yesen, Shanghai, China) were added to each well (containing 100 μL medium) and cultured for 2 h at 37°C. The absorbance of each group was measured at 450 nm (n = 5) using a microplate reader (Type:1,510, Thermo Fisher Scientific). The absorbance and number of live cells were directly proportionally related.
2.8 Mice and treatment
Inbred male C57BL/6J mice aged 6–8 weeks were purchased from Changzhou Cavans Animal Experiment Co., Ltd. The mice were randomly selected and divided into four groups: PBS (n = 9), ARC@DPBNP (n = 9), BLM (n = 9), and ARC@DPBNP + BLM (n = 9) groups. Pulmonary fibrosis was induced by intranasal administration of 5 mg/kg of BLM on the first day. Mice in the BLM + ARC@DPBNP groups were treated daily with ARC@DPBNPs by transnasal administration for 21 days up to the day before BLM administration. Mice in the PBS and ARC@DPBNP groups were treated with 40 μL PBS or ARC@DPBNPs by using nasal drops for 21 days. The mice were sacrificed on day 21 after treatment with BLM or PBS, and the lung, liver, spleen, heart, and kidney were collected for subsequent experiments.
2.9 Primary tissue sample
Human lung tissue samples were provided by the affiliated hospital. IPF tissues were collected from patients (n = 15; Table 1). Control lung tissues were collected from healthy adult donors (n = 15; Table 2) that were resected based on size incompatibility or deemed unsuitable for lung transplantation.
TABLE 1 | Donor characteristics.
[image: Table 1]TABLE 2 | Baseline characteristics of the recipients.
[image: Table 2]2.10 Histopathological assessment
Tissues were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin using a paraffin embedding machine (KD-BM, Zhejiang Kedi, China), and cut into 4-μm sections using a Leica RM2016 rotary microtome. Hematoxylin–eosin and Masson’s trichrome staining were performed. According to a documented method, the Ashcroft score method was used to blindly score the level of fibrosis in the mouse lung (Porsio et al., 2018). Immunohistochemical techniques were used to identify protein expression in various tissues. The sections were deparaffinized in xylene and rehydrated in graded alcohol (absolute ethyl alcohol, 95% and 80% ethyl alcohol). Endogenous peroxidase activity was quenched with 3% aqueous hydrogen peroxide for 15 min. The tissue sections were blocked with 10% bovine serum albumin (YESEN, Shanghai, China) for 1 h at room temperature, and antigen retrieval was performed with a pressure cooker. Sections were incubated with rabbit antibody against p21 (10355-1-AP; 1:200 dilution; ProteinTech, Wuhan, China), rabbit antibody against P16-InkA (10883-1-AP; 1:1,000 dilution; ProteinTech), rabbit antibody against phospho-p38MAPK (Thr180/Tyr182) (p-p38MAPK) (4,511; 1:800 dilution; Cell Signaling Technology, Danvers, United States), rabbit antibody against p38MAPK polyclonal antibody (14064-1-AP, 1:100 dilution; ProteinTech); mouse antibody against p53 (60283-2-Ig, 1:1,000 dilution; ProteinTech) overnight at 4°C, followed by incubation for 1 h at 37°C in the dark with horseradish peroxidase-labeled secondary antibody (Gene Tech; Shanghai, China). Diaminobenzidine (Gene Tech) was used for color development. Finally, the sections were dehydrated and mounted. Collagen area and protein expression levels were independently analyzed by two investigators using ImageJ software (version 1.46; Rawak Software, Inc.).
2.11 Immunofluorescence assay
Immunofluorescence was performed as previously described (Ru et al., 2014). Briefly, fixed A549 cells or deparaffinized sections were stained with respective primary antibodies against p21 (1:100 dilution), p16 (1:200 dilution), p-p38MAPK (Thr180/Tyr182) (1:1,600 dilution), p38MAPK polyclonal antibody (1:50 dilution), and p53 (1:300 dilution) for 12 h at 4°C. The cells or tissue sections were then washed with PBS and incubated with fluorescent-conjugated secondary antibodies for 2 h at room temperature. The nuclei were visualized using 4′, 6-diamidino-2-phenylindole and dihydrochloride (4,083; Cell Signaling Technology). Immunofluorescence images were obtained using a Leica SP8 confocal microscope.
2.12 Quantitative analysis of hydroxyproline (HYP)
Mice were anesthetized with 2% isoflurane and subjected to cardiac perfusion to remove blood from the lungs. Approximately 100 mg of lung tissue sample (stored at −80°C) was hydrolyzed by adding 1 mL of hydrolysate and incubated at 95°C for 20 min (the samples were mixed again after 10 min of incubation). According to the manufacturer’s instructions, an HYP kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to measure the amount of HYP in the lung tissue.
2.13 RNA isolation and quantitative reverse transcriptase polymerase chain reaction (PCR)
Total RNA was extracted from cultured cells and lung tissues using an RNA extraction kit (R0027; Beyotime, Shanghai, China) according to the manufacturer’s instructions. cDNA was synthesized using HiScript III RT SuperMix for qRT-PCR (R323-01, Vazyme, Nanjing, China).
According to the manufacturer’s instructions, quantitative real-time PCR was performed using the ChamQ Universal SYBR qPCR master mix (Q711-02, Vazyme, Nanjing, China), and assays were performed using the Applied Biosystems 7,500 Real-time PCR Detection System (ABI, United States).
The internal standard was Glyceraldehyde-3-phosphate dehydrogenase (GADPH). Based on average CT values, mRNA levels were calculated using the GraphPad Prism 7.0 program (GraphPad Software, La Jolla, CA, United States). The following primers were designed: mouse GADPH, forward: 5′-CAT​CAC​TGC​CAC​CCA​GAA​GAC​TG-3′ and reverse: 5′-ATG​CCA​GTG​AGC​TTC​CCG​TTC​AG-3′; human GADPH, forward: 5′- GTC​TCC​TCT​GAC​TTC​AAC​AGC​G-3′ and reverse: 5′-ACC​ACC​CTG​TTG​CTG​TAG​CCA​A-3′; mouse Col1a1 forward: 5′-CCT​CAG​GGT​ATT​GCT​GGA​CAA​C-3′ and reverse: 5′-CAG​AAG​GAC​CTT​GTT​TGC​CAG​G-3′; mouse α-SMA forward: 5′- CGA​GCG​TGA​GAT​TGT​CCG​T-3′ and reverse: 5′-CCC​TGA​CAG​GAC​GTT​GTT​AG-3′; human P21 forward: 5′-AGG​TGG​ACC​TGG​AGA​CTC​TCA​G-3′ and reverse: 5′- TCC​TCT​TGG​AGA​AGA​TCA​GCC​G-3′; and human P16 forward: 5′- CTC​GTG​CTG​ATG​CTA​CTG​AGG​A-3′ and reverse: 5′- GGT​CGG​CGC​AGT​TGG​GCT​CC-3′.
2.14 Western blot analysis
