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Overview: Idiopathic pulmonary fibrosis (IPF) is a disease caused by many factors, eventually resulting in lung function failure. Jinbei oral liquid (JBOL) is a traditional Chinese clinical medicine used to treat pulmonary diseases. However, the pharmacological effects and mechanism of the action of JBOL on IPF remain unclear. This study investigated the protective effects and mechanism of the action of JBOL on IPF using network pharmacology analysis, followed by in vivo and in vitro experimental validation.
Methods: The components of JBOL and their targets were screened using the TCMSP database. IPF-associated genes were obtained using DisGeNET and Drugbank. The common targets of JBOL and IPF were identified with the STRING database, and a protein–protein interaction (PPI) network was constructed. GO and KEGG analyses were performed. Sprague–Dawley rats were injected with bleomycin (BLM) to establish an IPF model and treated orally with JBOL at doses of 5.4, 10.8, and 21.6 ml/kg. A dose of 54 mg/kg of pirfenidone was used as a control. All rats were treated for 28 successive days. Dynamic pulmonary compliance (Cdyn), minute ventilation volume (MVV), vital capacity (VC), and lung resistance (LR) were used to evaluate the efficacy of JBOL. TGF-β–treated A549 cells were exposed to JBOL, and epithelial-to-mesenchymal transition (EMT) changes were assessed. Western blots were performed.
Results: Two hundred seventy-eight compounds and 374 targets were screened, and 103 targets related to IPF were identified. Core targets, including MAPK1 (ERK2), MAPK14 (p38), JUN, IL-6, AKT, and others, were identified by constructing a PPI network. Several pathways were involved, including the MAPK pathway. Experimentally, JBOL increased the levels of the pulmonary function indices (Cdyn, MVV, and VC) in a dose-dependent manner and reduced the RL level in the BLM-treated rats. JBOL increased the epithelial marker E-cadherin and suppressed the mesenchymal marker vimentin expression in the TGF-β–treated A549 cells. The suppression of ERK1/2, JNK, and p38 phosphorylation by JBOL was validated.
Conclusion: JBOL had therapeutic effects against IPF by regulating pulmonary function and EMT through a systemic network mechanism, thus supporting the need for future clinical trials of JBOL.
Keywords: idiopathic pulmonary fibrosis, jinbei oral liquid, network pharmacology, MAPKS, pulmonary function, E-cadherin, vimentin
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a severe lung disease with the pathological characteristics of greatly diminished lung function, excessive fibroblast proliferation, and extracellular matrix deposition (Meyer 2017; Kim, Kugler et al., 2018). The 5-year survival rate for IPF is less than 30%. The pathogenetic mechanisms underlying IPF have not been fully established. Thus, the current drugs used to treat mild-to-moderate IPF, such as pirfenidone (PFD) and nintedanib, have limited benefit due to their failure to prolong the survival of IPF patients (Mazzei ME 2015). Moreover, PFD produces several adverse side effects, including gastrointestinal reactions, rashes, and photosensitivity (Antoniu, 2006). Therefore, novel drugs to effectively treat IPF need to be developed.
Jinbei oral liquid (JBOL) is a traditional Chinese herbal medicine (Tao K 1997, Tao, Zheng et al., 2013). It is composed of 12 herbs, Astragalus membranaceus (Fisch.) Bge, Codonopsis pilosula (Franch.) Nannf, Glehnia littoralis Fr. Schmidt ex Miq, Salvia miltiorrhiza Bge, Angelica sinensis (Oliv.) Diels, Ligusticum striatum DC, Fritillaria cirrhosa D. Don, Pinellia ternata (Thunb.) Breit, Glycyrrhiza uralensis Fisch, Lonicera japonica Thunb, Scutellaria baicalensis Georgi, and Forsythia suspensa (Thunb.) Vahl. (Zhang, Jie et al., 2012; Yu, Yang et al., 2020). JBOL is used to treat pulmonary interstitial fibrosis and acute lung injury (Zhang, Jie et al., 2012; Zhang, Wang et al., 2013). Most of the 12 herbs have been reported to have anti-inflammatory, antioxidative, antiviral, and immunomodulatory activities (Ng, Liu et al., 2004; Qi, Gao et al., 2017; Li Y 2021). Our previous study demonstrated that JBOL ameliorated bleomycin (BLM)-induced IPF in rats by inhibiting the production of inflammatory factors (Zhang, Cui et al., 2018; Xing, Qiang et al., 2020). However, the mechanism of action of JBOL on IPF is still largely unknown.
Network pharmacology is a valuable strategy to elucidate the mechanisms of action of traditional Chinese medicines (TCM), especially to specify their characteristics, including multiple components and numerous pathway targets (Hopkins and Andrew 2007; Shao and Bo 2013). The approach taken in this study utilized network analysis, combinations of targets, bioinformatics, and analysis of structure–activity relationships and connectivity. The results offered a new paradigm for verifying TCM efficacy and systematic determination of the function of different chemical components (Liu, Wang et al., 2013). Although network pharmacology was first described for drug discovery, its successful application in TCM studies has been explored by Professor Shao Li and others (Shao and Bo 2013). The network pharmacology of several Chinese medicines has been elucidated, including the mijianchangpu decoction (Xz, Jla et al., 2021), Moluodan (Zhou, Zhang et al., 2022), and Sinisan (Wei, Hou et al., 2021).
In the present study, an integrated investigation of JBOL was employed using active ingredient screening, target prediction, and network construction. The pharmacological mechanisms of JBOL on IPF and its potential targets were verified using in vitro and in vivo experimental methods.
MATERIALS AND METHODS
Network Pharmacology
Screening JBOL Chemical Components
The Traditional Chinese Medicine System Pharmacology (TCMSP) Database, http://lsp.nwu.edu.cn/tcmsp.php) was used. Additional reports were identified using the PubMed database searching the plant names in references that were published in the last 10 years. The JBOL active compounds were screened based on the properties of absorption, distribution, metabolism, and excretion (ADME). Two ADME-related models were developed. 1) Oral bioavailability (OB) is a critical pharmacokinetic parameter representing the percentage of a dose of an orally administered drug that reaches the systemic circulation. 2) DL is an index used to estimate the “drugability” (the ability of a compound to be used as a pharmaceutical drug) of potential drugs and is calculated using the Tanimoto coefficient. An OB > 20% and DL > 0.10 were used as criteria in the TCMSP screening. We also screened the available literature using the Latin names of the 12 herbs as keywords in the PubMed database to identify additional chemical components.
Screening Possible JBOL Targets
The drug–target network was mapped based on the source of the TCMSP database. For experimental validation of the compound targets, information was retrieved from the HIT database (Ye, Ye et al., 2011). Compounds without validated targets were screened using SysDT, a previously developed model that efficiently combines chemical and pharmacological information for drug targets using the random forest (RF) and support vector machine (SVM) algorithms. This method has demonstrated incredible success in predicting drug–target interactions. A previous report indicated the specificity was 93%, concordance was 82%, and sensitivity was 81% (Yu, Chen et al., 2012). Based on the aforementioned methods, target information for JBOL compounds was obtained from the TCMSP database.
Screening for Possible IPF Targets
Target genes related to IPF were collected by searching the keyword “IPF” in the DisGeNET (https://www.disgenet.org/) (Paolacci, Precone et al., 2019) and DrugBank (Wishart, Feunang et al., 2017) (https://www.drugbank.ca/) databases. Genes identified in DisGeNET were scored, and the IPF-related genes were screened based on scores greater than the median score (Zhang, Li et al., 2019).
Overlapping JBOL and IPF Targets
Bioinformatics (http://www.bioinformatics.com.cn/) (Zhou, Zhou et al., 2019) was used to screen the overlapping targets between the JBOL compound targets and the IPF-related targets. The overlapping JBOL and IPF targets were utilized to construct the network and conduct additional analyses.
Protein–Protein Interaction Network Construction for the Overlapping Targets
The STRING database (https://string-db.org/) was the primary tool used to construct the PPI network. The interaction relationships between the functional proteins were included in this database (Franceschini, Szklarczyk et al., 2013; Lv, Xu et al., 2020). Homo sapiens was selected as the species of interest. The overlapping target proteins were imported, and the interaction information was analyzed. PPIs were selected based on a confidence score greater than 0.95 then the network was constructed and analyzed.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analyses
GO and KEGG analyses were performed based on the Metascape System (https://metascape.org/). The GO analysis of the biological processes, molecular functions, cell component annotation, and the KEGG pathway enrichment analysis were performed based on a p-value < 0.05 (Ashburner, Ball et al., 2000).
Network Construction
Cytoscape 3.2.1 software was employed to construct and visualize the networks, including the 12 herb–compound–target networks, the PPI network for overlapping targets for JBOL compounds and IPF targets, and the pathway–target network. All networks were plotted, and the network nodes indicated herbs, compounds, or target proteins. The edges represented interactions between compounds, targets, and pathways. The color and node size were proportional to the degree value, which was defined based on the number of connecting edges.
Experimental Verification
The study workflow is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | The research workflow. Compounds from JBOL were identified based on the TCMSP database considering their drug-likeliness and oral bioavailability. The targets also were collected. Then, the IPF-related targets were screened using the DisGeNET database. The overlapping JBOL targets and IPF targets were used to construct the PPI network with the STRING database. Metascape was used to analyze the GO results and the KEGG pathway enrichment. The herb–compound–target network was constructed using Cytoscape. Experimental validation of the rat and cell culture models was performed to confirm the mechanism of action of JBOL.
MATERIALS AND REAGENTS
Jinbei oral liquid (JBOL) (batch number: 2102001) was provided by Shandong Hongjitang Pharmaceutical Co., Ltd. (Jinan, China). The doses of each herb in 1,000 ml of JBOL were as follows: 66 g Astragalus membranaceus, 66 g Codonopsis pilosula, 70 g Glehnia littoralis, 66 g Salvia miltiorrhiza, 55 g Angelica sinensis, 55 g Ligusticum striatum, 46 g Fritillaria cirrhosa, 46 g Pinellia ternata, 35 g Glycyrrhiza uralensis, 115 g Lonicera japonica, 46 g Scutellaria baicalensis, and 46 g Forsythia suspensa. The plant names were checked on http://www.theplantlist.org. Bleomycin (BLM) was purchased from the Hanhui Pharmaceuticals Company (Shanghai, China). Pirfenidone was obtained from the Beijing Continent Pharmaceuticals Company (Beijing, China). TGF-β1 was purchased from MedChemExpress (Shanghai, China). Antibodies, including E-cadherin, vimentin, phospho-P38, phospho-ERK1/2, phospho-JNK, and GAPDH, were obtained from Cell Signaling Technology (MA. USA). The reference compounds, including adenosine (110879-201703), guanosine (111977-201501), chlorogenic acid (110753-202018), loganin (111640-201808), ferulic acid (110773-201614), imperialine (110767-201710), peimine (110750-201311), peiminine (110751-201712), imperatorin (110826-201918), and 18β-glycyrrhetinic acid (110723-201715) were provided by the National Institutes for Food and Drug Control. Rutin (120025-202004), liquiritigenin (070002-202011), and formononetin (130035-202003) were purchased from Shandong WoDeSen Bioscience Technology, Ltd. (Jinan, China). Isoliquiritigenin (B21525) was obtained from Yuanye Biotech Co., Ltd. (Shanghai, China). Tanshinone I (17122704) was obtained from Chengdu Pufei De Biotech Co., Ltd. (Chengdu, China). The purity of all reference compounds was greater than 98%.
UHPLC Analysis of JBOL
An Agilent 1290 UHPLC system (Agilent Technologies, Palo Alto, CA, United States) was used to analyze JBOL, and separation was achieved with a Waters ACQUITY UPLC® BEH C18 column (2.1 × 100 mm, 1.7 μm) (Shanghai, China). The column temperature was 30°C. The mobile phase was an elution composed of 0.1% formic acid water (A) and acetonitrile (B). One-μl samples were injected into the system, and the mobile phase flow rate was 0.3 ml/min.
Pulmonary Fibrosis Induced in Rats Using BLM
Sixty adult male Sprague–Dawley (SD) rats, weighing approximately 200 g, were obtained from the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The animal experiments were approved by the Animal Ethics Committee at Shandong University of Traditional Chinese Medicine. All rats were acclimated in an animal holding room at 25°C and provided food and water ad libitum. The rats were divided into six groups: 1) treatment with deionized water (control group); 2) treatment with 3 mg/kg BLM administered intratracheally (i.t, BLM group); 3) treatment with 3 mg/kg BLM (i.t.) and intragastric administration (i.g.,) of JBOL (5.4 ml/kg); 4) treatment with 3 mg/kg BLM (i.t.) and JBOL (10.8 ml/kg, i.g.); 5) treatment with 3 mg/kg BLM (i.t.) and JBOL (21.6 ml/kg, i.g.); 6) treatment with 3 mg/kg BLM (i.t.) and pirfenidone (54 mg/kg, i.g.) as a positive control. The doses of JBOL were chosen based on our previous reports (Zhang, Cui et al., 2018; Xing, Qiang et al., 2020). The compounds were administered once every day according to the aforementioned treatment groups. After 28 days of treatment, the rats were anesthetized, and the pulmonary function was assessed. Subsequently, the lung tissues were collected and frozen for protein expression assessment.
Pulmonary Function Assay
The rats were anesthetized and fixed in a supine position on a board. A trachea tube was inserted into the trachea and connected with the body plethysmograph. The change in gas pressure was measured to calculate the lung volume indirectly. The indices, including dynamic pulmonary compliance (Cdyn), minute ventilation volume (MVV), vital capacity (VC), and lung resistance (LR) data were determined.
Cell Culture and JBOL Treatment
Human type II alveolar epithelial A549 cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Paisley, United Kingdom) with 10% fetal calf serum (FCS), 100 μg/ml streptomycin, and 100 U/ml penicillin was used for cell culture. The A549 cells were maintained at 37°C with 5% CO2 in a humidified chamber.
The A549 cells were treated with culture medium (control) or 5 ng/ml TGF-β1 with or without 0.05, 0.5, or 1% JBOL. JBOL was diluted using a culture medium. After incubation for 48 h, the cells were observed using an inverted phase-contrast microscope (Olympus, Japan). The cell morphology, including characteristics of mesenchymal–epithelial transition (EMT), was observed, and images were captured at ×200 magnification. For the protein expression assay, JBOL and 5 ng/ml TGF-β1 were added to the cells and incubated for 72 h. Then the cells were lysed for analysis.
Western Blot Assay
Lung tissue samples or A549 cells were treated for 40 min with RIPA lysis buffer containing phosphatase inhibitors, then centrifuged (12,000 rpm, 15 min) at 4°C. The protein concentration of the supernatant was assessed using bicinchoninic acid. Individual protein samples (10–30 μg) were loaded onto SDS-polyacrylamide gels for separation and then transferred to PVDF membranes (Millipore, Darmstadt, Germany). The membranes were incubated with different primary antibody solutions and shaken overnight. After the membranes were washed with Tris-buffered saline with Tween-20 (TBST), HRP-labeled secondary antibodies were added, and the membranes were incubated for 2 h. The protein bands were visualized using ECL-Plus detection (Biyuntian, Shanghai, China). The intensity of the protein bands was quantified using Image Pro-Plus 6.0 software.
Statistical Analysis
All data were expressed as means ± standard error of the mean (SEM). The one-way analysis of variance (ANOVA) was used for multiple comparisons. The Student’s t-test was used to compare the differences between the two groups. A p-value < 0.05 was considered statistically significant.
RESULTS
JBOL Compound Screening and Target Prediction
JBOL contained 12 herbs, including Huangqi (Astragalus membranaceus, AM), Dangshen (Codonopsis pilosula, CP), Beishashen (Glehnia littoralis, GL), Danshen (Salvia miltiorrhiza, SM), Danggui (Angelica sinensis, AS), Chuanxiong (Ligusticum striatum, LS), Chuanbeimu (Fritillaria cirrhosa, FC), Banxia (Pinellia ternata, PT), Gancao (Glycyrrhiza uralensis, GU), Jinyinhua (Lonicera japonica, LJ), Lianqiao (Forsythia suspensa, FS), and Huangqin (Scutellaria baicalensis, SB). The TCMSP database was used to determine the compounds present in JBOL and predict their targets. Two hundred seventy-eight candidate compounds were identified in JBOL, including 15 in AM, 20 in CP, 10 in GL, 27 in SM, 5 in AS, 9 in LS, 40 in FC, 29 in PT, 48 in RU, 15 in LJ, 22 in FS, and 97 in SB (Supplementary Table S1). The 278 compounds targeted 374 proteins (Supplementary Table S2). The screened compounds and their targets were mapped to generate the compound–target interaction network (Figure 2).