Whole proteins from cell lysates and lung tissues were extracted using RIPA lysis solution (P0013B, Beyotime, Shanghai, China) according to the manufacturer’s instructions and measured using a BCA kit (P0009, Beyotime, Shanghai, China). Equal amounts of protein were separated on 8%–12% SDS–PAGE gels (Vazyme, Nanjing, China), blotted onto PVDF membranes (Merck Millipore, Germany), blocked with 5% nonfat milk in Tris-buffered saline with Tween-20 (TBST) (Beyotime, Shanghai, China) for 1 h, and incubated overnight at 4°C in antibody diluent (Beyotime, Shanghai, China) containing the following primary antibodies: rabbit antibody against p21 (1:1,000 dilution), rabbit antibody against p16 (1:1,000 dilution), rabbit antibody against p-p38MAPK (Thr180/Tyr182) (1:1,000 dilution), rabbit antibody against p38MAPK polyclonal antibody (1:1,000 dilution); mouse antibody against p53 (1:5,000 dilution); mouse antibody against GAPDH (60004-1-Ig, 1:50,000 dilution; ProteinTech); and mouse antibody against ß-Tubulin (10094-1-AP, 1:2,000 dilution; ProteinTech). The membranes were incubated with horseradish peroxidase-linked secondary antibody (Jackson Labs, United States) for 1 h, and protein expression was detected using ECL (Vazyme, Nanjing, China). Images were captured using the Tanon 5,200 imaging system (Shanghai, China). ImageJ software (version 2.0.0) was used for gray value analysis.
2.15 Measurement of senescence-associated ß-galactosidase (SA-β-gal)
According to the manufacturer’s instructions, an SA-gal kit (C0602, Beyotime, Shanghai, China) was used for SA-gal staining. Cells on 6-well chamber slides or frozen lung tissue sections were fixed with a fixative solution for 15 min at room temperature, rinsed three times with PBS for 5 min, and incubated with freshly prepared SA-β-gal staining solution at 37°C overnight. The cells or tissue sections were washed twice with PBS for 5 min at room temperature. The tissue sections were counterstained with fast nuclear red staining (Sigma–Aldrich) to clearly observe the alveolar structure. The images were captured using a light microscope equipped with a digital camera (Olympus Imaging System, Tokyo, Japan). At least three fields were obtained for each well of 6-well plates to calculate the SA-β-gal intensity.
2.16 Statistical analyses
GraphPad Prism software version 7.0 (La Jolla) was used for statistical analysis. The mean and SEM were used to express the data. A one-way analysis of variance was used to assess differences between two or more groups, and a two-tailed Student’s t-test was used to determine differences between the two groups. A p-value below 0.05 was accepted as significant.
3 RESULTS
3.1 Bioinformatic analysis between fructus arctii and IPF
ARC is the main bioactive compound of F. arctii. We initially investigated the potential mechanisms of F. arctii that may contribute to the treatment of IPF. In total, 144 components of F. arctii were preliminarily obtained from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform. After screening the active ingredients using the criteria of oral bioavailability ≥30% and drug likeness ≥0:18, 8 compounds were obtained. We removed the duplicated results and filtered the data using the Swiss Target Prediction and ChEMBL databases. 5 active components (ARC, beta-sitosterol, kaempferol, cynarine, and arctigenin methyl ether; Table 3) and 83 potential targets were selected for further analysis. According to methodology in previous literature, targets with a score greater than the median in the Genecards database were selected as potential IPF targets (Oh et al., 2022). After removing the duplicated results and supplementing the database with further data from OMIM, TTD, and Drugbank databases, 2227 IPF-related targets were obtained. The Venn diagram, drawn by Bioinformatics (https://www.bioinformatics.com.cn/), identified 50 potential targets, which were obtained by the intersection of F. arctii compound targets and IPF targets (Figure 1A). The PPI network of the 50 intersecting targets was constructed using the STRING database (http://string-db.org) and was visualized with Cytoscape 3.9.1. There were 50 nodes and 254 edges in total, the average node degree was 10.37, and the PPI enrichment p-value was <0.001 (Figure 2B). The top 20 screened key targets were based on three major parameters: degree, betweenness, and closeness as shown in (Supplementary Table S1).
TABLE 3 | The top five potential active components of Fructus Arctii.
[image: Table 3][image: Figure 1]FIGURE 1 | Bioinformatics analysis between Fructus arctii and idiopathic pulmonary fibrosis (IPF). (A) Venn diagram summarizing the intersected gene targets between Fructus arctii and the IPF. (B) Proteins and protein interaction (PPI) network of the 50 identified targets (C,D) The enrichment analysis of Fructus arctii targets against IPF by gene Ontology and Kyoto Encyclopaedia of Genes and Genomes analysis of intersections network (E) Medicine-Ingredient-Target-Disease network model of Fructus arctii and IPF.
[image: Figure 2]FIGURE 2 | Arctiin (ARC)-encapsulated DSPE-PEG bubble-like nanoparticle (ARC@DPBNP) construction and characterization. (A) Chemical structures of DSPE-PEG2000 and ARC, and a schematic diagram showing ARC@DPBNP preparation. (B) Typical transmission electron microscopy (TEM) images of ARC@DPBNPs, scale bar = 200 nm. (C) Size distribution of ARC@DPBNPs according to a Nano ZS zetasizer. (D) Ultraviolet-visible absorption spectra of ARC, DPBNP, and ARC@DPBNP solutions.
The intersection of protein targets was subjected to Gene Ontology and Kyoto Encyclopaedia of Genes and Genome enrichment analyses. The results of the Gene Ontology (biological process) analysis showed that the intersection targets were mostly enriched in response to organic substances, response to oxygen-containing compounds, response to chemicals, etc. The molecular function was mainly involved in enzyme binding, protein binding, ion binding, signaling receptor binding, phosphatase binding, etc. Cellular component mainly included the plasma membrane, plasma membrane region, cell surface, etc. (Figure 1C). Kyoto Encyclopaedia of Genes and Genome enrichment was most involved in signal transduction, cell growth and death, immune system, and Cancer: specific types, etc. (Figure 1D). To further screen the core components and targets of F. arctii in treating IPF, the medicine-ingredients-targets-disease network was constructed. The results indicated that ARC, kaempferol, cynarine, beta-sitosterol, and arctigenin methyl ether regulate IPF progression by targeting 50 potential sites (Figure 1E).
3.2 Characterization of ARC-encapsulated DPBNPs
The molecular structures of DPBNPs and ARC and a schematic representation of the ARC@DPBNP preparation method are shown in Figure 2A. TEM analysis was performed to characterize the shape, size, and homogeneity of ARC@DPBNPs. The results showed ARC@DPBNPs had a uniform microbubble-like structure and particle size of 56.56 ± 9.78 nm (Figure 2B). The ARC@DPBNPs particles were 185.5 ± 22.3 nm according to the Nano ZS zetasizer (Figure 2C). A previous study suggested that 50–200 nm nanoparticle sizes are effective for alveolar deposition and cellular internalization after nebulization administration while avoiding clearance by alveolar macrophages (Dandekar et al., 2010). The zeta potential of ARC@DPBNPs was −31.8 ± 8.36 mV (data not shown). The prepared ARC@DPBNPs displayed the characteristic absorption peak of ARC at 324 nm. This indicated that ARC was successfully encapsulated in the DPBNPs (Figure 2D).
3.3 Local administration of ARC@DPBNPs mitigated pulmonary fibrosis in mice model
The therapeutic effects of ARC@DPBNPs were evaluated in C57BL/6 mice after BLM induction for 21 days. The mice were randomly divided into four groups: PBS-treated; ARC@DPBNP-treated; BLM-treated; and BLM + ARC@DPBNP-treated. Three doses (1, 2, and 3 mg/kg/day) were trialed to determine the optimal effective dose of ARC@DPBNPs for use in the experiment (Figure 3A). Pathological results showed that after ARC@DPBNP treatment, lung fibrosis was gradually reversed according to the dosage, compared with that in the BLM group manner (Figure 3B). The final Ashcroft fibrotic score was negatively correlated with the dose of ARC@DPBNPs (Figure 3C). Lung fibrosis was dramatically alleviated after treatment with 3 mg/kg/day ARC@DPBNPs for 21 days. SA-β-Gal-positive (blue) cell numbers increased significantly in the BLM group, and ARC@DPBNPs obviously decreased the number of SA-β-Gal-positive cells in the lung tissue of the mouse model (Figure 3D). Meanwhile, Western blot analysis showed that p21 increased significantly in the BLM group compared to that in the PBS and ARC@DPBNP groups (p < 0.001), whereas ARC@DPBNP treatment significantly inhibited its expression (p < 0.001, Figure 3E). These results indicated that ARC@DPBNPs inhibited BLM-induced cellular senescence in vivo. The mice administered nasal drops of ARC@DPBNPs (3 mg/kg/d) for 21 days exhibited no substantial organ damage, as evidenced by the histology of the heart, liver, spleen, and kidney (Figure 3F). Based on these results, 3 mg/kg/day was a suitable dose for subsequent animal experiments.
[image: Figure 3]FIGURE 3 | Effect and toxicity of arctiin-encapsulated DSPE-PEG bubble-like nanoparticles (ARC@DPBNPs) on pulmonary fibrosis in the mouse model (A) Schematic representation of the regimens of ARC@DPBNPs, phosphate-buffered saline, and bleomycin local pulmonary administration in mice (B) Representative photographs of lung sections of the pulmonary fibrosis in a mouse model treated with various ARC@DPBNP concentrations stained with hematoxylin–eosin (HE) and Masson’s trichrome (MA). Scale bar = 50 μm. (C) Fibrotic scores were analyzed. (D) Representative results of senescence-associated ß-galactosidase staining of mice lung tissues. Scale bar = 50 μm. (E) Senescent marker p21 in mice lung tissues measured through Western blotting. (F) Hematoxylin and Eosin staining of the heart, liver, spleen, and kidney performed after intrapulmonary administration of ARC@DPBNPs (3 mg/kg/d) for 21 d *p < 0.05, **p < 0.01, ***p < 0.001.
3.4 Targets prediction of ARC for the treatment of IPF
In order to clarify the novel drug target of ARC in treating IPF, network pharmacology and molecular docking analyses were employed. There were 28 genes in the intersection of the SwissTarget and ChEMBL databases, representing the most probable target for ARC. Subsequently, taking the intersection of the ARC and IPF-related targets, a total of 18 potential active targets were obtained, as shown in Figure 4A. The components-targets-pathways-disease network was then constructed to see whether ARC is combined with the top 8 core target proteins (Table 4). Figures 4C–J depicts images of the optimal docking of proteins and ARC after visualization. The docking scores for ARC with the top eight targets (EGFR, MAPK1, PIK3CD, MAPK14 (p38), MDM2, ESR1, MMP1, and CXCR2) of IPF were −7.6, −8.0, −6.5, −8.2, −6.4, −7.6, −6.6, and −6.8 kcal/mol (Supplementary Table S2), respectively. Among them, the docking of MAPK14 (p38) had the lowest binding score −8.2 kcal/mol). Given that a lower docking score represents a stronger binding affinity, and a score <−5 indicates strong binding activity (Liu X. et al., 2021), the molecular docking results indicate that ARC has a high affinity with MAPK14 (p38), which plays an essential role in cellular senescence. Figure 4G shows that the structure of ARC is linked to ARG49, ASN82, ASN159, and GLU163 in p38 through hydrogen bonds and has a hydrophobic interaction with GLU81 and GLU357.
[image: Figure 4]FIGURE 4 | Network construction of arctiin (ARC) related to idiopathic pulmonary fibrosis (IPF) and molecular docking. (A) Venn diagram summarizing the intersected gene targets between ARC and the IPF. (B) ARC-target-pathway-IPF network. (C–J) ARC molecular docking and the top 8 target proteins related to IPF after visualization.
TABLE 4 | Top ten targets information of PPI network.
[image: Table 4]3.5 ARC@DPBNPs inhibited A549 cell senescence induced by BLM and had less effect on cell vitality compared to the ARC monomer