[image: Figure 2]FIGURE 2 | The compound–target network of JBOL. Circles represent herbs, triangles represent compounds derived from herbs, and squares represent the predicted targets. The node size indicates the value of the degree.
Potential Targets for IPF
The IPF-associated genes and targets were obtained from the DisGeNET (https://www.disgenet.org/) and DrugBank databases (Supplementary Table S3). The genes that overlapped with the JBOL compound targets were identified (Figure 3). One hundred and three overlapping targets were found based on the degree of correlation between the JBOL targets and the IPF targets. Information concerning the overlapping targets is shown in Supplementary Table S4.
[image: Figure 3]FIGURE 3 | Overlap of the target genes between IPF and JBOL. (A) Matching for the IPF genes, KEGG, and drug bank genes. (B) Matching for the IPF genes, KEGG drug target genes, and JBOL target genes.
Identifying Important JBOL Targets Using Intersection Analysis
The 103 overlapping JBOL targets, IPF genes, and anti-IPF drug targets were analyzed based on the STRING database. The protein–protein interactions (PPI) network was constructed using a confidence score of 0.4. The PPI network nodes represented the selected targets, and the edges represented target interactions. As seen in Figure 4, the PPI network consisted of 103 nodes and 501 edges. The degree value represented the connection intensity. The average node degree was 9.63. The central nodes with many more edges possibly played essential roles in the JBOL treatment of IPF, including MAPK1 (ERK2), MAPK14 (p38), MAPK8 (JNK1), JUN, IL-6, and AKT.
[image: Figure 4]FIGURE 4 | The PPI network of overlapping targets between IPF and JBOL. 103 overlapping targets were plotted as nodes. The edges represent the interaction relationships between the nodes. The darker node color indicates a higher degree value.
The GO and KEGG Enrichment Analyses
The 103 targets were imported into the Metascape system for the GO and KEGG pathway analyses. The GO analysis revealed targets associated with numerous cellular components, biological processes, and molecular functions critical for drug development and IPF treatment. One hundred and eleven enriched cell components were identified, and the top 10 cell components were closely associated with vesicle lumen, membrane rafts, endoplasmic reticulum lumen, cyclin-dependent protein kinase holoenzyme complex, and transcription regulator complex (Figure 5A). In addition, based on a p-value < 0.05, 1,956 enriched biological processes were identified, including response to lipopolysaccharide, response to steroid hormones, regulation of oxygen levels, response to growth factors, and others (Figure 5B). The molecular function targets included cytokine receptor binding, protein kinase binding, kinase regulator activity, and growth factor binding (Figure 5C). The identified cellular components, biological processes, and molecular functions indicated the critical actions of JBOL in IPF treatment.
[image: Figure 5]FIGURE 5 | biological function analysis of the overlapping targets. (A) Cellular components analyses. (B) Biological processes analyses. (C) Molecular function analyses related to JBOL treatment of IPF.
To assess the molecular mechanism of JBOL in treating IPF in more detail, we enriched the KEGG pathways for the 103 targets. Forty-one pathways were identified based on a p-value < 0.05 (Figure 6A). These pathways included the MAPK signaling, cGMP-PKG, estrogen, thyroid hormone, HIF-1, cAMP, PI3K-Akt, IL-17, and AGE-RAGE pathways as well as others. A network involving these pathways was established to reveal their interaction relationships (Figure 6B).
[image: Figure 6]FIGURE 6 | KEGG pathway enrichment analysis. (A) Signaling pathways related to the JBOL treatment of IPF. (B) The key pathways related to IPF regulated by JBOL.
JBOL Protected Against Pulmonary Fibrosis in the Rat and A549 Cell Models
The BLM-induced rat model and the TGF-β1–induced A549 cell model were used to validate the efficacy and mechanism of JBOL actions on IPF. First, to monitor JBOL chemical stability, the major chemical components in JBOL were determined using the UHPLC analysis (Figure 7). Among the identified components, in addition to chlorogenic acid, which was present at high levels (Table 1), an additional seven components were identified in the TCMSP database, including guanosine, formononetin, liquiritigenin, isoliquiritigenin, imperatorin, tanshinone I, and 18β-glycyrrhetinic acid, based on the criteria of OB > 20% and DL > 0.10. Thus, these components were used as identifying components for JBOL (Supplementary Table S5).
[image: Figure 7]FIGURE 7 | UHPLC analysis of JBOL. A chromatogram of mixed reference standards (A) and Jinbei oral liquid (B). UPLC conditions: column 2.1 × 100 mm, 1.7 μm particle size. The mobile phase was composed of component A (0.1% formic acid in water) and component B (acetonitrile). The flow rate was 0.3 ml/min.
TABLE 1 | Determination of 15 detected compounds in JBOL.
[image: Table 1]To test for efficacy, rats were treated with BLM to establish the IPF model, and the effect of JBOL was evaluated. Compared with the BLM group, the Cdyn, MVV, and VC indices increased in the presence of JBOL or PFD, and the RL index decreased with treatment with JBOL or PFD (Figure 8A). These results indicated that JBOL reduced pulmonary functional damage in BLM-induced rats.
[image: Figure 8]FIGURE 8 | Evaluation of JBOL effects on IPF in vivo and in vitro. (A) Pulmonary function test in the BLM-treated rats with JBOL or pirfenidone (PFD). n = 3–6, *p < 0.05. (B) Morphological changes in A549 cells treated with TGF-β1 and/or JBOL. (C) The expression of vimentin and E-cadherin. n = 3, #p < 0.05 vs control; *p < 0.05 vs the TGF-β1-treated cells.
TGF-β1 is a critical cytokine capable of inducing epithelial-to-mesenchymal transitions (EMT) during pulmonary fibrosis (Zhang, Fan et al., 2021). We evaluated whether JBOL inhibited TGF-β1–induced EMT in A549 cells. The JBOL dose, which was less than a 1% solution, did not exhibit cytotoxicity. As seen in Figure 8B, when the A549 cells were treated with TGF-β1, the cell shape-shifted from an epithelial form to a spindle-like fibroblast shape, representing the typical morphological characteristics of EMT. The addition of JBOL inhibited the TGF-β1–induced change in cellular morphology. Also, the expression of the mesenchymal marker vimentin was suppressed, and the expression of the epithelial marker E-cadherin increased with JBOL treatment (Figure 8C), indicating that JBOL inhibited the EMT process.
JBOL Inhibited MAPK ERK1/2, p38, and JNK Phosphorylation in BLM-Induced Rats
Since the hub nodes in the PPI network included MAPK proteins, and MAPK pathways are thought to act downstream of many of the aforementioned identified pathways (Antoniou, Margaritopoulos et al., 2010; Wang, Huang et al., 2018), the phosphorylation levels of extracellular signal-regulated kinase 1/2 (ERK1/2), p38, and c-Jun N-terminal protein kinase (JNK) were evaluated in JBOL-treated rats. The addition of JBOL reduced the increase in phosphorylation levels of ERK1/2, p38, and JNK induced by BLM in a dose-dependent manner (Figure 9). These results were consistent with the network pharmacological analysis suggesting that the MAPK proteins might be central to the JBOL mechanism of action that prevented IPF.
[image: Figure 9]FIGURE 9 | Effect of MAPK phosphorylation in vivo. The expression of p-ERK1/2, p-P38, and p-JNK was determined using the Western blot analysis. n = 3–6, #p < 0.05 vs. control; *p < 0.05 vs. the BLM-treated group.
DISCUSSION
IPF is a chronic, progressive pulmonary disease with an unclear etiology and the pathological characteristics of progressive EMT transition, excessive extracellular matrix protein deposition, and, ultimately, respiratory system failure and death (Wilson and Wynn 2009; Degryse and Lawson 2011). Although several anti-inflammatory and immunomodulatory drugs are available to treat IPF, they fail to prevent its progression and exhibit adverse side effects (Walter and N. 2006; Michihito, Shinjiro et al., 2018). Therefore, novel drugs need to be developed.
JBOL currently is prescribed based on traditional Chinese medicine theory and has been used as a clinical treatment for interstitial lung disease (Tao K 1997). Recently, we reported that JBOL inhibited BLM-induced IPF by regulating the release of inflammatory factors, such as IFN-γ and IL-4 (Zhang, Cui et al., 2018). In this study, the protective effect of JBOL from pulmonary function impairment was observed. Furthermore, the underlying therapeutic mechanism of JBOL for IPF treatment was elucidated. However, the complicated characteristics of traditional Chinese medicine make it challenging to elucidate the underlying actions and mechanisms using the current reductionism research strategy of one gene, one target, and one compound.
In this study, systematic network pharmacology was used to discover the pharmacological mechanisms of JBOL underlying the IPF treatment. The process included JBOL chemical component screening, compound–target prediction, network construction, and experimental validation. Two hundred seventy-eight identified compounds in JBOL targeted 374 proteins. Among these targets, 103 targets were strongly associated with IPF (King, Pardo et al., 2011; Qiu, Wang et al., 2020). The key node targets that included many more edges, possibly have critical roles in the JBOL treatment of IPF, including MAPK1 (ERK2), MAPK14 (p38), MAPK8 (JNK1), JUN, IL-6, IL-4, and AKT. These targets corresponded to steroid hormones, oxygen levels, lipopolysaccharide, and responses to growth factors (Glass, Grossfeld et al., 2020). Il-4 has been validated as a target for JBOL, as we previously reported. Also, IFN-γ was inhibited by JBOL (Zhang, Cui et al., 2018). Additionally, JBOL has been reported to regulate the ratio of Th1/Th2 during chronic lung fibrosis (Xing, Qiang et al., 2020). In this study, additional targets for JBOL in response to the IPF-related inflammation and immune response were revealed.
There are numerous chemical components in JBOL. The active components are challenging to identify and were confirmed by the network pharmacology analysis. Therefore, we further identified major chemical components and determined their content in JBOL using UHPLC. By combining information from the TCMSP database and the UHPLC analysis, seven identified components, guanosine, formononetin, liquiritigenin, isoliquiritigenin, imperatorin, tanshinone I, and 18β-glycyrrhetinic acid, were confirmed as major active components. Although the content of most of the identified compounds was low, the efficacy of JBOL might be attributed to the combined and additive effects of these compounds.
Chlorogenic acid is thought to prevent IPF but has poor oral bioavailability (Wang, Dong et al., 2017). Isoliquiritigenin suppresses fibrogenesis through the PI3K/AKT/mTOR pathway in TGF-β1–treated human lung fibroblast-derived MRC-5 cells (He, Peng et al., 2020). Imperatorin exhibited anti-inflammatory properties on alveolar macrophages associated with pulmonary injury (Li, Chen et al., 2019). In addition, formononetin and tanshinone I target several signaling molecules related to IPF (Ma, Ji et al., 2013; Tao, Zheng et al., 2013); therefore, these components might have essential roles in treating IPF with JBOL. Although 278 compounds were identified using the TCMSP database, not all of these compounds were present in JBOL. We identified 15 compounds in JBOL using the UHPLC analysis. Additional compounds need to be identified in JBOL using the chemical analysis, such as UPLC/MS. Therefore, additional investigation of the active components in JBOL would be beneficial.
We performed an in vivo experiment to confirm that JBOL protected pulmonary function in BLM-induced rats. Previously, a histopathological assessment was performed to verify the protective effect of JBOL in the BLM-induced lung impairment (Zhang, Cui et al., 2018; Xing, Qiang et al., 2020). In this study, the protective role of JBOL in pulmonary function was confirmed. We also used TGF-β1 to treat A549 cells to create an in vitro IPF model (Oh, Kim et al., 2020). The EMT is critical in the pathology of IPF (Zhang, Fan et al., 2021), and JBOL exposure resulted in a decrease in the spindle-like fibroblast cell shape induced by TGF-β1. EMT markers, including decreased expression of E-cadherin and increased expression of vimentin induced by TGF-β1, were reversed by the JBOL treatment, suggesting that JBOL could inhibit the EMT process in alveolar epithelial cells. The inhibitory effect on EMT in the cultured cells was consistent with a previous study demonstrating JBOL inhibition of EMT in the BLM-treated rats (Zhang, Cui et al., 2018). Also, the compounds in JBOL exhibited immune-modulatory, anti-inflammatory, and antifibrosis activities (Lin and Yang 2021; Yao, Ren et al., 2021). Combined with our previous study, the current results suggested that JBOL prevented IFP by reducing inflammation, fibrosis, and EMT.
To elucidate the molecular mechanism of action of JBOL in the treatment of IPF further, the GO and KEGG pathway analyses were performed to screen for critical candidate targets. The GO analysis revealed several biological processes, including responses to steroid hormones, growth factors, and lipopolysaccharide. The results of the KEGG pathway analysis indicated that a possible mechanism of JBOL for treating IPF involved the regulation of multiple signaling pathways related to inflammation, immunoregulation, and EMT, including MAPK, PI3K/Akt, and HIF-1 signaling pathways as well as others. Aberrant activation of the PI3K/Akt, HIF, and estrogen pathways contribute to fibroblast proliferation, alveolar epithelial cell apoptosis, and EMT (Lu, Azad et al., 2010; Elliot, Periera-Simon et al., 2019). The NF-κB pathway has been suggested as a therapeutic target in IPF (Jaffar J et al., 2021). NF-κB is capable of regulating IFN-γ action in lung fibroblasts through the Fas pathway (Wynes, MW et al., 2011). We proposed that JBOL inhibited IFN-γ possibly through targeting the NF-κB pathway. The cGMP–PKG pathway was involved in autophagy in BLM-induced IPF (Wang Y 2021). Thyroid hormone could inhibit lung fibrosis by improving epithelial mitochondrial function (Yu, Tzouvelekis et al., 2018), and BLM-mediated IPF was found to be dependent on the IL-17 pathway (Wilson and Wynn 2009). Increased AGE accelerated aging in fibrotic lung tissue (Machahua, Montes-Worboys et al., 2016).
The involved signaling pathways and molecular targets were varied and difficult to validate using single experiments. Among these pathways, we assumed that the MAPK proteins might play a central role because the signaling proteins of MAPK1 (ERK2), MAPK14 (p38), MAPK8 (JNK1), and JUN were key hub nodes in the PPI network. Simultaneously, they commonly act as downstream molecules of various signaling pathways to execute signaling functions, such as the PI3K/Akt and HIF-1 signaling pathways (Derynck and Zhang 2003; Roux and Blenis 2004). ERK1/2, p38, and JNK are three members of the MAPK protein family (van der Velden, Ye et al., 2016; Goda, Balli et al., 2020) and participate in the pathological mechanism of pulmonary fibrosis (Yu, Song et al., 2019). JNK was activated during the BLM-induced alveolar epithelial cell death (Lee, Schroedl et al., 2005). p38 and ERK were phosphorylated in the TGF-β–induced rat fibroblast NRK-49F cells (Chen, Zhou et al., 2013). MAPK also participated in regulating the production of inflammatory factors, TGF-β/Smads signaling or acted downstream of the PI3K and HIF pathways (Derynck and Zhang 2003), indicating a central role for the MAPK pathway in IPF pathology. In this study, JBOL inhibited the expression of phosphorylated ERK1/2, p38, and JNK in the BLM-treated rats, suggesting that JBOL inhibited the MAPK activation. Thus, we concluded that this might be a central event in the systematic network triggered by JBOL. In the future, the active components of JBOL targeting MAPK proteins and also other targets screened from network pharmacology regulated by JBOL require additional investigation.