Cellular senescence caused by AEC2 plays a critical role in IPF. Targeting key regulators of cellular senescence is a potential therapeutic direction for IPF (Qiu et al., 2019; Tian et al., 2019). We assessed the effects of ARC monomer and ARC@DPBNPs on AEC2 senescence in A549 cells induced by BLM. A549 cells are commonly used as a human AEC2 model account of AEC2 as AECs are difficult to obtain and maintain in ex vivo culture. BLM was added at gradually increasing concentrations (0–30 μg/mL) to 5% fetal bovine serum culture medium for 72 h to stimulate A549 cells to generate the cellular senescence model. The percentage of SA-β-gal-positive cells gradually increased with higher concentrations of BLM (Supplementary Figure S1A). Furthermore, the relative mRNA and protein levels of senescence-related markers (p21 and p16) increased in a dose-dependent manner in stimulated A549 cells (Supplementary Figures S1B, S1C).
The CCK-8 assay was performed after A549 cells were stimulated with ARC (0–600 μg/mL) or ARC@DPBNPs (0–60 μg/mL) for 72 h. The proliferation of A549 cells was reduced by 7.25% (p < 0.01) with the addition of ARC at 100 μg/mL, and the value of OD450 was significantly reduced (16.8%, p < 0.01) at 40 μg/mL ARC@DPBNP compared to that in the control group (Figures 5A,B). We then treated senescent A549 cells with different concentrations of ARC and ARC@DPBNPs. P21 levels increased significantly in both groups in response to 20 μg/mL BLM. As shown in Figures 5C,D, the effective concentration of ARC for A549 senescence was above 200 μg/mL, whereas the minimal effective dose of ARC@DPBNPs was 10 μg/mL. A 10 μg/mL concentration of ARC@DPBNPs was selected for further detection. The intensity of positive SA-β-gal staining decreased significantly in the ARC@DPBNPs + BLM group compared to the BLM group (p < 0.001, Figure 2E). The decrease in A549 proliferation stimulated with 20 or 30 μg/mL BLM was partially reversed by ARC@DPBNPs (Figure 5F).
[image: Figure 5]FIGURE 5 | Arctiin (ARC)-encapsulated DSPE-PEG bubble-like nanoparticles (ARC@DPBNPs) inhibit A549 cell senescence induced by bleomycin (BLM) with less effect on cell vitality compared to the arctiin monomer (A,B) Cell counting kit-8 (CCK-8) assays were performed after A549 cells were stimulated with ARC (0–600 μg/mL) or ARC@DPBNPs (0–60 μg/mL) for 72 h (C,D) ARC@DPBNP (0–60 μg/mL) or ARC (0–600 μg/mL) was used to cure A549 cell senescence induced by BLM. (E) Senescence-associated ß-galactosidase (SA-β-gal) staining was used to identify cellular senescence (original magnification = ×200) (F) Decreased A549 proliferation stimulated with 20 μg/mL or 30 μg/mL bleomycin can be partially reversed by ARC@DPBNPs. *p < 0.05, **p < 0.01, ***p < 0.001.1.
Overall, these results indicate that ARC@DPBNPs substantially inhibited A549 senescence without cell toxicity. Meanwhile, the effective dose required for the ARC monomer to downregulate p21 induced by BLM in A549 cells was beyond the toxic dose.
3.6 Senescent markers and the p38/p53/p21 pathway were significantly increased in IPF, BLM-induced A549 cell senescence, and pulmonary fibrosis
Staining (HE and MA) showed notable damage to pulmonary tissue and collagen deposition in patients with IPF compared to the control group, and immunohistochemical results suggested that p16 and p21 were overexpressed in the lung tissue of patients with IPF (Supplementary Figure S2). Subsequently, the Immunofluorescence staining results showed that p21 and p16 were significantly upregulated in AEC2 (SFTPC positive) cells in IPF lung tissues (Figure 6A). The immunohistochemical results (Figure 6B) and Western blotting results (Figure 6C) showed that the protein expression of α-SMA, p-p38MAPK, p53, and p21 was significantly increased.
[image: Figure 6]FIGURE 6 | Activated p38/p53/p21 pathway in lung tissue from patients with idiopathic pulmonary fibrosis (IPF). (A) Immunofluorescence staining of SFTPC (an AEC2-specific marker, red), p21 (green), and p16 (green) to confirm the expression of increased senescent markers in patients with IPF (original magnification, ×400). (B) Representative results of immunohistochemical staining for p-p38, p53, and p21 in the lungs of patients with IPF and normal lungs (scale bar, 50 μm). (C) Western blot of p-p38, p53, and p21 expression. *p < 0.05, **p < 0.01, ***p < 0.001.
As cellular senescence markers were overexpressed in IPF lung tissues and the p38/p53/p21 pathway was activated, we investigated whether the p38/p53/p21 pathway participates in the senescence of A549 cells and BLM-induced pulmonary fibrosis. The p38/p53/p21 pathway was gradually activated as the BLM concentration increased (Figure 7A). The level of p-p38MAPK, p53, and p21 increased markedly at 20 mg/mL BLM. Meanwhile, the total p38 did not change significantly (Figure 7A). This followed immunofluorescence analysis of the p38/p53/p21 pathway in A549 cells, showing that the fluorescence intensity of p-p38MAPK, p53, and p21 increased markedly after 20 mg/mL BLM treatment (Figure 7B). Western blotting showed that p-p38MAPK, p53, and p21 protein levels were significantly upregulated in the mouse model of BLM-induced pulmonary fibrosis, and no changes in total p38 protein expression were observed (Figure 7C). The fluorescence intensity of p-p38MAPK, p53, and p21 increased significantly in the mouse model of BLM-induced pulmonary fibrosis compared to that in the PBS group (Figure 7D). This correlates with the results of the in vitro experiment. Together, these findings suggest that the p38/p53/p21 pathway is significantly activated in IPF, BLM-induced AEC2 senescence, and pulmonary fibrosis.
[image: Figure 7]FIGURE 7 | P38/P53/P21 pathway is activated in A549 senescent cells and bleomycin (BLM)-induced pulmonary fibrosis mouse model. (A) Western blot of p-p38, p53, and p21 levels in A549 cells treated with different BLM concentrations (0–30 μg/mL). (B) Immunofluorescence staining of p-p38, p53, and p21 in A549 cells treated with phosphate-buffered saline (PBS) or BLM (20 μg/mL). (C) Western blot of p-p38, p53, and p21 expression in lung tissue from mouse models treated with PBS or BLM (5 mg/kg) for 21 d. (D) Immunofluorescence staining of p-p38, p53, and p21 in lung sections of a mouse model treated with PBS or BLM (5 mg/kg) for 21 d. *p < 0.05, **p < 0.01, ***p < 0.001; ns: not statistically significant.
3.7 ARC@DPBNPs attenuated A549 senescence by inhibiting the p38/p53/p21 pathway
Because p38/p53/p21 plays an important role in AEC2 senescence and pulmonary fibrosis, the effect of ARC@DPBNPs on the p38/p53/p21 signaling pathway was further investigated in vitro. PD169316, a specific p38 inhibitor, selectively inhibits the kinase activity of phosphorylated p38 (Chen et al., 2020).