CONCLUSION
This study is the first to show that JBOL could improve pulmonary function and inhibit EMT in the TGF-β1–induced A549 cells. The pharmacological mechanisms underlying the efficacy of JBOL might be related to systematic network regulation, including multiple components targeting several pathways centered on inhibiting phosphorylation of MAPK ERK1/2, p38, and JNK. Thus, these findings provide a theoretical and experimental basis for promoting the clinical application of JBOL.
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Pulmonary fibrosis is a chronic, progressive fibrosing interstitial lung disease of unknown etiology that leads rapidly to death. It is characterized by the replacement of healthy tissue through an altered extracellular matrix and damage to the alveolar structure. New pharmacological treatments and biomarkers are needed for pulmonary fibrosis to ensure better outcomes and earlier diagnosis of patients. Exosomes are nanoscale vesicles released by nearly all cell types that play a central role as mediators of cell-to-cell communication. Moreover, exosomes are emerging as a crucial factor in antigen presentation, immune response, immunomodulation, inflammation, and cellular phenotypic transformation and have also shown promising therapeutic potential in pulmonary fibrosis. This review summarizes current knowledge of exosomes that may promote pulmonary fibrosis and be utilized for diagnostics and prognostics. In addition, the utilization of exosomes and their cargo miRNAs as novel therapeutics and their potential mechanisms are also discussed. This review aims to elucidate the role of exosomes in the pathogenesis of pulmonary fibrosis and paves the way for developing novel therapeutics for pulmonary fibrosis. Further in-depth research and clinical trials on this topic are encouraged in the future.
Keywords: exosome, pulmonary fibrosis, biomark, therapy tool, microRNA
INTRODUCTION
Exosomes are small extracellular vesicles generated by inward budding of the membrane into the lumen of the compartment (Koh et al., 2020). The diameter of exosomes ranges from 40 to 160 nm (Li et al., 2022), and these structures play an important role in intercellular communication by transferring nucleotides or proteins, which then act accordingly (Merckx et al., 2020). Various exosomes can be detected in various body fluids, including blood, urine (Makler and Asghar, 2020), synovial fluid, breast milk, ascites, thorax-related sputum, bronchoalveolar lavage fluid (BALF), and pleural effusions, which represent a unique tool to study the pathophysiology and biomarker discovery of respiratory diseases (Kadota et al., 2016; Lucchetti et al., 2021). Recently, exosomes have been recognized as a novel disease biomarker because they reflect the physiological state and microenvironment of the cell of origin, are readily found in body fluids, and are stable in the extracellular environment (Kok and Yu, 2020).
In respiratory medicine, there is increasing evidence regarding the involvement of exosomes in the pathogenesis of lung diseases, such as chronic obstructive pulmonary disease (COPD), asthma, alpha-1 antitrypsin deficiency (AATD), pulmonary fibrosis (PF), and lung cancer (Trappe et al., 2021). For example, exosomes are reported to be involved in inflammation and immune activation in asthmatic patients (Admyre et al., 2003). Furthermore, exosomes can also transfer microRNAs (miRNAs) that are capable of inducing disease phenotypes in COPD target cells (Fujita et al., 2015). Current research has predominantly focused on the role of exosomes in lung cancer. There are numerous published reports on the pathophysiological role of exosomes in cancer initiation, progression, invasion, metastasis, and new therapeutic approaches using exosomes as drug delivery systems (Xunian and Kalluri, 2020). In addition, the number and profiles of exosomes are altered according to the pathophysiological status of the disease; therefore, exosomes can be used as biomarkers to monitor disease (Zheng et al., 2018). On clinicaltrials.gov, studies using exosomes as diagnostic tests or a molecular cargo that delivers miRNAs and proteins are underway in several lung diseases, such as clinical studies of circulating tumor DNA and combined detection of exosomes to identify benign and malignant pulmonary nodules (NCT04182893) and vaccination assays with dendritic cell-derived exosomes loaded with tumor antigens in non-small-cell lung cancer (NSCLC) (NCT01159288). Murine in vitro and in vivo models have suggested the potential involvement of exosomes in PF (Kadota et al., 2021; Zhou et al., 2021), but a direct correlation has not been clarified.
This review discusses the role of exosomes in PF to elucidate their potential application as diagnostic and prognostic biomarkers and therapeutic targets.
EXOSOMES
Exosomes are nanosized membrane-bound vesicles released from cells and transport lipids, proteins, and nucleic acids (including mRNA, miRNA, lncRNA, circular RNA, ribosomal RNA, tRNA, and DNA fragments) (Li et al., 2022). Exosomes were first discovered in circulation during sheep reticulocyte maturation (Pan et al., 1985), and subsequently in other biological fluids (Makler and Asghar, 2020) and cell culture supernatants. Exosomes and microvesicles are collectively referred to as extracellular vesicles. Exosomes derived from different cell sources share similar surface proteins, including tetraspanins CD9, CD63, CD81, and CD82, as well as Alix and TSG101 (Zhu et al., 2021), which are recognized and currently used as markers for exosomes. The formation and secretion of exosomes is regulated by Rab proteins (Ostrowski et al., 2010), the endosomal sorting complex required for transport proteins (Tamai et al., 2010), and intracellular Ca2+ levels (Kim et al., 2021). Exosomes also express cell surface proteins that are similar to their origin. For example, mesenchymal stem cell (MSC)-derived exosomes express CD29, CD44, CD73, CD90, and integrins so that they can adhere and fuse with circulating or distant resident cells (Szul et al., 2016).
Exosomes can bind to the surface of target cells (receptor cells) and enter directly or activate receptors on the target cell surface to perform biological functions such as mediating antigen presentation and immune regulation. Macrophage-derived exosomes contain major histocompatibility complex (MHC) class II and costimulatory molecules that play a role in antigen presentation and naive T cell priming (Ramachandra et al., 2010). Exosomes released from activated macrophages can enhance immune cell activity by delivering inflammatory cytokines such as tumor necrosis factor (TNF) (O'Neill and Quah, 2008), while exosomes released by T cells can target various different cells and induce immunomodulatory effects (Lindenbergh and Stoorvogel, 2018). In summary, exosomes are crucial for intercellular communication, immune responses, immunomodulation, inflammation, and the transformation of cellular phenotypes.
EXOSOMES CONTRIBUTE TO THE PATHOGENESIS OF PULMONARY FIBROSIS
PF is a chronic, progressive, and destructive lung disease characterized by the accumulation of fibroblasts/myofibroblasts, increased deposition of extracellular matrix, and decreased lung function (Richeldi et al., 2017). The etiology of PF is currently unknown. There is increasing evidence that exosomes contribute to the pathogenesis of pulmonary fibrosis. Makiguchi et al. (2016) found that miR-21-5p was elevated in serum exosomes during acute inflammation and chronic fibrosis in a bleomycin-induced PF mouse model. In addition, patients with PF and high levels of miR-21-5p had a significantly poorer prognosis over 30 months, indicating the potential of miR-21-5p as a prognostic biomarker for PF. Chen et al. (2022) demonstrated that exosomes derived from hypoxia-induced alveolar epithelial cells stimulated interstitial PF through a mechanism dependent on the lncRNA HOTAIRM1. Increased numbers of BALF exosomes were reported in mice with experimental PF as well as in patients with idiopathic PF (IPF). This was because exosomes carry fibrotic mediators, such as WNT5A, which lead to increased fibroblast proliferation (Martin-Medina et al., 2018). Lacedonia et al. (2021) reported that exosomal miRNAs let-7d and miR-16 were significantly downregulated in the serum of patients with IPF. Expression of let-7d was also repressed in exosomes derived from BALF of PF mice (Xie et al., 2020). Furthermore, numerous differentially expressed miRNAs were detected in the lung-tissue-derived exosomes of patients with IPF compared with non-smoking controls, and these data further revealed lung-specific miRNAs associated with chronic lung diseases that could serve as potential biomarkers or therapeutic targets (Kaur et al., 2021). Liu et al. (2018) found that miR-125b-5p, miR-128-3p, miR-21-5p, miR-100-5p, miR-140-3p, and miR-374b-5p were upregulated, while let-7d-5p, miR-103-3p, miR-27b-3p, and miR-30a-5p were downregulated in exosomes in BALF from patients with PF. In addition, in a miRNA branch of exosomes, miR-142-3p was significantly upregulated in both sputum and plasma from patients with PF (Guiot et al., 2019; Njock et al., 2019). In addition,miR-142-3p was also positively correlated with the percentage of sputum macrophages and negatively correlated with the percentage of sputum neutrophils in patients with PF (Guiot et al., 2020). Furthermore, miR-142-3p was inversely correlated with lung diffusing capacity for carbon monoxide/alveolar volume (Njock et al., 2019).
Yao et al. (2019) demonstrated that M2 macrophage-derived exosomes overexpressed miR-328 and played a vital role in pulmonary fibroblast proliferation and the progression of PF by regulating FAM13A. Parimon et al. (2019) indicated that overexpressed Syndecan-1 in patients with PF, mainly in type II alveolar epithelial cells, was instrumental in controlling miRNA packaging in extracellular vesicles, including miR-144-3p, miR-142(a)-3p, miR-142b, miR-503-5p, and miR-34b-5p. Fibronectin expression on the surface of extracellular vesicles derived from fibroblasts of patients with PF could mediate their invasion, which may be related to the pathogenesis of fibrotic diseases (Chanda et al., 2019). Kang et al. (2019) revealed that extracellular vesicles derived from transforming growth factor-β (TGF-β)-stimulated fibroblasts contained PD-L1, which could inhibit T-cell proliferation and mediate fibroblast migration. Furthermore, fibroblast-derived extracellular vesicles contained increased levels of miR-23b-3p and miR-494-3p in PF, which induced epithelial cell phenotypic changes and were positively correlated with disease severity (Kadota et al., 2020). Kuse et al. (2020) revealed that miR-22 expression in exosomes from serum was increased and then decreased in a bleomycin-induced PF model. In addition, administration of the miR-22 mimic could ameliorate fibrosis by regulating fibroblast-to-myofibroblast differentiation. The identification of altered exosomes and elucidation of their role in the pathogenesis of PF can serve as references for the development of diagnostic biomarkers and subsequent therapeutic targets (Yamada, 2020; Hua et al., 2021; Yamada, 2021) (Table 1; Figure 1A).
TABLE 1 | Exosomes associated with pulmonary fibrosis.
[image: Table 1][image: Figure 1]FIGURE 1 | Overview of the role of exosomes in PF. (A) Exosomes contribute to the pathogenesis of PF. (B) Exosomes as a therapeutic tool for pulmonary PF.
EXOSOMES AS A THERAPEUTIC TOOL FOR PULMONARY FIBROSIS
Recently, treatment aims for PF have been limited to prolonging life expectancy by slowing progression of the disease (Glass et al., 2022). Exosomes could improve management of PF and serve as an innovative therapeutic (Purghè et al., 2021). As early as 2014, Novelli and Neri’s team demonstrated that the BALF of patients with PF, which contained procoagulant microparticles and tissue factor, could activate coagulation factor X to Xa and potentially contribute to the pathogenesis of PF by regulating fibroblast growth and differentiation (Novelli et al., 2014). This team later reported that pirfenidone, one of only two U.S. Food and Drug Administration (FDA)-approved drugs for IPF at the time of writing, could inhibit p38-mediated generation of tissue factor in microparticles from H2O2 to stimulate alveolar epithelial cells (Neri et al., 2016). These findings showed that exosomes could be used to develop therapeutic applications.
Stem cells exhibit strong self-renewal and proliferation potential. Mesenchymal stem cells/mesenchymal stromal cells (MSCs) are multipotent stromal cells derived from the mesoderm and exhibit immunomodulatory, anti-inflammatory, and most importantly, antifibrotic properties. These properties are due, in part, to the activity of growth factors and cytokines secreted by the MSCs. Recently, researchers revealed that exosomes were responsible for the antifibrotic efficacy of MSCs (Fujita et al., 2018; Ma et al., 2022). MSCs derived from bone marrow (BM), adipose tissue (AD), and placenta confirmed that exosomes from MSCs could reduce inflammation by regulating related signaling pathways and polarization, and could also reduce collagen deposition in bleomycin- (Mansouri et al., 2019; Dinh et al., 2020; Wan et al., 2020), silica- (Choi et al., 2014; Phinney et al., 2015; Bandeira et al., 2018; Dinh et al., 2020), PM2.5- (Gao et al., 2020), and radiation- (Lei et al., 2020) induced PF models and TGF-β stimulated myofibroblasts (Shentu et al., 2017). The effect was also reported in stem cells from menstrual blood (Sun L. et al., 2019). However, Dinh et al. (2020) indicated that lung spheroid cell-derived exosomes exhibited superior therapeutic benefits in damage control and tissue repair compared with those from MSCs; moreover, the regenerative effects were more robust in the bleomycin model compared with the silica model. Guiot et al. (2020) showed that macrophage-derived exosomes alleviated fibrosis in airway epithelial cells and lung fibroblasts by delivering miR-142-3p, while Kadota et al. (2021) reported that human bronchial epithelial cell-derived extracellular vesicles (HBEC EVs) inhibited TGF-β-mediated induction of both myofibroblast differentiation and lung epithelial cellular senescence by attenuating WNT signaling. In the latter study, it was further suggested that administration of HBEC EVs was a promising antifibrotic modality of treatment for PF via miRNA-mediated inhibition of TGF-β-WNT crosstalk (Kadota et al., 2021). In addition, exosomes and their cargos, such as miRNAs, lncRNAs, and proteins, could promote or inhibit epithelial-mesenchymal transition (EMT), modulate the transformation of fibroblasts into myofibroblasts, contribute to the proliferation of fibroblasts, and promote immunoregulatory and mitochondrial damage during PF (Xie and Zeng, 2020). Thus, exosomes are emerging as a promising tool for the clinical benefit of cell therapy to treat PF and can potentially reduce the risks associated with cell transplantation (Table 2; Figure 1B).
TABLE 2 | Application of exosomes in experimental models of pulmonary fibrosis.
[image: Table 2]POTENTIAL MIRNA TARGETS FOR PULMONARY FIBROSIS
miR-21-5p: anti-apoptosis
Exosomal miRNAs were found to have potential applications in PF (Inomata et al., 2021; Peng et al., 2022; Yang et al., 2022). Since miR-21-5p is regarded as an oncogene in lung cancer, since the expression of miR-21-5p was significantly upregulated in patients with lung cancer, and it can be used as a biomarker for lung cancer (Zhou et al., 2022). Yan et al. (2018) reported that miR-21-5p inhibited TGF-βI to induce cell proliferation in NSCLC, while Tang et al. (2021) revealed that this miRNA boosted NSCLC progression by regulating SMAD7. Inhibition of miR-21-5p increased radiosensitivity in NSCLC (Song et al., 2017). The anti-apoptosis mechanism of miR-21-5p was subsequently investigated and was also found to play a role in many other lung diseases. Wu et al. (2022) indicated that ADMSC-EVs carrying miR-21-5p alleviated hyperoxia-induced lung injury (HILI) via the SKP2/Nr2f2/C/EBPα axis, and miR-21-5p could inhibit MAP2K3 expression and reduce cellular apoptosis in HILI (Qi et al., 2021). Liu et al. (2020) proved that miR-21-5p regulated hyperoxia-induced mitophagy and mitochondrial dysfunction by directly binding to the target gene PGAM5 (Liu et al., 2020). Moreover, miR-21-5p inhibited apoptosis of AEC II cells via PTEN/AKT in a hyperoxic acute lung injury rat model (Qin et al., 2019). Wang et al. (2018) demonstrated that resveratrol alleviated PF by regulating miR-21 through both the TGF-β1/SMAD and MAPK/AP-1 signaling pathways. Moreover, extracellular vesicles from MSCs pre-exposed to hypoxia exhibited increased miR-21-5p, which can promote lung cancer development by reducing apoptosis and promoting macrophage M2 polarization (Ren et al., 2019). In addition, exosomes from MSCs alleviated lung ischemia/reperfusion injury by delivering miR-21-5p targeting PTEN and PDCD4 (Ren et al., 2019). Administration of MSCs-derived exosomes or miR-21-5p agomir reduced pulmonary edema and dysfunction, M1 polarization of alveolar macrophages, and secretion of high mobility group box 1(HMGB1), IL-8, IL-1β, IL-6, IL-17, and TNF-α (Li et al., 2019). In conclusion, the above changes indicate a potential mechanism by which miR-21-5p regulates apoptotic/anti-apoptotic alterations in lung disease (Table 3).