PD169316 added at a concentration of 5 Mm significantly inhibited p38 phosphorylation and downregulated p53 and p21 in A549 (Figure 8A). Western blotting showed that 10 μg/mL ARC@DPBNP inhibited the protein expression of p-p38MAPK, p53, and p21 (which was increased by 20 μg/mL BLM) in A549 cells (Figure 8B). These observations were validated through immunofluorescence staining (Figure 8C). The fluorescence intensity of p-p38MAPK, p53, and p21 decreased markedly in BLM-induced A549 senescence models after ARC@DPBNP treatment. Furthermore, p-p38MAPK, P53, and P21 decreased markedly in mice treated with a combination of BLM and ARC@DPBNPs compared with those in the BLM group (Figure 8C). This shows that ARC@DPBNPs exert anti-senescent and antifibrotic effects by suppressing p38/p53/p21 pathway activation in vitro.
[image: Figure 8]FIGURE 8 | Arctiin-encapsulated DSPE-PEG bubble-like nanoparticles (ARC@DPBNPs) attenuated A549 senescence inhibiting the p38/p53/p21 pathway. (A) Western blot showing PD169316 selectively inhibits the kinase activity of phosphorylated p38 and p38/p53/p21 pathway activation. (B) Western blot showing that ARC@DPBNPs significantly attenuated A549 senescence by downregulating p-p38MAPK, p53, and p21 expression. (C) Immunofluorescence staining of p-p38MAPK, p53, and p21 in A549 cells treated with PBS, ARC@DPBNPs (10 μg/mL), bleomycin (BLM) (20 μg/mL), and BLM (20 μg/mL) + ARC@DPBNPs (10 μg/mL) respectively. *p < 0.05, **p < 0.01, ***p < 0.001; ns: not significant.
3.8 ARC@DPBNPs attenuated pulmonary fibrosis and suppress AEC2 senescence by inhibiting the p38/p53/p21 pathway
Based on the above results, 3 mg/kg/day of ARC@DPBNPs was chosen for subsequent experiments. Mice aged 6–8 weeks were divided into four groups, with 9 mice in each group. The lung tissues showed interstitial inflammation, fibrotic thickening of the alveolar walls, ablation of the alveolar space, and severe interstitial fibrosis after the BLM administration. Treatment with ARC@DPBNPs led to a noticeable alleviation of pathological lung lesions (Figure 9A). HYP content in the lungs of mouse models was measured as an index of collagen accumulation. As expected, the concentration of HYP in the BLM group was significantly higher than that in the PBS and ARC@DPBNP groups (Figure 9B). Collagen1α and α-SMA are commonly used as biomarkers for pulmonary fibrosis. The mRNA and protein levels of these markers in the BLM group were significantly increased compared with those in the PBS and ARC@DPBNP groups (Figures 9C,D). Mice in the BLM group gradually lost weight during the 21-day experimental period, whereas those in the BLM + ARC@DPBNP group slowly decreased body weight, and the trend reversed more quickly than the BLM group (p < 0.001, Figure 9E). Four mice (44.4%) died owing to the severity of the model during the 21-day experiment period, but the survival rate increased significantly after ARC@DPBNP treatment (p = 0.027, Figure 9F).
[image: Figure 9]FIGURE 9 | Arctiin-encapsulated DSPE-PEG bubble-like nanoparticle (ARC@DPBNP) treatment significantly alleviated pathological changes and improved the outcome of the bleomycin (BLM) mouse model. (A) Typical images of lung sections with hematoxylin–eosin and Masson’s trichrome staining showing that ARC@DPBNPs (3 mg/kg/d) significantly alleviated the disturbed pulmonary structure of the BLM-induced pulmonary fibrosis mouse model. No excessive pulmonary damage was observed. (B) Hydroxyproline content in the mouse lungs was measured on day 21. (C) Relative mRNA expression and (D) relative protein levels of lung fibrosis markers (α-SMA and collagen1α) in the lungs of mouse models on day 21. (E) Body weight was measured daily, and the variations (in grams) from the starting point are shown. (F) Survival curve of the BLM and BLM + ARC@DPBNP groups (n = 9 for each group). *p < 0.05, **p < 0.01, ***p < 0.001.
Western blot results showed that p-p38MAPK (p < 0.05), P53 (p < 0.05), and P21 (p < 0.05) decreased markedly in mice treated with a combination of BLM and ARC@DPBNPs compared with those in the BLM group (Figure 10A). Meanwhile, the expression of p21 in AEC2 cells was significantly decreased in the BLM + ARC@DPBNP group compared with that in the BLM group (Figure 10B).
[image: Figure 10]FIGURE 10 | Arctiin-encapsulated DSPE-PEG bubble-like nanoparticles (ARC@DPBNPs) suppress AEC2 senescence by inhibiting the p38/p53/p21 pathway. (A) Western blot of p-p38MAPK, p53, and p21 expression in lung tissue of mouse models treated with phosphate-buffered saline, ARC@DPBNPs (3 mg/kg/mL), bleomycin (BLM) (5 mg/kg), and BLM (5 mg/kg) + ARC@DPBNPs (3 mg/kg/mL) respectively. (B) Immunofluorescence staining of SFTPC (an AEC2-specific marker, green) and p21 (red) was performed to confirm that senescent markers were expressed primarily in the AECs (original magnification = ×400). *p < 0.05, **p < 0.01, ***p < 0.001; ns: not significant.
Taken together, these data confirmed that ARC@DPBNPs alleviated BLM-induced pulmonary fibrosis and suppressed cellular senescence by inhibiting the p38/p53/p21 pathway.
4 DISCUSSION
In this study, DPBNPs was first used to encapsulate ARC as a pulmonary drug delivery system. DPBNPs dramatically improved the hydrophilicity and deliverability of ARC. The effects of ARC@DPBNPs on BLM-induced pulmonary fibrosis and senescence were assessed in vivo and in vitro. The result indicated that pulmonary administration ARC@DPBNPs significantly reduce BLM-induced lung fibrosis and inhibited AEC2 senescence. Systematic network pharmacology and molecular docking were used to predict the mechanisms of ARC in alleviating pulmonary fibrosis, which suggested that ARC has a high affinity with p38. We confirmed the p38/p53/p21 signaling axis was significantly activated in the lung tissues of patients with IPF, senescent AEC2, and BLM-induced lung fibrosis. Our results further defined that ARC@DPBNPs attenuated AEC2 senescence and pulmonary fibrosis by inhibiting the p38/p53/p21 pathway. This study offers the first concrete proof that ARC@DPBNPs reduce BLM-induced lung fibrosis and AEC2 senescence. The workflow and proposed mechanism of ARC@DPBNPs alleviate pulmonary fibrosis are shown in Figure 11.