TABLE 3 | The roles of miR-21-5p in lung disease.
[image: Table 3]Let-7d-5p: senescence
Previous studies revealed that let-7d-5p plays a key role in regulating the cell cycle and senescence, differentiation, and carcinogenesis (Markopoulos et al., 2017; Chen Y. N. et al., 2019). In addition, let-7d-5p affected the stemness and differentiation of MSCs, while transfection of fibroblasts with let-7d-5p reduced the expression of mesenchymal markers (Huleihel et al., 2014). In recent years, the role of let-7d-5p in degenerative diseases such as Alzheimer’s disease and amyotrophic lateral sclerosis has been investigated, and it was significantly downregulated in both diseases (Kumar et al., 2013; Mendes-Silva et al., 2016; Chen et al., 2018; Liguori et al., 2018). Moreover, let-7d-5p showed anti-inflammatory properties and inhibited intestinal epithelial cell apoptosis in necrotizing enterocolitis of neonatal rats by negatively regulating the LGALS3-dependent TLR4/NF-κB signaling pathway (Sun et al., 2020). The expression of let-7d-5p was downregulated both in the skin of systemic sclerosis and in the lungs of PF (Bagnato et al., 2017). Furthermore, when patients had both acute exacerbation and stable PF, let-7d-5p expression was downregulated compared with controls (Min et al., 2016). Significant downregulation of let-7d-5p was also observed in the serum of patients with NSCLC, and its expression could predict overall survival (Gasparini et al., 2015; Kumar et al., 2020). The fungus Trametes robiniophila, which is used as a traditional Chinese medicine, represses angiogenesis and tumor growth of lung cancer via strengthening let-7d-5p and targeting NAP1L1 (Gan et al., 2022). In contrast, overexpression of let-7d-5p was detected in cystic fibrosis (Ideozu et al., 2019), lung cysts/pneumothorax presentation of Birt-Hogg-Dubé Syndrome (Min et al., 2020), and chronic mucus hypersecretion in COPD (Tasena et al., 2018). Furthermore, ADSCs-EVs inhibited TGF-βRI by transferring let-7d-5p and further mitigated PF (Gao et al., 2020). Given that let-7d-5p is highly enriched in stem cells such as MSCs, therapies with cells or cell-free exosomes provide novel strategies for various diseases (Table 4).
TABLE 4 | The roles of let-7d-5p in lung disease.
[image: Table 4]miR-100-5p: regulator of mammalian target of rapamycin
Accumulating studies have reported that miR-100 is a master regulator of PI3K/AKT/mTOR signaling in different diseases. The PI3K/AKT/mTOR signaling pathway is a critical regulator of cell growth and proliferation as well as stress responses. Wang et al. (2015) found that miR-100 regulated the proliferation of pulmonary artery smooth muscle cells in hypoxic pulmonary hypertension rats by inhibiting the expression of mTOR. Subsequently, miR-100-5p was confirmed to directly target the 3′-untranslated region (3′-UTR) of mTOR (Wu et al., 2019). Ye et al. (2015) reported that miR-100-5p promoted cell apoptosis and affected cell survival in amyloid ß-induced neuronal pathologies via the mTOR pathway, and Frith et al. (2018) demonstrated that miR-100-5p could modulate the fate of MSCs by altering mTOR signaling. A significant upregulation of mTOR was found in fibroproliferative diseases, suggesting mTOR inhibitors could be promising modulators of such diseases, including PF and liver fibrosis (Lawrence and Nho, 2018; Wang et al., 2019). Moreover, upregulation of miR-100-5p was also observed in PF and liver fibrosis (Peng et al., 2016; Liu et al., 2018), and it was assumed that miR-100-5p was a responsive factor rather than a pathogenic factor. Therefore, it is feasible that miR-100-5p could be utilized to repress mTOR expression and may be a potential therapy target for diseases. For example, miR-100-5p-abundant exosomes derived from MSCs provided a protective effect on articular cartilage and inhibited cell apoptosis in osteoarthritis (Wu et al., 2019). In a study by Dinh et al. (2020), miR-99a-5p and miR-100 were highly expressed in exosomes from lung spheroid cells and MSCs, and upregulated expression of miR-100 was identified in the exosomes of chronic PM2.5 exposure (Wang Y. C. et al., 2021). ReNcell-derived EVs inhibited hypoxia-induced proliferation, migration, and phenotype switching of pulmonary artery smooth muscle cells, at least in part, via the delivery of endogenous highly expressed miRNAs, let-7b-5p, miR-92b-3p, and miR-100-5p (Wang et al., 2020). These studies highlight that miR-100-5p can act as a potential target for fibroproliferative disease treatment (Table 5).
TABLE 5 | The roles of miR-100-5p in lung disease.
[image: Table 5]miR-142-3p: antifibrosis
It was reported that miR-142-3p is highly expressed in the lung interstitium during early lung development (Carraro et al., 2014). This miRNA positively regulates WNT/CTNNB1 (β-catenin) signaling by targeting adenomatous polyposis (APC), which is a negative regulator of WNT signaling (Isobe et al., 2014; Bartel et al., 2018). Impaired proliferation of parabronchial smooth muscle cell progenitors and premature differentiation occurred when miR-142-3p lost its function (Carraro et al., 2014). Aberrant expression of miR-142-3p in PF has been reported. However, the changes in miR-142-3p in patients with PF versus healthy controls are under debate (Guo et al., 2017; Njock et al., 2019; Parimon et al., 2019). WNT/β-catenin signaling has also been reported to be activated in PF. In experimental models, inhibition of WNT/β-catenin signaling reduces lung inflammation and fibrosis (Shi et al., 2017). All the research teams that conducted the above-mentioned studies believed that miR-142-3p was an antifibrotic miRNA. Moreover, Wang et al. (2016) found that overexpression of miR-142-3p suppressed the expression of profibrotic genes in cardiomyocytes by targeting HMGB1. In addition, Yang X. et al. (2017) revealed that plasma miR-142-3p levels were significantly decreased in patients with liver cirrhosis, and that miR-142-3p inhibited the TGF-β/SMAD signaling pathway to prevent hepatic stellate cell activation and reduce profibrotic markers. Zhu et al. (2018) demonstrated that overexpression of miR-142-3p attenuated high glucose-induced EMT in aortic endothelial cells by blocking the TGF-β1/SMAD signaling pathway in myocardial fibrosis, which confirmed the antifibrotic role of miR-142-3p. Consequently, Guiot et al. (2020) utilized miR-142-3p-enriched exosomes derived from macrophages to repress TGF-βR1, leading to antifibrotic properties in PF. However, contrary to these findings, some profibrotic conclusions of miR-142-3p have recently emerged, as reported by Cai et al. (2020). Thus, miR-142-3p warrants further investigation for future therapeutic use (Table 6).
TABLE 6 | The roles of miR-142-3p in lung disease.
[image: Table 6]miR-29b-3p regulates collagen synthesis
The miR-29 family is considered a key regulator of tissue fibrosis, including heart, liver, lung, and kidney, as many reports have shown that members of this family inhibit collagen synthesis by directly binding to its 3ʹUTR in fibroblasts (He et al., 2013; Deng et al., 2017). Recently, accumulative reports demonstrated that miR-29b-3p regulated the TGF-β1/SMAD pathway in cardiac fibrosis (Liang et al., 2019; Xue et al., 2020). Moreover, the expression of miR-29b-3p was decreased in liver fibrosis, and miR-29b-3p overexpression repressed collagenous fibrosis and STAT3 (Tao et al., 2018; Gong et al., 2020). Lu et al. (2017) also reported that the lncRNA H19 promoted tendon differentiation by directly targeting miR-29b-3p, thus activating TGF-β1 and COL1A1 expression. In PF, downregulation of miR-29b-3p was detected (Mullenbrock et al., 2018), and downregulation of miR-29b promoted PF via the TGF-β1/SMAD pathway (Cushing et al., 2011; Pandit et al., 2011; Cushing et al., 2015). Conversely, overexpression of miR-29 prevented bleomycin-induced fibrosis as assessed by hydroxyproline content and collagen I mRNA expression (Cushing et al., 2015), suggesting that miR-29b might have a significant antifibrotic effect. In particular, miR-29b-3p-enriched BM-MSC exosomes suppressed fibroblast proliferation and decreased the level of hydroxyproline in the lung of a bleomycin-induced PF model (Wan et al., 2020). In summary, drugs targeting miR-29b-3p could be considered as potential therapeutics for fibroproliferative diseases (Table 7).
TABLE 7 | The roles of miR-29b-3p in lung disease.
[image: Table 7]miR-22-3p: tissue-specific regulator of fibrogenesis
MiR-22 has been proven to directly regulate bone morphogenic protein (BMP) by binding to its 3ʹUTR (Long et al., 2013). However, the effect of miR-22 on BMP seems to be tissue specific. For instance, an association between miR-22 and renal tubulointerstitial fibrosis was reported (Zhang et al., 2018), and similarly, miR-22 could promote the development of liver cirrhosis through BMP7 suppression in some studies (Ji et al., 2015; Zhou et al., 2018). The lncRNA Neat1 expedited the progression of liver fibrosis in mice through targeting miR-148a-3p and miR-22-3p to upregulate Cyth3 (Huang et al., 2021), and miR-30b-5p and miR-22-3p restrained fibrogenesis post-MI in mice via targeting PTAFR (Zhao et al., 2020). However, in contrast to these findings, downregulation of miR-22 increased the expression of collagen and fibrogenesis in vitro, whereas overexpression of miR-22 alleviated angiotensin II-induced cardiac fibrosis, indicating an antifibrotic effect of miR-22 (Hong et al., 2016). miR-22 expression was increased after bleomycin-induced PF in mice, while administration of an miR-22 mimic ameliorated lung lesions and decreased α-SMA expression (Kuse et al., 2020). Furthermore, miR-22 in MSC-derived extracellular vesicles was beneficial for PF (Shentu et al., 2017), demonstrating its antifibrotic effect in the lung. Due to the contrasting effects of miR-22 on fibrogenesis in different organs, local application of treatments is suggested to lessen the side effects of systemic administration (Table 8).
TABLE 8 | The roles of miR-22-3p in lung disease.
[image: Table 8]miR-15a: Hippo-YAP mediator
Growing evidence implicates miR-15a in the cell cycle and fibrotic diseases. Tijsen et al. (2014) found that inhibiting miR-15a exacerbated cardiac hypertrophy and fibrosis in mice by manipulating TGF-β. Inhibition of miR-15a/b also promoted fibrotic remodeling in type 2 diabetic hearts, whereas overexpression of miR-15a/b suppressed the activation of diabetic cardiac fibroblasts (Rawal et al., 2017). Furthermore, miR-15a/-15b, miR-18a-5p, miR-20a-5p, miR-26b-5p, miR-29, miR-133a, miR-141, miR-146, miR-200b, miR-203, miR-222, and miR-551b-5p were all downregulated in the diabetic heart and exhibited antifibrosis activity when they were overexpressed (Jin 2021). Fu et al. (2022) reported that miR-15a could inhibit LX-2 cell viability and hepatic fibrosis pathogenesis by targeting SOX9. However, the role and mechanism of miR-15a in PF remain controversial. MiR-15a was one of 161 miRNAs that were previously reported to be differentially expressed in the lungs of bleomycin-treated and control mice (Xie et al., 2011). Recently, miR-15a was discovered to be one of the most important miRNAs regulating the Hippo pathway, and knockdown of miR-15a promoted Twist expression by targeting YAP1, resulting in fibroblast activation and lung fibrosis (Chen Y. et al., 2019). In contrast, the lncRNA PFAR was proven to participate in PF by binding to and sponging miR-15a and by regulating the expression of YAP1 (Sun J. et al., 2019). Restoration of miR-15a can inhibit fibrogenesis (Chen Y. et al., 2019; Sun J. et al., 2019). However, according to Kuse et al. (2020), the expression of miR-15a in exosomes was strongly upregulated in bleomycin-induced PF. The reason for this discrepancy has yet to be elucidated; therefore, the use of miR-15a, especially that from exosomes, as a diagnostic and therapeutic target remains to be determined (Table 9).
TABLE 9 | The roles of miR-15a in lung disease.
[image: Table 9]miR-23 regulates epithelial–mesenchymal transition
MiR-23 belongs to the miR-23/24/27 cluster and is highly correlated with cell proliferation, differentiation, invasion, migration, and EMT in cancer (Cao et al., 2012; Zheng et al., 2014). Previous research demonstrated that miR-23 was significantly increased in high glucose-treated EMT in mesothelial peritoneal cells, and inhibition of miR-23 attenuated the process of EMT (Yang L. et al., 2017). Similarly, knockdown of miR-23b could reverse TGF-β-induced liver fibrosis by regulating COLA1 and ACTA2 expression and stellate cell activation (Rogler et al., 2017). Aberrant expression of miR-23a-3p, miR-23b-3p, and miR-23b-5p was recently detected in PF (Kuse et al., 2020). However, exosomal miR-23a inhibited myofibroblast differentiation through inhibition of the TGF-β/SMAD pathway during wound healing (Fang et al., 2016), and was thus used in the experimental treatment of PF (Tan et al., 2018). Moreover, extracellular vesicles derived from umbilical cord MSCs enriched with miR-23 alleviated PF by inhibition of TGF-β signaling (Shi et al., 2021). The precise effect and mechanism of the miR-23 family requires further investigation (Table 10).
TABLE 10 | The roles of let-7d-5p in lung disease.
[image: Table 10]DISCUSSION AND FUTURE PERSPECTIVES
Interest in the contribution of exosomes to the maintenance of lung homeostasis and the progression of PF, as well as the potential therapeutic utilization of exosomes, has increased substantially in recent years. Exosomes are critical for intercellular communication, immune response, immune regulation, inflammation, and cell phenotype transformation, and play a vital role in PF. This review summarized recent advances regarding the status of exosomes as potential biomarkers and therapeutic tools in PF. The potential involvement of exosomes in the pathological process of PF was first reviewed by describing the relevant characteristics of exosomes in PF, which highlights the potential value of exosomes as PF markers and therapeutic targets. Second, mouse in vivo and in vitro models were reviewed to demonstrate that multiple sources of exosomes have therapeutic effects on PF. These studies have collectively indicated that exosomes can be used as a therapeutic tool for PF and can reduce the risk associated with cell engraftment. Furthermore, exosomes have the potential to develop cell-free therapies. The main contents of exosomes are discussed, and the potential miRNA targets of PF are enumerated to highlight future research directions for elucidating the mechanism of exosomes in the treatment of PF. Exploration of the functional properties of exosomes in the context of PF could also reveal new avenues for therapeutic approaches.
Exosomes have potential clinical application value as a therapeutic tool for PF. However, several issues need to be addressed before they can be used in clinics. First, the characteristics and functions of exosomes derived from multiple types of cells should be extensively studied for safety aspects in future clinical applications. Exosomes can target several signaling pathways and molecules and therefore may induce previously unknown effects. Furthermore, treatments aimed at specific targets can cause persistent or lethal outcomes. Thus, thorough investigations of exosomes should be conducted to provide comprehensive information. Second, the exosomes need to be delivered with precision. Identification of target cells and limiting the destination to specific cells, for instance, fibroblasts/myofibroblasts, abnormal alveolar epithelial cells or immune cells in PF, should be performed to accurately interpret and correct the biological function. Finally, a manufacturing practice-grade standard protocol for the isolation and utilization of cell-free exosomes should be proposed. For the use of exosomes as diagnostic, prognostic, and therapeutic targets, the related protocols should be optimized and standardized to minimize variations due to technical issues.
There are some limitations to this review. First, when discussing exosomes as a potential therapeutic tool for PF, the mechanism of action was not explored in depth; only the potential miRNA targets were listed, and the description focused on the role of exosomes through miRNAs. Second, the review does not systematically discuss the major cells in PF that are altered by exosomes—fibroblasts, epithelial cells, and macrophages—so the specific cellular targets of exosomes in PF remain unclear, and further discussion on the mechanism of action is needed. In addition, each miRNA is known to have multiple targets. For example, miR-21-5p could alleviate HILI via the SKP2/Nr2f2/C/EBPα axis (Wu et al., 2022), PTEN/AKT signaling (Qin et al., 2019), inhibition of MAP2K3 (Qi et al., 2021) or by directly binding to the target gene PGAM5 (Liu et al., 2020). Although a single miRNA can often regulate multiple targets within a pathway or network, there are also risks of unpredictable and opposite effects on additional miRNA targets. Sun et al. (2015) demonstrated that miR-214 mediates cardiac fibroblast proliferation and collagen synthesis via inhibition of Mfn2 and activation of ERK1/2 MAPK signaling, but Dong et al. (2016) reported that miR-214 exerts cardio-protective effects by inhibition of fibrosis, and the inhibitory effect involves TGF-β1 suppression and MMP-1/TIMP-1 regulation. It is therefore feasible that the use of miRNA for disease therapy might have adverse implications for other essential biological pathways. Before clinical application in PF, further experiments are needed to explore the targets of miRNAs and their mimics in vivo and to determine their effects on other signaling pathways to avoid potential adverse effects.
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Organ fibrosis is a common pathological change that finally results in organ failure, which involves the destruction of parenchyma cells, the activation of mesenchymal cells and the imbalance of immunological cells. In recent years, although some breakthroughs have been made in understanding the pathogenesis and therapeutics of organ fibrosis, no registered drugs could directly target the fibrotic process, which constitutes a major biomedical challenge. Salvia miltiorrhiza (SM) is a well-known medicinal plant in China, which has been widely applied because of its pharmacological effects on anti-oxidative, anti-myocardial infarction, anti-fibrotic, anti-inflammatory, and anti-neoplastic properties. Accumulated evidence suggested that SM played critical roles against organ fibrosis in vivo and in vitro experiments by its multiple biological compounds. In this review, we discussed the recent advances on the phytochemistry and pharmacological mechanisms of SM and its active ingredients in liver, lung, kidney, and heart fibrosis, which might help to promote the treatment of fibrotic diseases in thorax and abdomainal viscera in clinic.
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INTRODUCTION
Fibrosis, defined as fibroblast proliferation and excessive accumulation of extracellular matrix (ECM) in the broadest sense, was associated with a high cost in morbidity and mortality at a global level (Wynn and Ramalingam, 2012). In solid organ fibrosis, such as thorax and abdomainal organ fibrosis, activated fibroblasts presented overwhelming proliferating and invasion capacities, which could accelerate the development of fibrosis pathogenesis (Deng et al., 2021). Myofibroblasts, differentiated from fibroblasts, were then accumulated dramatically while ECMs were simultaneously synthesizd and deposited. Thus, these abnormal cell populations could contribute to the induction of fibrosis in major organs.
To date, many human diseases, including those of lung, heart, liver, kidney, bone marrow, brain blood vessels, and skin, correlated strongly with fibrosis. The main characteristics of organ fibrosis were typically presented with the chronic inflammation, the microvascular disturbances, the missing organ parenchyma and the loss-off function (Eddy, 2005). Therefore, fibrosis is a common pathway that might finally lead to organ failure. It was clear that organ fibrosis was a major clinical challenge. Currently, no registered drugs could directly target the fibrotic process. In contrast, traditional Chinese medicine (TCM) and its active ingredients had potential to target fibrosis in one organ or synchronously reversing fibrosis in multiple other fibrotic organs, which were increasingly recognized as effective therapies for fibrosis.
Herbal medicine and its active ingredients were believed to treat disease as a trusted source of medicine from ancient times. Salvia miltiorrhiza (SM) Bunge (Lamiaceae), known as danshen (Chinese), is a widely used medicinal plant in TCM (Figure 1). It has been used in China with a long history of two thousand years, which was recorded in the oldest materia medica book “Shen Nongs Classic of Materia Medica” (Shen Nong Ben Cao Jing, 100 BCE to 200 CE). Historically, SM was used to promote blood circulation for removing blood stasis, improving microcirculation and assuaging pain. In addition, SM was demonstrated to exert numerous pharmacological effects, including anti-oxidative, myocardial infarction, anti-fibrotic (Su et al., 2015), anti-inflammatory (Ma et al., 2016), anti-hypertension (Lee et al., 2009), and anti-neoplastic (Chen et al., 2014) and anti-bacterial (Lee and Kim, 2016) properties.
[image: Figure 1]FIGURE 1 | Overall appearance of Salvia miltiorrhiza Bunge (SM). (A)The aerial parts of SM. (B) The raw herb of SM.
Salvia miltiorrhiza Bunge contains ethanol-soluble compounds (such as various tanshinone analogues) and water-soluble active components (such as salvianolic acids) (Li et al., 2009; Pang et al., 2016). Accumulated evidence suggested that SM played critical roles against organ fibrosis in both animal experiments and clinical studies by its multiple biological ingredients, including anti-inflammation, anti-fibrosis, anti-oxidation and anti-apoptosis. In order to adequately define and elucidate the pharmacological functions of SM in organ fibrosis, pharmacology, phytochemistry, and safety of SM in organ fibrosis were hereby reviewed. For better understanding the pharmacological actions of SM against organ fibrosis, phytochemistry of SM were firstly summarized (Figures 2, 3).
[image: Figure 2]FIGURE 2 | Salvia miltiorrhiza and its ingredients could alleviate fibrotic condition in thoracic and abdominal organs.
[image: Figure 3]FIGURE 3 | Pharmacological mechanisms of SM and its active ingredients in liver, lung, kidney and heart fibrosis. Ingredients in SM, ① Salvia miltiorrhiza; ② Tanshinol; ③ Salvianolic acid B; ④ Salvianolic acid A; ⑤ Tanshinone IIA; ⑥ Dihydrotanshinone I; ⑦ Cryptotanshinone; ⑧ Magnesium Lithospermate B. Abbreviations, NK, natural killer cells; KC, Kupffer cell; HSC, Hepatic stellate cell; VEC, vascular endothelial cell; CFB, myocardial fibroblast; AEC, alveolar epithelial cell; RTEC, renal tubular epithelial cell; Bax, B-cell lymphoma-2-associated X protein; BCL2, B-cell lymphoma-2; Nrf2, nuclear factor-erythroid 2-related factor 2; HO-1, heme oxygenase-1; NKG2D, natural killer cell group 2D; NF-κB, nuclear factor kappa-B; IκB, inhibitor of nuclear factor kappa-B; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol-3-kinase; Akt, protein kinase B; mTOR, molecular target of rapamycin; MEF2, myocyte enhancer factor 2; TGFβ1, transforming growth factor β1; Smad, drosophila mothers against decapentaplegic protein 2/3; JAK1, Janus kinase one; STAT3, signal transducer and activator of transcription three; FGF19, fibroblast growth factor 19; FGFR4, fibroblast growth factor receptor 4; FAK, focal adhesion kinase; p-FAK, phosphorylated focal adhesion kinase; ERK, extracellular regulated protein kinases; p-ERK, phosphorylated extracellular regulated protein kinases; YAP, yes-associated protein; TEAD2, TEA domain family member two; IGFBP3,insulin-like growth factor-binding protein 3; TXNIP, thioredoxin interacting protein; NLRP3, Nucleotide-binding oligomerization domain; leucine-rich repeat and pyrin domain-containing three; iNOS, inductible nitric oxide synthase; MPO, myeloperoxidase; PERK, protein kinase R-like endoplasmic reticulum kinase; IRE1α, Inositol requiring enzyme1α; ATF6α, activating transcription factor 6α; IGF-2R, insulin-like growth factor 2 receptor; NOX2, nicotinamide adenine dinucleotide phosphate oxidase two; ROS, reactive oxygen species; MMP-2, matrix metalloproteinase-2; EMT, epithelial-mesenchymal transition; TGF-βRI, transforming growth factor β receptor I; GSH, glutathione; ERS, endoplasmic reticulum stress; HPSE, heparinase; SDC1,syndecan-1; NADPH oxidase, reduced nicotinamide adenine dinucleotide phosphate oxidase; ↑ activate; ↓ inhibit).
PHYTOCHEMISTRY OF SALVIA MILTIORRHIZA
There are more than 100 ingredients that were identified from SM so far, including lipid-soluble tanshinones and water-soluble phenolic compounds (Ma et al., 2015). Over 30 phenolic acids had been isolated from SM(Pang et al., 2016), including salvianolic acid A/B/C/D/E/F/G/H/I/J/K/N, rosmarinic acid, danshensu, protocatechuic acid, caffeic acid, lithospermic acid, caffeic acid, etc and other derivatives. Most of the phenolic acids had been conventionally isolated by continuous refluxing extraction and sonication in different solvents such as methanol, aqueous methanol (75%–95%, v/v) and aqueous ethanol (60%–95%, v/v) (XD et al., 2019). However, these methods also have some shortcomings. Most of them were time-consuming, which might promote phenolic acids converted into another kinds of compounds. In the last few years, novel emerging methods have been applied to extract phenolic acids, including microwave-assisted extraction (Gallo et al., 2010), supercritical fluid extraction (SFE) (Li et al., 2002), ultrasonic extraction (UAE) (Li et al., 2009), tissue-smashing based ultra-rapid extraction (Fan et al., 2014) and microsphere resin chromatography combined with microbial biotransformation (Kan et al., 2009).
Besides the hydrophilic salvianolic acids, the lipophilic terpenoids were also the major bioactive constituents of SM. Until now, at least 40 liposoluble compounds had been isolated from SM. Tanshinones and their analogues, including tanshinone I, tanshinone IIA, tanshinol A, tanshinol B, cryptotanshinone, dihydrotanshinone, danshenxinkun A, przewaquinone A, etc, were the main active diterpenoids in SM (Su et al., 2015). Some conventional extraction reagents, such as CHCl3, ethyl acetate, or petroleum ether, were used as the initial extraction solvent to isolate the tanshinones (XD et al., 2019). Besides these, extraction techniques such as soaking, percolation, reflux as well as ultrasound were generally applied for the extraction of tanshinones. However, tanshinones were present at lower concentrations than in the original SM, and many liposoluble constituents were instability, eg. cryptotanshinone and tanshinone IIA, etc (Li et al., 2008). Nowadays, these problems could be solved by a wide range of technique or approach, including infrared-assisted extraction (Chen et al., 2010), UAE (Li et al., 2009), surfactant-assisted extraction (Bi et al., 2011), SFE (Li et al., 2002) and pressurized-liquid extraction (Jiang et al., 2010).
Apart from the above, as SM was cultivation is scattered all over the country, the contents of main active constituents of SM might be influenced by environmental, altitude and cultivars factors (Wang et al., 2013; Zhao et al., 2016a). In addition, the active constituents might differ in intrinsically because of the various germplasms (Zhang et al., 2013; Zhao et al., 2016b). And the different genotypes of SM possessed their own specific ethylene responsive element binding protein gene (Cui et al., 2010).
PHARMACOLOGICAL ACTIONS OF SALVIA MILTIORRHIZA IN TREATMENT FOR ORGAN FIBROSIS
Liver fibrosis
Liver fibrosis is a key pathological hallmark of various chronic liver diseases, including auto-immune liver disease, viral hepatitis, alcohol, and non-alcoholic fatty liver disease (Friedman, 2010; Tsochatzis et al., 2014). Although significant achievements have been made in our understanding of the pathogenenic actions of hepatic fibrosis and cirrhosis, effective anti-fibrotic agents and therapies remain the unconquered areas in the fields of drug research and development (Schuppan and Kim, 2013). “Deficiency of vital essential and blood stasis” was response in development of liver fibrosis and cirrhosis, which was the basic TCM pathogenesis of this condition. Among these, blood stasis was a central component. In TCM theory, SM was considered to promote blood circulation for removing blood stasis and resolving microcirculation (Sun et al., 2005). SM was applied in treating splenomegaly due to schistosomiasis in the fifties of the last century in China. Since then, many Chinese patent medicines, typified by Fuzheng Huayu tablet/capsule, contained SM as an integral part against liver fibrosis and cirrhosis. Both in vitro and in vivo experiments confirmed that SM played anti-fibrotic roles in liver fibrosis and cirrhosis (Peng et al., 2018). These hepatoprotective mechanisms of SM were shown to be attributed to inhibiting inflammation, reducing oxidant stress, enhancing apoptosis of HSCs, decreasing hepatocellular injury and suppressing the functions of activation of HSCs without damaging the hepatocytes. In addition to the direct effects of inhibiting the activated HCSs, SM could indirectly enhance the activities of NK cell to reduce liver fibrosis (Peng et al., 2018). Several experimental studies had reported that SM could couple with some herbal medicines, such as radix astragali (Yang et al., 2008; Cao et al., 2020), stephania tetrandra (Chor et al., 2009), ligusticum chuanxiong and glycyrrhiza glabra (Lin et al., 2008), to exert the antifibrotic effects via alleviating collagen deposition and reducing inflammation in the liver. Moreover, the active anti-fibrotic ingredients from SM have gained an increasing amount of attention. Salvianolic acid A/B/C, danshensu, tanshinone IIA and dihydrotanshinone Ⅰ were reported to have noticeable pharmacological activities and were also representative active ingredients in SM. The anti-fibrotic activities of these compounds were exhibited significantly, especially inhibiting the activation of HSCs which was a stromal cell in the liver well known for its role in triggering the fibrogenic process both in vitro and in vivo. These results indicated that SM alone or in combination with other herbs were highly effective in anti-fibrotic therapeutic strategy. And the inhibitory effect of the ingredients from SM might be a continuation of its anti-fibrotic effect. More details were shown in Table 1.
TABLE 1 | Effects of SM and its active ingredients against liver fibrosis in vivo and in vitro.
[image: Table 1]Renal fibrosis
Renal fibrosis is a common feature of a range of chronic kidney diseases (CKDs) with the progressive and irreversible declines in renal functions. Renal tubulointerstitial fibrosis, glomerulosclerosis, and arteriosclerosis with perivascular fibrosis are the established characteristic of renal fibrosis (Liu, 2011). Excessive deposition of ECM, inflammatory cell infiltration, fibroblast accumulation, and myofibroblast expansion disrupt the local vasculature and impede the tissue repair, which accelerates the development of renal fibrosis in CKDs and eventually leads to kidney failure. Therefore, renal fibrosis is a hallmark of end-stage kidney disease.
Currently, despite remarkable progress in preclinical animal experiments, very limited therapeutics could inhibit or even reverse renal fibrosis effectively and safely. Haemodialysis, peritoneal dialysis and kidney transplantation are largely to the symptomatic approaches and palliation of symptoms, but cannot fundamentally improve the condition. In contrast, TCM can provide an alternative approach for treating renal fibrosis. SM and its main ingredients were demonstrated to have nephroprotective activities and anti-fibrotic functions via multiple pathways in adenine diet, streptozotocin (STZ) injection, 5/6 nephrectomy and unilateral urethral obstruction (UUO) induced renal fibrosis models (Table 2). Both water and ethanol extracts of SM presented protections in nephropathy and renal fibrosis via inhibiting the elevation of renal functions, improving the clinical symptoms of glomerular and tubular atrophy, alleviating focal calcium deposits, altering metabolites and reversing renal interstitial fibrosis and inflammation. Furthermore, it was revealed that SM suppressed renal fibrosis and epithelial trans-differentiation by inhibiting TGF-β/Smad and NADPH oxidase/ROS/ERK signaling pathways (Cai et al., 2018a). Beyond that, therapeutic application of SM was effective in combination with other agents. Astragalus membranaceus and SM could alleviate collagen deposition and metabolism, especially Tryptophan metabolism and Butanoate metabolism, in cyclosporin A-induced chronic nephrotoxicity and renal fibrosis. The further underlying mechanism might be lied in regulating the “gut-kidney axis” and modulating the disorder of miRNA-mRNA interaction profiles (Han et al., 2021).