[image: Figure 11]FIGURE 11 | The workflow to identify the proposed mechanism showing that arctiin (ARC)-encapsulated DSPE-PEG bubble-like nanoparticles (ARC@DPBNPs) inhibit senescence of AEC2 to alleviate pulmonary fibrosis via the p38/p53/p21 pathway.
TCM has a long history in the treatment of pulmonary fibrosis through a multi-level and multi-targeted approach (Zhang et al., 2021). ARC is the active ingredient of biennial dried ripe burdock (Arctium lappa L.) belonging to the Asteraceae family. In vitro incubation of ARC with different cells showed anti-necroptosis and anti-oxidative effects (Bae et al., 2014; Chen et al., 2020). However, the systemic administration of ARC has several limitations, including the first-pass elimination effect and internal metabolism, causing decreased efficacy and increased side effects. DSPE-PEG is an amphiphilic material that constitutes the main structural framework of the DPBNP wall; it contains a hydrophilic PEG polymer as the external shell and a hydrophobic DSPE core. PEG modifies the surface of nanocarriers to increase the permeability of the airway mucous layer and facilitates efficient pulmonary drug delivery (Rommasi and Esfandiari, 2021; D’Souza and Shegokar, 2016). The DPBNP system has been used as a nanocarrier for hydrophobic agents (Zeng et al., 2012; Zariwala et al., 2014; Wang et al., 2021). This study used nanoparticles to load the hydrophobic ARC, thereby improving the water solubility and biocompatibility of ARC. The observed particle size of ARC@DPBNP under TEM (56.56 ± 9.78 nm) was smaller than the Nano ZS zetasizer data (185.5 ± 22.3 nm), which correlates with the results of a previous study (Zeng et al., 2012). This might be mainly attributed to the thicker PEG hydrogel layer encapsulating the surface of the nanoparticles that can be detected by the Nano ZS zetasizer. The thicker PEG hydrogel layer and smaller particle size contribute to the high-water solubility and mucus penetration ability (Han et al., 2022).
This study demonstrated that ARC inhibited BLM-induced senescence in A549 cells, and DEPG modification enhanced the biological activity of ARC@DPBNPs. ARC suppressed AEC2 senescence at 200 μg/mL in vitro while affecting cell viability at 100 μg/mL. However, ARC@DPBNPs had a therapeutic effect on A549 cell senescence at a lower dose and no obvious effect on cell viability. Meanwhile, intratracheal administration of ARC@DPBNPs significantly reversed BLM-induced pulmonary fibrosis without obvious side effects.
Accumulating evidence indicates that IPF is an aging-related disease, and senescent epithelial cells secrete high levels of growth factors, cytokines, chemokines, and matrix metalloproteinases that promote abnormal and persistent fibroblast activation and remodeling (Mora et al., 2017). Cellular senescence is characterized by prolonged and essentially irreversible cell-cycle arrest due to the upregulation of cell-cycle inhibitors (including p53/p21 and/or p16) and the high activity of SA-β-gal. This study confirmed AEC2 senescence in IPF lungs, BLM-induced mice, and A549 cells. ARC@DPBNP treatment significantly decreased BLM-induced p38/p53/p21 and ß-galactosidase levels.
P38MAPK is an evolutionarily conserved serine/threonine MAPK that links extracellular signals to intracellular machinery to regulate various cellular processes, including cell apoptosis, cell cycle, and migration (Kim et al., 2017). P38 signaling is involved in the pathogenesis of pulmonary fibrosis (Matsuda et al., 2020). P38 inhibitors (SB239063 and FR-167653) alleviate BLM-induced pulmonary fibrosis (Underwood et al., 2000; Matsuoka et al., 2002). Macrophage-specific loss of function of forkhead box M1 (a p38 signaling pathway inhibitor) exacerbates BLM-induced pulmonary fibrosis (Goda et al., 2020). Furthermore, the activity of p38 and its related molecules increases in AEC2 in BLM-induced pulmonary fibrosis in mice. P53 is considered one of the most important downstream targets of p38MAPK. P38MAPK activation promotes p53 function, and inhibition of p38MAPK prevents the induction of p53 transcriptional activity (Sanchez-Prieto et al., 2000). This study observed increased p38/p53/p21 signaling in IPF AEC2 and BLM-induced models, which is consistent with the results of previous studies. SwissTarget and ChEMBL showed that p38 was one of the top 15 targets of ARC. Taken together, we hypothesized that ARC@DPBNPs inhibit AEC2 by blocking the p38 pathway.
This study had several limitations. First, we did not investigate the tissue biodistribution of ARC@DPBNPs. We also observed that the antifibrotic effects of ARC@DPBNPs at 3 mg/kg were significantly lower than those observed in other in vivo experiments (Li et al., 2017). In addition, we did not compare the biological activity and side effects of ARC@DPBNPs with those of the ARC monomer in a mouse model. The experiment was difficult to perform owing to the different routes of administration, bioavailability, and pharmacokinetics. Moreover, the safe dose range of ARC@DPBNP was not determined, but hematoxylin–eosin staining showed that there were no significant histological changes in the heart, liver, kidney, and spleen of the ARC@DPBNP group compared to those in the PBS group.
In conclusion, the DPBNP delivery system significantly increased the water solubility and biocompatibility of ARC. AEC2 senescence controlled by the p38-p53 pathway is a characteristic of lung fibrosis, and intratracheal injection of ARC@DPBNPs attenuated BLM-induced pulmonary fibrosis in male C57BL/6 mice. ARC@DPBNPs blocked BLM-induced AEC senescence in vivo and in vitro, probably through regulation of the p38/p53/p21 signaling pathway. These findings could guide the exploration of the therapeutic potential of ARC@DPBNPs in patients with IPF.
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(2022)
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(2006), Conti and Beavo (2007), Francis et al. (2011), Keravis and Lugnier | Disease Rabal et al. (2019)
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Mol ID Molecule name MW OB DL
MOL000522 Arct \ 534,61 3445 084
‘ MOL000358 | Betasitosterol ‘ 41479 3691 075
" MOL000422 Kaempferol ‘ 286.25 4188 024
‘ MOL007326 | Cynarine ‘ 51649 3176 068
- MOL003290 Arctigenin methyl ether | 38648 523 048