TABLE 2 | Effects of SM and its active ingredients against renal fibrosis in vivo and in vitro.
[image: Table 2]In addition, active compounds in SM, such as protocatechualdehyde, salvianolic acid B, and tanshinone IIA, were also exert effects against renal fibrosis (Hu et al., 2020; Xu et al., 2020; Yang et al., 2021) in several renal fibrosis models. Protocatechualdehyde, a natural compound in the root of SM, was reported to decrease renal inflammation and fibrosis via mediating NF-κB/TGF-β1/Smad3/lncRNA9884/MCP-1 signaling pathway (Yang et al., 2021). Salvianolic acid B could notably reduce the renal injury and fibrosis in murine UUO model in vivo. The mechanism was confirmed to be related with the downregulation of HPSE/FGF-2/TGF-β1/α-SMA expression and upregulation of SDC1/E-cadherin levels in vitro (Hu et al., 2020). Tanshinone IIA was demonstrated to have excellent anti-fibrotic properties in streptozotocin-induced and 5/6 nephrectomy models, respectively (Ahn et al., 2010; Xu et al., 2020). More importantly, the mechanism for SM against renal fibrosis might be related to reducing endoplasmic reticulum stress to attenuate PERK signaling activities, decreasing expressions of Ang II, TGF-β1 and collagen IV, attenuating high glucose-induced EMT by up-regulating VDR levels on Wnt/β-catenin pathway and inhibiting HG-induced the epithelial-myofibroblast trans differentiation pathway (Ahn et al., 2010; Cao et al., 2017; Xu et al., 2020; Zeng and Bao, 2021a).
Pulmonary fibrosis
Pulmonary fibrosis is a chronic interstitial pulmonary disease caused by a diversity of insults, including smoke, chemical materials, microbial infection, and environment contamination (Noble et al., 2012). Pulmonary fibrosis (rather difficult to reverse), consisting of progressive and irreversible destruction of lung architecture caused by scar formation, could ultimately lead to organ malfunction, disruption of gas exchange, and death from respiratory failure (Wynn, 2011). Till now, no effective therapy could prevent or reverse the development of pulmonary fibrosis. Nintedanib and pirfenidone are proved by FDA to alleviate lung function and lung fibrosis, however, neither of these drugs are able to reverse pulmonary fibrosis. Currently, the only life-saving treatment available for patients with progressive lung fibrosis is lung transplantation. Thus, identifying drugs to ameliorate the pulmonary fibrogenesis is urgently needed.
Recently, TCM has played an indispensable role in the treatment of pulmonary fibrosis via its multi-components, multi-targets and multi-pathways. SM and its ingredients were demonstrated to have effects in extenuating pulmonary fibrosis (Peng et al., 2019). The effect of SM for treatment in pingyangmycin-induced experimental model, was reported for the first time in 1987 in China (Chen, 1987). In Table 3, we summarized the available literatures related to the mechanisms of SM and its ingredients against pulmonary fibrosis during the past 35 years. Among these, bleomycin (BLM) and silica were commonly used to induce pulmonary fibrosis in rats and mice. And TGF-β1-stimulated cultured lung fibroblast, such as HLFs and MRC-5, exerted as an excellent model for evaluating anti-fibrotic compounds in vitro.
TABLE 3 | Effects of SM and its active ingredients against pulmonary fibrosis in vivo and in vitro.
[image: Table 3]Peng et al. (2019) found that ethyl acetate extract of SM could alleviate bleomycin-induced lung fibrosis. The mechanism was associated with the reduction of ROS generation in fibroblasts, activation of Nrf2 pathway and inhibition TGF-β1/Smad3 pathway in vivo and in vitro. Single use of SM significantly ameliorated experimental lung fibrosis, and such effect was also exerted when combined with other herbal medicine. Combination of SM and ligustrazine were viewed to attenuate bleomycin-induced pulmonary fibrosis in rats via modulating TNF-α and TGF (Huang et al., 2018). Both the lipophilic ingredients (tanshinone IIA and cryptotanshinone) and hydrophilic ingredients (salvianolic acid A, salvianolic acid B, and magnesium lithospermate B) from SM have protective effects against pulmonary fibrosis, including reducing the proliferation of lung fibroblasts and protecting the alveolar epithelial integrity (Pan et al., 2014; Liu et al., 2018; Zhang Y. et al., 2019; Luo et al., 2021a).
Salvianolic acid B (SAB) was the most well studied active hydrophilic compound of SM against lung fibrosis. SAB had potent anti-fibrotic effects via blocking proliferation of lung fibroblasts, trans-differentiation and oxidative stress levels (Liu et al., 2018; Jiang et al., 2020). The pharmacological mechanisms of SAB were mainly related to the inhibition of TGF-βRI/Smad signaling in activated pulmonary fibroblasts. Tanshinone IIA were also weakened the myofibroblast proliferation by activating Nrf2/GSH signaling pathway to limit glutaminolysis (An et al., 2019).
Myocardial fibrosis
Myocardial fibrosis (MF) is characterized by excessive deposition of ECM in the cardiac interstitium, which is a pathophysiologic component of many chronic myocardial diseases. Although the pathological processes of MF involved the complex interaction of multiple cell types, activated fibroblasts and myofibroblasts are the major contributors, serving as the main source of collagen fibres in cardiac fibrosis (Gonzalez et al., 2018). Clinically available drugs for treating MF were applied including angiotensin-converting enzyme inhibitors (lisinopril) (Brilla et al., 2000), type1 angiotensin Ⅱ-receptor antagonists (losartan) (Diez et al., 2002) and mineralocorticoid-receptor antagonists (spironolactone) (Izawa et al., 2005), which target renin-angiotensin-aldosterone system. Besides, loop diuretics (torasemide) were also applied in clinical practice that targeting extracellular collagen processing (Lopez et al., 2004). However, no specific drugs exist for reversing myocardial fibrosis to the present date.
SM has been used in Chinese folk medicine to treat heart diseases for a long history in China. In recent years, multiple SM preparations such as compound Danshen tablets, compound Danshen Dripping Pill, Danshen injections, Danshen tablets and Danshen capsules have been used in treatment of cardiovascular problems. According to Chinese medicine theory, SM is considered to promote blood circulation and alleviate blood stasis so as to relieve pain, eliminate blood stasis and promote blood flow in treatment of MF. Similar to PF, SM, and its ingredients (e.g., Salvanic acid B) restrained fibroblasts activation and inhibited collagen deposition through suppressing oxidative stress and TGF-β1/smad signaling pathway in MF, especially blocking cardiac fibroblast proliferation and ECM synthesis (Zhang et al., 2015; Qiu et al., 2018a; Gao et al., 2019a). The mechanisms were mainly associated with inhibiting TGF-β1 expression and Smad2/3 phosphorylation, as well as restraining the release of myeloperoxidase (MPO) (Wang et al., 2017). In addition, tanshinone IIA, the main lipophilic bioactive components of SM, reduced the Ang II-induced activation of β-catenin and IGF-2R pathways, apoptosis and cardiac remodeling via ERs (Chen et al., 2017a). More details were shown in Table 4.
TABLE 4 | Effects of SM and its active ingredients against myocardial fibrosis in vivo and in vitro.
[image: Table 4]CONCLUSIONS AND OUTLOOKS
Organ fibrosis was a common endpoint of diverse chronic diseases with progressive tissue scarring and organ dysfunction that eventually led to organ failure and significant mortality world-wide (Wynn, 2004). Pulmonary fibrosis, cardiac fibrosis, hepatic fibrosis, and renal fibrosis were the most common four types of organ fibrosis in thorax and abdomainal viscera, which shared the same histopathological features, including the destruction of parenchyma cells, the activation of mesenchymal cells, and the imbalance of immunological cells. Fibrosis is a highly dynamic process in various organ systems. Indeed, despite certain achievements were made in clinic treatment, no specific drug for reversing fibrosis of either organ was approved by Food and Drug Administration. Numerous anti-fibrotic drugs against single-target and single-pathway single target have failed in clinical experiments, which revealed that the candidate drug against organ fibrosis should shift to multi-target and multi-pathway.
SM has been regarded as the most frequent used hepatoprotective and cardioprotective drug in TCM practice. Accumulated evidence suggests that SM and its active ingredients exerted protective effects on fibrotic diseases in thorax and abdomainal viscera. The mechanism of how SM and its ingredients benefit fibrosis treatment including but not limited to decreasing inflammation, alleviating oxidative stress, regulating collagen production and degradation, and preventing tissue injury through different signaling pathways (Figures 2, 3). In fibrotic diseases, SM and its ingredients exerted anti-fibrotic functions in different organs via different mechanisms. But they share the same core aim: to lower the fibrous septa in the viscera. It has been known that the activated fibroblasts and myofibroblasts, mainly activated by TGF-β1, are the principal cells of producing ECM (Henderson et al., 2020). On the one hand, SM and its ingredients could inhibit the activation of fibroblasts and myofibroblasts through TGF-β/Smad signaling pathway in fibrotic organs, which contributed the acceleration of ECM degradation, decrease of collagen cross-linking and inhibition of collagen/ECM deposition. And on the other hand, ECM degradation, blocked by SM and its ingredients, could alleviate the cell-ECM interactions to limit the excessive activation of fibroblasts and myofibroblasts.
However, despite of the encouraging progress in our understanding of the efficacy of SM in organ fibrosis, a nonnegligible translational gap remained between bioactive novel constituents extracted form SM and conversion into effective patient therapies and pharmacological agents. Besides, most of the known mechanisms were explored from in vitro experiments with a single cell line. Some advanced experimental designs, such as 3D culture system of co-culturing with a diverse array of cells in vitro and transgenic mice experiments in vivo, were urgent needed to verity the above discoveries. And although the efficacy of Chinese patent medicine from SM and its ingredients have been repeatedly tested in clinical treatment of organ fibrosis, more further studies are needed to better understand the mechanism and to serve the patients. In addition, because of the insufficient bioavailability of SM and its ingredients in poor solubleness, which leads to low oral bioavailability and delivery problems, advanced drug carriers are meaningful to develop, so as to enhance the tissue targeting, expand the clinical applications for the patients suffering from organ fibrosis.
In summary, though many shortcomings exist in the current studies, pharmacological studies and clinical practices have demonstrated that SM and its ingredients are considered to have good clinical efficacy and widespread application prospects. With the implementations of further research, it is believed that more systematic molecular mechanisms and anti-fibrotic targets of SM and its ingredients could be identified and elucidated to improve the treatment for patients with organ fibrosis.
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Objective: Propofol is the most widely administered intravenous anesthetic to induce deep sedation for gastroscopy procedures. Coadministration of nalbuphine can provide analgesia and sedation to patients experiencing visceral pain, thereby decreasing the amount of propofol needed and reducing the risk of propofol-induced adverse events. We carried out this study to determine the median effective dose (ED50) of propofol in combination with different dosages of nalbuphine and the optimal dosage of nalbuphine during painless gastroscopy.
Methods: We recruited sixty-five patients aged 18–60 years who underwent elective painless gastroscopy. A total of sixty-one patients were allocated randomly to the N1 group (nalbuphine 0.1 mg/kg) or N2 group (nalbuphine 0.15 mg/kg). Three minutes after administration of nalbuphine, patients received a preset dose of propofol at 2.0 mg/kg with a dose gradient of 0.2 mg/kg according to Dixon’s “up-and-down” method. The primary outcome was the ED50 of propofol in combination with nalbuphine. Hemodynamic parameters, recovery time, pain score, and adverse events were recorded as secondary outcomes.
Results: The ED50 of propofol in the N2 group was significantly lower than that observed in the N1 group (p < 0.01). Using probit analysis, the ED50 and ED95 of propofol were 1.632 mg/kg and 2.759 mg/kg in the N1 group and 1.111 mg/kg and 2.243 mg/kg in the N2 group, respectively. The incidence of hypotension in the N2 group was lower than that in the N1 group (p < 0.05), and the recovery time was shorter than that of the N1 group (p < 0.05).
Conclusion: In adult patients, 0.15 mg/kg nalbuphine led to a significant reduction in the ED50 and ED95 of propofol during gastroscopy. This dose of nalbuphine also reduced the incidence of hypotension and shortened the recovery time. Therefore, nalbuphine (0.15 mg/kg) combined with propofol is a safe option for enhancing recovery after painless gastroscopy in adult patients.
Clinical Trial Registration: [https://www.chictr.org.cn/edit.aspx?pid=126699&htm=4], identifier [ChiCTR2100053204].
Keywords: nalbuphine, propofol, gastroscopy, dose-effect relationship, ED50
INTRODUCTION
Gastroscopy is widely used to diagnose or treat esophageal and gastric diseases and may reduce the incidence and mortality rates of upper gastrointestinal tract cancer in areas with high cancer risk in China (Xia et al., 2021). In 2018, 22.2 million gastrointestinal endoscopies were performed in the United States, and 284,844 new cases of gastrointestinal cancer were diagnosed (Peery et al., 2022). However, gastroscopy is a painful and unbearable procedure without sedation and analgesia. Therefore, the vast majority of endoscopic examinations (>98%) were performed under sedation (Cohen et al., 2006).
Propofol sedation in gastroscopy has become a mainstay of clinical practice due to its shorter onset, faster recovery, antiemetic effect, better acceptance and higher diagnostic accuracy of the procedure (Meining et al., 2007; Wang et al., 2013; Committee et al., 2018). However, propofol alone appears to have several dose-dependent adverse effects, such as respiratory depression, hypotension, hypoxemia and injection pain (Vaessen and Knape, 2016; Yin et al., 2019; Stogiannou et al., 2018). Thus, μ-receptor opioids, such as remifentanil, fentanyl or sufentanil, can be combined with propofol to reduce propofol-related adverse events in clinical practice (Xu et al., 2008; Zhang et al., 2014; Li et al., 2016; Yin et al., 2019; Yu et al., 2019; Wang et al., 2020; Dossa et al., 2021). However, there is still a high incidence of severe hypoxemia (SPO2 < 90%) and hypotension when these μ-receptor opioids are combined with propofol during gastrointestinal endoscopy (Xu et al., 2008; Lin et al., 2019), which may result in longer recovery time and higher financial burden.
Nalbuphine, a κ-opioid receptor agonist and μ-opioid receptor antagonist, provides analgesia, a sedative effect, less respiratory depression, and increased patient comfort (Chestnutt, 1987; Jaffe et al., 1988; Sury and Cole, 1988). Compared to sufentanil, Sun suggested that nalbuphine provides a better analgesic effect for visceral pain and higher patient satisfaction after cesarean section (Sun et al., 2020). Nalbuphine at 0.162 mg/kg combined with propofol was reported to be effective and safe for painless gastroscopy in adults (Li et al., 2021). Our center also found that 0.1 mg/kg nalbuphine could effectively inhibit the injection pain associated with propofol and reduce the total dosage of propofol needed for gastroscopy (Wang et al., 2020). However, the minimum effective dose of propofol in combination with nalbuphine has not yet been determined. Therefore, the current study was to investigate the median effective dose (ED50) of propofol combined with different doses of nalbuphine during gastroscopy in adult patients.
MATERIALS AND METHODS
The current randomized controlled trial was approved by the Ethical Committee of The First Affiliated Hospital of Anhui Medical University (China, Approval No. PJ 2021-14-15) and registered in the Chinese Clinical Trial Registry (https://www.chictr.org.cn/edit.aspx?pid=126699&htm=4, ChiCTR2100053204; 14 November 2021). All patients in our study provided written informed consent.
Patients
We recruited patients who were scheduled for painless gastroscopy or biopsy with American Society of Anesthesiologists (ASA) physical status I or II. All patients were adults aged 18–60 y with a body mass index (BMI) between 18 and 24 kg/m2.
The exclusion criteria were as follows: age <18 y or >60 y; ASA III or higher; overweight (body mass index >24 kg/m2); allergy to nalbuphine or propofol; liver or kidney dysfunction; history of neurologic, respiratory or heart diseases; mental illness, sedative or analgesic drug abuse; duration of gastroscopy >30 min; inability to provide informed consent.
Clinical protocol
Based on the dose of nalbuphine (Rui Jing, Yichang Humanwell Pharmaceutical, Hubei, China; lot no. 21J04021), patients were assigned randomly to an N1 group (0.1 mg/kg nalbuphine) or an N2 group (0.15 mg/kg nalbuphine) at a 1:1 ratio using computer-generated randomized numbers.
All patients fasted for 8 h, had no water for 2 h and did not receive any preoperative medication before the gastroscopy. Standard physiological monitoring, including oxygen saturation (SpO2), blood pressure, respiratory rate (RR) and electrocardiogram, was applied every 2 min, and venous access to the upper limb was secured in the operating room. Nalbuphine in both groups was diluted into 10-ml syringe by an anesthesiologist who did not participate in the case collection. When nalbuphine was given intravenously, oxygen was supplied by a mask (5 L/min). Approximately 3 min after nalbuphine administration, propofol (AstraZeneca, Cambridge, United Kingdom; lot no. RX455) was injected within 60 s. Sedation levels were assessed with the Modified Observer’s Assessment of Alertness/Sedation Scale (MOAA/S) every minute during gastroscopy (score of 5: responds quickly to name spoken in normal tone; score of 4: lethargic response to name spoken in normal tone; score of 3: responds only after name is called loudly and/or repeatedly; score of 2: responds only after mild prodding or shaking; score of 1: responds only after painful trapezius squeeze; 0 score: no response after painful trapezius squeeze). Gastroscopy was performed after the patient’s MOAA/S score was ≤2 (Patel et al., 2005; Kang et al., 2021). All anesthetic injections and management were performed by the same senior anesthesiologist, and the examination was conducted by the same group of experienced endoscopists.
We assessed the threshold for all-or-none responses to gastroscopy using the up-and-down method (Dixon, 1991). Propofol was administered at a preselected dose of 2.0 mg/kg, and a booster injection of 0.5 mg/kg propofol was administered if the patient could not tolerate the operation of the gastroscope, which was indicated by frowning, cough, or any physical movement when gastroscopy was placed within 5 min after propofol injection. Accordingly, the dosage of propofol for the next patient was increased by a step size of 0.2 mg/kg, and if the gastroscopic examination was successfully completed, the dose for the next patient to be examined was decreased by 0.2 mg/kg. The corresponding propofol dose at the midpoint of negative and positive responses was defined as the effective dose of propofol for 1 crossover, and the effective dose in each group was the average of the 7 crossovers in this group.
The primary outcome was the ED50 of propofol in the two groups. Secondary outcomes included initial dose of propofol; duration of procedure (the time from endoscopic implantation to endoscopic withdrawal); time of opening eyes (the time from losing consciousness to opening eyes); orientation recovery time (the time from losing consciousness to answer the name and location); systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR) and respiratory rate (RR) before induction (T1), after induction (T2), end of gastroscopy (T3), and opening eyes (T4); adverse events; pain score at the time of anesthesia recovery by visual analog scale (VAS, 0 = painless and 10 = severe pain); and duration of stay in the postanesthesia care unit (PACU; the time from endoscopic withdrawal to Steward score of 6). An anesthesiology resident who was blinded to group assignment recorded the data.
Systolic blood pressure decreased by more than 20% compared with the preoperative baseline value, or the mean arterial pressure was less than 60, which was regarded as perioperative hypotension. Patients with intraoperative hypotension were immediately treated with phenylephrine (20 μg). Atropine (0.5 mg) was administered if patients had bradycardia (HR < 50 bpm). If hypoxemia (SpO2 < 95%) appeared, the lower jaw was lifted; if the SpO2 did not improve or continued to drop to less than 90% (severe hypoxia), pressure-assisted ventilation with a mask was performed.
Statistical analysis
According to another article in our center, the incidence of hypotension during gastroscopy was 44% with 0.1 mg/kg nalbuphine combined with propofol (Wang et al., 2020). We assumed a 50% reduction in hypotension with 0.15 mg/kg nalbuphine, requiring 50 samples per group to achieve a power of 0.8, an α significance level of 0.05, and a loss to follow-up rate of 0.1. We also applied the 7 crossovers recommended by the up-down method of Dixon’s approach for sample size calculation (Dixon, 1991; Chen et al., 2021). All data analyses were performed by SPSS version 23.0 (IBM Inc., Armonk, NY, United States), provided by the Medical Data Processing Center of the School of Public Health of Anhui Medical University. Normally distributed continuous variables were expressed as the means ± standard deviations (SD) and compared by independent-samples t test. Nonnormally distributed data are presented as medians (interquartile ranges, IQR) and analyzed by the Mann–Whitney U test. Categorical variables were expressed as frequencies (%) and compared with Fischer’s exact test. The ED50 of each group was calculated as the average of 7 crossovers of the dose of propofol, and then, the ED50 values in the two groups were compared by independent-samples t test. We also applied the probit method (probability unit regression) to analyze the up-and-down sequences in each group and to calculate the ED50 and 95% effective dose (ED95) of propofol in the two groups. Repeated measures ANOVA was used to analyze hemodynamic and respiratory changes. A p value less than 0.05 was considered statistically significant.
RESULTS
Included patient information
From November 2021 to March 2022, sixty-five patients were assessed for eligibility, and four patients were excluded: two patients declined to participate, and two patients did not meet the inclusion criteria. When 31 patients were included in the N1 group and 30 patients in the N2 group, the 7 crossovers of each group occurred. Therefore, sixty-one patients were enrolled and allocated randomly to the N1 and N2 groups, and the data of 61 patients were finally analyzed (shown in Figure 1). The baseline data between the two groups showed no significant difference (Table 1).
[image: Figure 1]FIGURE 1 | Flowchart of patient enrollment, allocation, and analysis.
TABLE 1 | The general characteristics of patients in the two groups.
[image: Table 1]The ED50/ED95 of propofol combined with different doses of nalbuphine
The ED50 of propofol in the N2 group was significantly lower than that observed in the N1 group (1.20 ± 0.38 vs. 1.66 ± 0.38 mg/kg, p < 0.01) (Table 2). The results of the ED50 of propofol in the two groups were similar using probit analysis, which were 1.632 mg/kg in the N1 group and 1.111 mg/kg in the N2 group. The ED95 values of propofol in the N1 and N2 groups were 2.759 mg/kg and 2.243 mg/kg, respectively. (shown in Figures 2, 3). The sequential doses of propofol combined with different doses of nalbuphine in gastroscopy are shown in Figures 2, 3.
TABLE 2 | Comparison of perioperative outcomes and adverse events between the two groups.
[image: Table 2][image: Figure 2]FIGURE 2 | Sequential dose adjustment of propofol when combined with 0.1 mg/kg nalbuphine by the Dixon method in the N1 group. The open circle represents an effective dose; the filled triangle indicates an ineffective dose. The ED50 and ED95 were 1.632 mg/kg and 2.759 mg/kg, respectively, in the N1 group.
[image: Figure 3]FIGURE 3 | Sequential dose adjustment of propofol when combined with 0.15 mg/kg nalbuphine by the Dixon method in the N2 group. The open circle represents an effective dose; the filled triangle indicates an ineffective dose. The ED50 and ED95 were 1.111 mg/kg and 2.243 mg/kg, respectively, in the N2 group.
Comparison of intravenous anesthesia outcomes, procedure time and adverse effects
The initial time of propofol and the time of procedure did not differ between the two groups. Compared to the N1 group, the initial dose of propofol in the N2 group was significantly reduced (72.67 ± 23.54 vs. 102.35 ± 23.49 mg, p < 0.001). The total dose of propofol had similar results (88.1 [62.85, 118.20] vs. 108 [93.60, 134.80] mg, p < 0.01). The corresponding time of eye opening (5.31 [3.99, 6.22] vs. 6.43 [5.52, 7.93] min, p < 0.05), orientation recovery time (6.00 [4.99, 7.36] vs. 7.38 [6.25, 8.65] min, p < 0.01) and stay in the PACU (13 [12.10, 14.16] vs. 15 [13.20, 17.00] min, p < 0.05) were shorter in the N2 group than in the N1 group. There was a statistically significant difference in VAS score between the N1 and N2 groups (0 [0, 1] vs. 0 [0, 0]); p < 0.05). The incidence of injection pain of propofol and respiratory depression in the N2 group was slightly lower than that in the N1 group; however, there was no statistically significant difference between the two groups (p > 0.05). The incidence of nausea and vomiting between the two groups also showed no significant difference (p > 0.05). The results are all presented in Table 2.
Comparison of hemodynamic and respiratory parameters at different time points
Table 3 shows that systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart rate (HR) in the two groups were both significantly lower at T2 and T3 than at T1 (p < 0.05) (Table 3). The above indicators fluctuated more in the N1 group, and the incidence of hypotension in the N1 group was significantly higher than that in the N2 group (35.48% vs. 6.67%, p < 0.05). No difference was found in the respiratory rate values at different timepoints in each group or between the two groups (Table 3).
TABLE 3 | Comparison of hemodynamic parameters and respiratory rate between the two groups at different time points.
[image: Table 3]DISCUSSION
Previous studies demonstrated that propofol is a safe and effective anesthetic for all endoscopy procedures, even for high-risk patients, including those with hepatic encephalopathy (Wang et al., 2013; Yin et al., 2019; Edelson et al., 2020; Dossa et al., 2021; Kang et al., 2021). However, propofol alone would likely lead to inadequate conditions for esophageal instrumentation (Cris D LaPierre et al., 2012). Therefore, opioids are added to improve tolerability and minimize adverse events associated with high-dose propofol in clinical practice. Several studies have shown that sufentanil, fentanyl, and ketamine reduce the ED50 of propofol and the incidence of propofol-related changes in hemodynamics for patients during different endoscopy procedures (Li et al., 2016; Hayes et al., 2018; Yu et al., 2019; Chen et al., 2021). Compared with μ receptor agonists, nalbuphine did not cause significant respiratory or cardiovascular depression, nausea and vomiting, or pruritus (Charuluxananan et al., 2001; Riviere, 2004). Another study in our group showed that 0.1 mg/kg nalbuphine can effectively inhibit pain caused by uterine contraction. Consequently, nalbuphine combined with propofol is superior to sufentanil combined with propofol for first-trimester abortion surgeries (Fang et al., 2022). Li and colleagues determined the safety and feasibility of nalbuphine combined with propofol for painless gastroscopy in adults (Li et al., 2021). Our study is the first randomized dose‒response study to evaluate the effect of different doses of nalbuphine on the ED50 of propofol during gastroscopy in adult patients.
Our study showed that 0.15 mg/kg nalbuphine leads to a significant reduction in the ED50 of propofol required to prevent cough or body movement during gastroscopy implantation in adult patients (BMI 18-24). The probit method demonstrated that the ED50 of propofol in combination with 0.15 mg/kg nalbuphine was 1.111 mg/kg and 1.632 mg/kg when combined with 0.1 mg/kg nalbuphine. The ED50 of propofol in the N2 group decreased by a dose of 0.521 mg/kg compared with that in the N1 group (an approximately 32% decrease). The ED95 of propofol in the N2 group also decreased by 18.7%. Thus, the effect of κ-mediated sedation depends on increasing the nalbuphine dose, which was consistent with previous studies (Chestnutt et al., 1987; Li et al., 2021). Additionally, the results of the initial dose and total dose of propofol were consistent with those between the two groups, which led to a shorter recovery time (6.00 [4.99, 7.36] vs. 7.38 [6.25, 8.65]) and a lower incidence of hypotension (35.48% vs. 6.67%). The incidence of hypotension in the N2 group decreased by more than 50% when our sample size was calculated at the time of 7 crossovers, which was less than the sample size we initially calculated. Consequently, this drug combination may be more suitable and safer for elderly patients and patients with cardiovascular disease. The higher turnover efficiency of painless gastroscopy (stay of PACU, 13 [12.10, 14.16] vs. 15 [13.20, 17.00]) reduced waiting time to improve patient satisfaction due to the large number of gastrointestinal endoscopies. However, 0.2 mg/kg nalbuphine combined with propofol was reported to not achieve more benefits than the 0.1 mg/kg nalbuphine group for hysteroscopy in Chen’s study (Chen et al., 2021), which was different from our results. This may be related to different types of procedural variables and gender.
A review reported that nalbuphine was equivalent to 0.8 to 0.9 times the analgesic effect of morphine and had a longer duration than morphine at equianalgesic doses, while there was a ceiling effect of respiratory depression and minimal effects on cardiovascular function (Heel, 1983). Therefore, nalbuphine is suitable for outpatient analgesia. As expected, two different doses of nalbuphine both provided effective analgesia for visceral pain and relieved patient discomfort caused by gastroscopy. Evidence showed a statistically significant difference in VAS scores between the two groups (0 [0, 1] vs. 0 [0, 0]), although it had no clinical significance. Our data of nalbuphine doses are in line with a recent prospective study, in which the ED50 and ED95 of nalbuphine combined with propofol for adult patients during gastroscopy were 0.078 and 0.162 mg/kg, respectively (Li et al., 2021). The incidence of propofol-induced Injection pain in the N1 group (29.03%) was similar to that in previous reports (27%) of our center (Wang et al., 2020), while that in the N2 group (13.33%) was lower. In our study, the incidence of respiratory depression (<SpO2 95%) was 25.81% in the N1 group and 6.67% in the N2 group. No severe hypoxia occurred in either group, which was lower than the rate reported in a previous study (8.4%), while the prevalence of subclinical hypoxia in the N2 group was lower than that reported in a previous study (16.3%) (Lin et al., 2019). The two groups had similar fluctuations in SBP, DBP, and HR at T1, T2, T3 and T4. SBP, DBP and HR at T2 and T3 significantly decreased compared with those at T1. The hemodynamic decline was slightly greater in the N1 group. This should be attributed to the larger propofol dose. The respiration rate (RR) in the two groups did not differ much at T1, T2, T3 and T4. In conclusion, nalbuphine can effectively suppress visceral pain during gastroscopy with stable hemodynamics and mild respiratory depression.
Our study has some limitations. First, we only evaluated the ED50 of patients with BMI 18-24, excluding overweight and obese patients. Second, all of the participants were healthy adults with ASA I or II, excluding elderly patients or ASA III or higher patients. Accordingly, the recommended dose of nalbuphine combined with propofol in our study cannot be extended to these populations. Future studies should examine the dosages of nalbuphine combined with propofol among other populations.
CONCLUSION
In summary, the current study indicates that the ED50 values of propofol combined with nalbuphine are 1.632 (0.1 mg/kg of nalbuphine) and 1.111 mg/kg (0.15 mg/kg of nalbuphine), respectively. Treatment with 0.15 mg/kg nalbuphine led to a significant reduction in the ED50 of propofol, reduced the incidence of hypotension and shortened the recovery time. Therefore, nalbuphine (0.15 mg/kg) is a safe option for enhancing recovery after painless gastroscopy.
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It is generally accepted that the pathophysiology of idiopathic pulmonary fibrosis (IPF) can be attributed to impaired lung interstitium and alveoli, while airway involvement has rarely been reported. In the present study, we aimed to investigate the actual occurrence of IPF comorbid small airway dysfunction (SAD) and its impact on survival. Data from inpatients diagnosed with IPF at Shanghai Pulmonary Hospital (Shanghai, China) from 2011 to 2021 were retrospectively collected and analyzed. Lung function parameters were used to assess SAD. A total of 243 IPF patients were included in this retrospective study, and 84 cases (84/243, 34.57%) were diagnosed with SAD. The lung histopathology showed that all 48 cases undergoing lung transplantation presented various degrees of airway lesions, of which 18 patients (18/48, 37.5%) diagnosed with SAD before lung transplantation had a higher proportion of airway distortion and obliteration. The possible risk factors associated with IPF comorbid SAD were smoking, male, younger age, and high CT fibrosis and emphysema scores. By univariate Fine-Grey regression, the hazard ratio (HR) of IPF comorbid SAD was 1.725 (95% CI 1.071, 2.777, p < 0.05). After adjusting the CTPF model and GAP model, the value of HR was 1.714 (95% CI 1.043, 2.816, p < 0.05) and 1.731 (95% CI 1.074, 2.788, p < 0.05), respectively. These findings suggested that IPF comorbid SAD was an independent risk factor for the mortality of IPF patients.