Abbreviation: Mol ID, Molecule identification; MW, Molecule weight; OB, Oral bioavailability.
DL, Drug likeness.
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racteristics Mean

Age (years) 42995
Sex: Male (%) 90.3%
Weight (kg) 67.58 £ 954
BMI 23.08 £ 2.68
Oxygenation index 4205 £ 83.86
\
Ventilation duration (days) 16.03 £ 245
DCD 0%
Current smoker 19.4%
 Cause of death
- TBL 323%
CVA or ICH 67.7%
Others 0%

Abbreviations: BMI, body mass index; CVA, cerebrovascular accident; DCD, donation after
circulatory death; ICH, intracerebral hemorrhage; SD, standard deviation; TBI, traumatic
brain injury.
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racteristics Anterolateral group

Mean + SD or n%

Age (years) 52.80 % 10.30
Sex: Male (%) 66.67%
Weight (kg) 60.79 % 12.17
BMI 21.93 + 3.98
Oxygenation index 217.36 + 58.11
FVC (L) 170 + 045
FEVI (L) 144 + 045
6MWT (m) | 234.875 + 109.85
Comorbidities

Hypertension 3

Diabetes 1

CHD 2

Secondary pulmonary hypertension 6

Abbreviations: BMI, Body mass index; CHD, Coronary heart disease; FVC, Forced vital
capacity; FEV'1, Forced expiratory volumein 1 5;SD, Standard deviation; 6MWT, 6-minute
il vl
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Outcomes

Acute exacerbation of IPF at Week 52-- no. (%)
Death from any cause-- no. (%)

Death related to IPF-- no. (%)

IPF, idiopathic pulmonary fibrosis.

Low concentration group
(n =56)

2 (21.4)
3(54)
3(4)

High concentration group
(n =43)

3(70)
2(47)
1(23)

Hazard
ratio (95% CI)

030 (0.11-0.82)
0.85 (0.14-5.09)
043 (0.04-4.10)

p-value

0.046
0.860
0.461
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Event

Any
Nausea

Vomiting

Diarrhea, abdominal pain
Dyspepsia
Gastroesophageal reflux
Headache

Dizziness
Nasopharyngitis
Insomnia

Decrease in weight

arth
Rash

Allergy
Elevated bilirubin

Elevated transaminase

Elevated creatinine

Low concentration group
(n =56)

no. of patients (%)

35 (62.5)
20 (35.7)
5(89)
2(36)
19 (339)
23 (41.1)
7.1)
3.6)
0.0)
8.9)
14 (25.0)
0(0.0)
4(25.0)
5(89)
1(1.8)
1(18)
1(18)

4(
2(
0 (
5(

High concentration group
(n=43)

37 (86.0)
27 (62.8)
9(209)
6 (14.0)
24 (55.8)
20 (46.5)
7(163)
3(7.0)
2(47)

8 (18.6)
19 (44.2)
4(93)
21 (48.8)
7(163)
0(00)
0(0.0)
0(0.0)

p-value

0.009
0.007
0.089
0.060
0.029
0.588
0.152
0443
0.103
0.158
0.045
0.020
0014
0.267
0378
0378
0378
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Characteristic

Male sex-- no. (%)
Age-- years

Height (cm)

Body weight (kg)
Smoking history-- no. (%)

Time since first diagnosis years-- no. (%)

Diagnostic mode-- no. (%)
HRCT

transbronchial lung biopsy
Surgical lung biopsy
Hypertension disease-- no. (%)
Diabetes-- no. (%)

Coronary artery disease-- no. (%)
Chronic gastritis-- no. (%)

PPI-- no. (%)

Antihypertensive drug-- no. (%)
Hypoglycemic-- no. (%)
Antiplatelet medicines-- no. (%)
Lipid-lowering drugs-- no. (%)
Drugs for control hepatitis-- no. (%)
Glucocorticoid-- no. (%)

Use of supplemental oxygen-- no. (%)
Total SGRQ score

6 MWD(m)

FVC(L)

FVC%

DLco (mmol/min/kPa)

Dlco%

Low concentration group
(n =56)

45 (80.4)
64.0 (60.8-70.0)
166.5 + 6.3
708 £ 11
37 (66.1)
56

17 (304)
28 (500)
11 (19.6)
56

52 (92.9)
2(3.6)
2(36)

16 (28.6)
8(143)

8 (14.3)
1(1.8)
5(8.9)

9 (16.1)
6(10.7)
5(89)
7(12.5)
0(0.0)

9 (16.1)

18 (32.1)
342+ 140
4525 (388.5-505.0)
28 (20-33)
786 167
43210
536+ 122

High concentration group
(n =43)

33 (76.7)
67.0 (64.0-73.0)
165.1 + 8.1
687 % 129
25 (58.1)
43

13 (302)
21 (488)
9 (209)
43

37 (86.0)
2(47)
1093)

13 (302)
6 (14.0)
4(93)
1(23)

6 (14.0)

11 (25.6)
3.0
3(7.0)
3(7.0)
1(23)
2(47)

13 (30.2)
368 £ 116
415.0 (385.0-465.0)
24 (18-3.2)
744 £ 185
4111
53.7 £ 14.9

p-value

0.663
0.129
0.289
0.404
0.419
0.987

0.469

0.857
0.962
0.451
0.850
0.430
0.243
0.521
0.724
0.366
0.251
0.073
0.839
0.326
0.128
0.105
0.229
0.267
0.995

HRCT, High-Resolution Computed tomography; PPI, proton pump inhibitors; SGRQ, St Georges Respiratory Questionnaire. 6 MWD, 6-min walk distance; FVC, forced vital capacity.
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End point

AFVC(mL)

AFVC %

ADlco %
A6MWD(m)
ATotal SGRQ score

Low concentration group
(n = 56)

~260.0 (~390.0 to-120.0)
~7.6 (=114 to =3.0)
~7.9 (-12.8 to ~4.1)
~40.0 (=700 to ~15.0)
29 (-1.8-56)

High concentration group
(n =43)

-90.0 (~190.0 to 80.0)
25 (-54 t0 3.0)
=53 (=90 to -2.0)
~15.0 (-40.0 to -5.0)
2.7 (0.8-44)

Ditference, high vs.
low (95%CI)

1903 (109.2-280.0)
59 (32-86)

25 (-0.3-5.6)

23 (5.0-35.0)

03 (-2 to 1.6)

p-value

0.000
0.000
0.078
0.006
0.764

AFVC, the annual rate of decline in the FVC, from baseline to week 52. AFVC %, the absolute change in the percentage of the predicted FVC, from baseline to week 52. ADlco %, the absolute:
change in the percentage of the predicted Dico from baseline to weck 52. AGMWD, the absolute change in 6-min walk distance from baseline to week 52. ATotal SGRQ, score, the change

from baseline to week 52 in the total score on the S

George’s Respiratory Questionnai
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Group SOD (U/mg prot) MDA (nmol/mg prot) /mg prot)
‘ Control 79.93 £ 1412 167 £ 0.25 2848 +7.03
‘ Model 29.88 + 1072" 303 £ 039" 1484 £ 3917
‘ DXM 67.75 £ 13.86** 204 + 035" 3046 + 438"
‘ LD-BFHX 3950+ 7.4 270 + 049 1557 5,09
‘ MD-BEHX 60.34 + 1801 241 £ 030" 1926 + 3.67°
HD-BEHX 61.27 £ 818 227 £030% 2129 + 435

“*p < 0.01 compared with the Control group; *p < 0.05 compared with the Model group; **p < 0.01 compared with the model group. Control group (1 = 15); model group ( = 8); DXM (= 8); LD-

BFHX (n = 8); MD-BFHX (7

9); HD-BFHX (n = 11).
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Ensembl ID HGF-UCMSC GO cellular GO molecular GO
mean FPKM component  function biological
process
Up ENSGO0000019991 | HGF 412 288.36 6.1286 0 extracellular serine-type MAPK cascadel/
regulation regionl/ endopeptidase activation of
extracellular activity//protein MAPK activity/
spacel/ binding//growth mitotic cell
membrane//. .. | factor activity//. .. | cycle/l...

ENSG00000211448 = DIO2 0.42 128 1.6159 0.007803 | plasma thyroxine 5’ selenocysteine
membrane/ deiodinase activity// | incorporation//
‘membrane// selenium binding// | thyroid
integral oxidoreductase hormone
component of activity//. .. generation/...
membrane

ENSG00000115461 | IGFBPS 021 0.56 1.415323 0.000722 | extracellular fibronectin binding// | regulation of
region// protein binding// cell growth//
extraccllular insulin-like growth | osteoblast
spacel/ factor binding//... | differentiation//
endoplasmic signal
reticulum transduction//
lumen//. ..

ENSGO0000173898 | SPTBN2 042 098 1210778 000125 | extracellular actin binding// MAPK cascade//
spacel/ structural ER to Golgi
cytoplasm// constituent of vesicle-mediated
eytosoll.... cytoskeleton// transport//

protein binding//... | cytoskeleton
organization’/

ENSG00000164106 =~ SCRG1 0.46 099 1.103436 0.007807 | extracellular protein binding nervous system
regionl/ development//
extracellular ‘mesenchymal
spacel/ stem cell
cytoplasmy/... proliferation

Down ENSG00000260643 = AC092718.2 2,09 078 -1423191 0.017627 | mitochondrion// glycine

regulation glycine cleavage decarbosylation
complext/ via glycine
membrane//. .. cleavage system

ENSG00000259075 | POCIB-GALNT4 | 0.38 0.001 -8571121 0.003186 = Golgi polypeptide protein
‘membrane// N-acetylgalactosami | glycosylation//
Golgi apparatus// | nyltransferase protein
‘membrane//. .. activity// phosphopantet

transferase activity// | heinylation
transferase activity,
transferring glycosy!
groups//....
ENSG00000278817 = AC007325.4 0.71 0.001 -9.473706 0.000635

Abbreviations: HGF, hepatocyte growth factor; DIO2, iodothyronine deiodinase 2; IGFBPS, insulin like growth factor binding protein 5 SPTBN2, spectrin beta, non-erythrocytic 2; SCRGL,

ulator of chondrogenesis 1; POCIB-GALNT4, POC1B-GALNT4 readthrough.
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Compounds

Mechanism of action

Experimental
models

References

Rapamycin

Ouabain

Fisetin

Spermidine

Resveratrol
Metformin

Trehalose

Urolithin A
KU-60019
NAD*

nicotinamide
riboside

IncIAPF

inhibit the mTOR pathway; reduce protein synthesis; promote autophagy

inhibit mTOR kinases; facilitate the clearance of endogenous tau; induce
autophagic lysosomes; promote cells repair

inhibit mTOR kinases; facilitate the clearance of endogenous tau via TFEB and
Nrf2 activation; activate sirtuins

inhibit the EP300 acetyltransferase; promote autophagy; anti-inflammation

NAD + -dependent; NF
mTOR-independent; act the AMPK pathway; promote autophagy

mTOR-independent; activate AMPK pathway; activate TFEB; promote
autophagy

mitophagy-dependent (pink-1, pdr-1 or dct-1); inhibit amyloid f and tau C
inhibit ATM kinase; restore mitochondrial function; promote autophagy

mitophagy-dependent; NAD+-SIRT axis; activate sirtuins; inhibit the
deacetylation of mTOR pathways and autophagy proteins

mitophagy-dependent; NAD+ precursors; activate mitophagy

block autophagy by controlling the stability of the target genes EZH2,
STATI and FOXK1

human; mice; yeast
flies; human; mice
flies; mice; worms; yeast
flies; human; worms;
yeast

flies, mice, worms, yeast

human; mice

human; mice; worms

mice; worms,
mice

humans, mice
humans, mice

cell, human, mice

Menzies et al. (2017); Rubinsztein et al.
(2012); Powers et al. (2006)

Song et al. (2019)

Kim etal. (2016); Yousefzadeh et al. (2018)

Pietrocola et al. (2015); Freitag et l. (2022)

Morselli et al. (2011); Wang Z et al. (2021)
Menzies et al. (2017)
Menzies et al. (2015); Sharma et al. (2018)

D'Amico et al. (2021); Ryu et al. (2016)
Kang et al. (2017)
Lautrup et al. (2019); Lee et al. (2008)

Fang et al. (2019); Mitchell et al. (2018)

Zhang et al. (2022)
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Abbreviation

aCap
Artery
gCap
Lymph
Vein
AT1
AT2
Ciliated
Club
DC

Cell type

Aerocyte capillary endothelial cells
Arterial endothelial cells

General capillary endothelial cells
Lymphatic endothelial cells
Venous endothelial cells

Alveolar type I cells

Alveolar type II cells

Ciliated cells

Club cells

Dendritic cells

Abbreviation

Fib

Myofib
Fibromyo./SMCs
Pericyte

Neu

Mo

T cells

B cells

Mono.

Cell type

Fibroblasts
Myofibroblasts
Fibromyocytes/Smooth muscle cells
Pericyte

Neutrophils

Macrophages

T cells

B cells

Monocytes
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