Keywords: idiopathic pulmonary fibrosis, small airway dysfunction, mortality risk, combined with pulmonary fibrosis and emphysema, IPF combined obstructive ventilator dysfunction
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is the most common interstitial lung disease (ILD) (Raghu et al., 2018). Its pathophysiological process is generally recognized as that pulmonary interstitial hyperplasia leads to alveolar occlusion and damage. At the same time, the airways are spared, and the pulmonary function test (PFT) shows restrictive ventilation disorders, decreased total lung capacity (TLC), increased forced expiratory volume in one second (FEV1), normal or increased FEV1/FVC%, and decreased diffusing capacity for carbon monoxide (DLCO) (Gibson and Pride, 1977; Nicholson et al., 2002; Katzenstein et al., 2008). In recent years, IPF combined with pulmonary fibrosis and emphysema (CPFE) has been found in some studies, which usually exhibits fibrosis in the lower lobes combined with emphysema in the upper lobes (Cottin et al., 2005; Silva et al., 2008; Mitchell et al., 2015). Therefore, it is interesting to understand whether ILD/IPF patients combined with emphysema and bullae can cause airway dysfunction, which is a problem that has attracted the attention of scholars (Cottin et al., 2005). In 1977, Fulmer et al. (1977) have reported 12 patients (12/18, 66%) with airway stenosis in the lumen diameter of less than 2-mm air tube, and this stenosis lesion may be related to the patient’s clinical symptoms and disease severity by observing the pathological sections of 18 IPF patients by open-chest lung biopsy. Verleden et al. (2020) have compared pathological lung tissues of end-stage IPF patients undergoing lung transplantation with healthy donors without lung disease and found that the loss of terminal bronchioles is significant in IPF patients’ lung tissues. Guiot et al. (2022) have recently reported that about 15% of ILD patients have combined obstructive ventilator dysfunction diagnosed based on the PFT criteria FEV1/FVC < 70%, 7% (5/68) of IPF patients have obstructive ventilator dysfunction (O-IPF), and their small airway function is impaired significantly. Based on the above studies, we hypothesized that small airway dysfunction (SAD) might be a risk factor affecting the prognosis of IPF patients.
A review of the IPF genetics by Evans et al. (2016) has concluded that IPF is a complex genetic disorder with abnormal mucus cilia function, and the MUC5B promoter mutation rs35705950 is the most common risk factor for the development of IPF. Moreover, this mutation leads to overproduction of the mucus protein MUC5B, which obstructs the peripheral airways, leading to distortion, suppuration, and occlusion of small airways and resulting in pathological changes, such as infection and inflammatory cell infiltration. Some studies (Kirkham et al., 2008; Seibold et al., 2011) have reported that MUC5B is one of the primary mucins in the sputum of patients with chronic obstructive pulmonary disease (COPD). It can be seen that mutations in the MUC5B gene affect both IPF and COPD, which may be one of the mechanisms that complicate emphysema in IPF patients. The small airway is defined as bronchi with a lumen diameter of less than 2 mm (Macklem, 1998). SAD is commonly seen in COPD, bronchial asthma, and other chronic airway diseases (Halpin et al., 2021; Reddel et al., 2022). However, the incidence rate, major risk factors, and prognosis of IPF comorbid SAD remain unclear. At present, only very few clinical studies have focused on IPF comorbid SAD. Especially, there is a lack of large cohort studies to detect the incidence rate of IPF comorbid SAD and the impact on disease mortality.
In the present study, we explored the actual incidence rate of IPF comorbid SAD and its effect on mortality by retrospectively analyzing the lung function parameters, lung tissue pathology, and other clinical data of the IPF cohort. Collectively, our findings might help explore suitable preventive and therapeutic methods for them.
MATERIALS AND METHODS
Patient’s clinical data
In the present study, the medical records and survival statuses of 308 patients who were diagnosed with IPF in the Department of Respiratory Medicine at Shanghai Pulmonary Hospital from 2011 to 2021 were retrospectively analyzed. The cases were reviewed according to diagnostic criteria of the 2018 IPF International Guidelines (Raghu et al., 2018) by a multidisciplinary team composed of two respiratory physicians, two radiologists, two thoracic surgeons, and two pathologists. Information, such as the patient’s gender, age, PFT paraments, SpO2% (or SaO2%), chest HRCT, occupation, and smoking history, was collected. The artificial intelligence HRCT pulmonary fibrosis assessment system developed by our team was adopted to calculate the extent of fibrosis and emphysema patterns (Wu et al., 2022). All patients were followed up by clinical visits and telephone follow-ups. The follow-up data included patient survival, time of death (the year and month of death), cause of death, other complications, whether undergoing lung transplantation, and the time of lung transplantation. In addition, two pathologists interpreted the lung histopathology of patients undergoing lung transplantation at Shanghai Pulmonary Hospital. All donor’s lungs were deemed appropriate for transplantation on review of the clinical files, and each patient undergoing transplantation signed informed consent. All data used in this study were approved by the Ethics Committee of Shanghai Pulmonary Hospital (No. K17-016). The flowchart of patient screening and enrollment and the follow-up results are presented in Figure 1.
[image: Figure 1]FIGURE 1 | Case screening process A total of 308 cases were diagnosed with IPF by reviewing the medical records. Moreover, 27 cases were excluded after re-diagnosis according to the 2018 IPF guideline. Besides, 38 cases had incomplete CT and lung function data. Finally, 243 cases were included in the final retrospective analysis, including 57 cases undergoing lung transplantation. There were 84 surviving cases, and 15 cases were lost during follow-up. Besides, 87 deaths happened due to acute exacerbation of IPF, 57 patients underwent lung transplantation, and 48 of them accepted transplantation in Shanghai Pulmonary Hospital.
Small airway dysfunction diagnostic criteria by pulmonary function test
According to previous studies on lung function in the Chinese population (McFadden and Linden, 1972; Ciprandi et al., 2006; Perez et al., 2013; Lin et al., 2014; Xiao et al., 2020), three indicators of lung function were used to assess SAD, namely mid-maximum expiratory flow (MMEF), forced expiratory flow (FEF) at 50% of vital capacity (FEF50%), and FEF at 75% of vital capacity (FEF75%), and SAD was diagnosed when at least two of these three indicators were less than 65% of those predicted in the absence of bronchodilators.
Histopathological diagnostic criteria for small airway dysfunction
According to the literature on small airway disease (Kawabata et al., 2008; Katzenstein et al., 2010; Chen et al., 2013; Koo et al., 2018; Higham et al., 2019), small airway lesions are often caused by inflammation or inflammatory injury response around the airway. In our present study, the pathologists evaluated the pathologic morphology of the small airway as follows. 1. Airway distortion: the wall thickness of the small airway was significantly increased (but the lumen was unobstructed), and the structure was distorted. 2. Airway obliteration: submucosal fibrous hyperplasia accompanied by significant stenosis or even complete occlusion of the small airway lumen. 3. Airway metaplasia: the alveolar septum around the bronchioles had slight fibrosis, and the alveolar epithelium around the bronchioles was replaced by cuboidal or columnar cells. 4. Airway inflammation and mucous: the number of inflammatory cells in small airway submucosa was significantly increased and caused embolization of the lumen.
Statistical analysis
All analyses were performed using the statistical software IBM SPSS24.0, Stata/MP14.0, and GraphPad Prism 9. Measurement data were expressed as mean ± standard deviation (SD). Count data were presented as percentage (%) or proportion (%). The Kolmogorov-Smirnov test was used to analyze the distribution of variables. The t-test was used to analyze normally distributed variables in the bivariate analysis, while the Mann-Whitney U-test was used to analyze non-normally distributed variables. The chi-square test was used to compare qualitative variables. According to the collected data, logistic regression was used to determine the possible risk factors of IPF comorbid SAD. The variables that presented statistically significant differences (p < 0.05) in the bivariate analysis and were of clinical interest were included as the independent variables in the model. The forward stepwise technique (i.e., the Wald test) was then used to remove any variables with p > 0.1 from the final model. Patients’ survival time was defined from the date when patients’ data were acquired to the date of death endpoint or the last follow-up. The endpoint of this study was defined as the death caused by lung diseases. Lung transplantation was considered a competing risk event in this study. Other outcomes were treated as censored data. The Fine-Grey mortality risk regression model was adopted to analyze univariate risk and multivariate risk of SAD on the survival of IPF patients, and the hazard ratio (HR) and 95% confidence interval of each independent variable were calculated. A p < 0.05 was considered statistically significant.
RESULTS
Patients’ clinical characteristics
Figure 1 illustrates the patient screening flow chart. A total of 308 IPF cases were included by reviewing the medical records. Moreover, 27 (27/308) cases were excluded according to the updated IPF guideline in 2018 (Raghu et al., 2018). Besides, 38 cases were excluded because of their incomplete data in CT and/or lung function. Finally, 243 cases were included in the final retrospective analysis. Of 243 IPF patients, 57 patients received lung transplants (48 of 57 performed in Shanghai Pulmonary Hospital). Other patients were treated by routine therapies, including oxygen therapy, antifibrotic drugs, and antioxidants. According to the diagnostic criteria of PFT, 84 patients (84/243, 34.57%) were diagnosed with IPF comorbid SAD, and 159 patients were non-SAD. Table 1 shows the case characteristics of the two groups. There was a statistical difference in lung function parameters between the two groups, while other clinical features had no significant difference (Figure 2). In addition, as shown in Table 2, 11 patients (11/84, 13%) in the SAD group were diagnosed with O-IPF by the PFT criteria FEV1/FVC < 70%. Compared with non-O-IPF patients, O-IPF patients had worse small airway lesions (FEF50 pred%, FEF75 pred%, and MMEF pred%) (p < 0.05). Moreover, O-IPF patients had lower FEV1 pred%, higher emphysema score, and lower median survival. However, the difference was not significant, which might be attributed to the small number of cases.
TABLE 1 | Comparison of case characteristics.
[image: Table 1][image: Figure 2]FIGURE 2 | Comparisons of patients’ characteristics between the SAD and non-SAD groups. (A) FVC, forced vital capacity. FVC pred: the percentage of the actual FVC over the predicted FVC; (B) forced expiratory volume in 1 s (FEV1) % predicted; (C) FEV1/FVC ratio; (D) CPI, composite physiologic index. In 2002, Athol U. Wells and others proposed to use CPI, which combined chest CT and pulmonary functional parameters, to assess the severity of ILDs. A higher CPI represents a more severe ILD; (E) DLco, diffusing lung capacity for carbon monoxide. DLco% pred, the percentage of the actual DLco over the predicted DLco; Moreover, p < 0.05 indicates statistical significance.
TABLE 2 | Comparison between with and without obstructive ventilatory dysfunction in patients with IPF combined small airway dysfunction.
[image: Table 2]Characteristics of patients receiving lung transplantation
A total of 57 patients underwent lung transplantation. Among them, 48 patients accepted the operation at Shanghai Pulmonary Hospital, and their pathological lung tissue sections were preserved after transplantation. According to the latest PFT before transplantation, 18 patients (18/48, 37.5%) were diagnosed with IPF comorbid SAD. Table 3 lists the patient characteristics. The FEV1 pred% of the SAD group was lower (p = 0.004), and other lung function parameters showed no statistical differences. Patients receiving lung transplantation were younger in the SAD group (58, 66, p = 0.023). According to the assessment report of the pathological lung tissue section evaluated by the pathologist, all 48 cases exhibited pathological manifestations of usual interstitial pneumonitis (UIP) and had different degrees of airway lesions. Figure 3 shows the microscopic manifestations of pathological sections. Notably, Figure 4 and Table 3 reveal that the proportion of airway distortion and obliteration was higher in the SAD group.
TABLE 3 | Characteristics of lung transplantation cases.
[image: Table 3][image: Figure 3]FIGURE 3 | The pathologic image of SAD. (A) Airway distortion; (B) Airway metaplasia; (C) Airway obliteration; (D) Airway inflammation and mucous. The red arrow points to the lesion.
[image: Figure 4]FIGURE 4 | Comparisons of pathological characteristics between the SAD and non-SAD groups The pathological lesion types of airway distortion proportion and airway obliteration proportion were significantly high in SAD patients.
Risk factors of idiopathic pulmonary fibrosis comorbid small airway dysfunction
Table 4 shows the results of univariate and multivariate logistic regression analyses. Male patients with young age and high scores of pulmonary fibrosis and emphysema were more likely to be diagnosed with IPF comorbid SAD. However, p > 0.05 was found in both analyses. Therefore, independent risk factors associated with IPF comorbid SAD were not identified.
TABLE 4 | Factors associated with small airway Dysfunction logistic regression analysis.
[image: Table 4]Survival analysis
As shown in Table 5, on univariate Fine-Grey competitive risk regression analysis of IPF comorbid SAD, the HR value was 1.725 (95% CI: 1.071, 2.777, p < 0.05). After adjusting the CT fibrosis stage and pulmonary function, as well as physiological condition grade (CTPF model) and GAP model, the HR value became 1.714 (95% CI: 1.043, 2.816, p < 0.05, p < 0.05) and 1.731 (95% CI 1.074, 2.78). According to mortality risk curves after adjusting the different assessment predict models shown in Figures 5, 6, SAD patients had a higher risk of death than non-SAD patients in all models. These results suggested that patients with IPF comorbid SAD could be an independent risk factor for mortality.
TABLE 5 | Fine-gray death risk regression analysis results from different model factors.
[image: Table 5][image: Figure 5]FIGURE 5 | The cumulative risk of death with SAD and non-SAD in different CTPF stages based on the Fine-Gray regression model. (A) Cumulative death risk curve of patients with SAD and non-SAD in CT stage I; (B) Cumulative death risk curve of patients with SAD and non-SAD in CT stage II; (C) Cumulative death risk curve of patients with SAD and non-SAD in CT stage III; (D) Cumulative death risk curve of patients with SAD and non-SAD in grade a; (E) Cumulative death risk curve of patients with SAD and non-SAD in grade b; (F) Cumulative death risk curve of patients with SAD and non-SAD in grade c. As the cumulative dearth risk curve show, IPF comorbid SAD had a high dearth risk in all different CTPF stages. The red curve indicates that PFT diagnoses SAD. The yellow curve indicates that PFT diagnoses non-SAD. Note: CTPF model: A Mortality Risk Prediction model used to evaluate the severity of IPF based on Artificial Intelligence which was established by Li HP et al. CT stage: The stage was determined by using AI according to the system installed by Li HP et al. CT I: Honeycomb area rate was <5% of the entire lung. CT II: Honeycomb area rate was 5%–25% of the entire lung. CT III: Honeycomb area rate was >25%. PF grade: The grade was determined by using the pulmonary function and physiological parameters (age, gender, FVC% pred, DLco% pred, and SpO2%). The grade was defined as: mild (A), moderate (B), and severe (C).
[image: Figure 6]FIGURE 6 | The cumulative risk of death with SAD and non-SAD in different GAP stages based on the Fine-Gray regression model. (A) Cumulative death risk curve of patients with SAD and non-SAD in GAP stage I; (B) Cumulative death risk curve of patients with SAD and non-SAD in GAP stage II; (C) Cumulative death risk curve of patients with SAD and non-SAD in GAP stage III; IPF comorbid SAD had the high dearth risk in all GAP stages. Note: The red curve indicates that PFT diagnoses SAD; the yellow curve indicates that PFT diagnoses non-SAD. GAP (gender, age, and physiologic variables) stage followed the recommendation by Brett Ley, and a higher stage represented a greater death risk.
DISCUSSION
The pathophysiology of IPF is generally considered to be impaired lung interstitium and alveoli but rare airway involvement (Mead, 1970; Gibson and Pride, 1977; Nicholson et al., 2002). Our retrospective analysis consisting of 243 IPF patients showed that one-third (84/243, 34.57%) of IPF patients had SAD, and these patients had a significantly higher mortality risk compared with non-SAD patients (HR 1.725, p < 0.05), and the median survival was significantly shortened (34 ± 7.59 vs. 52 ± 5.34 months). Further stratified analysis showed that IPF comorbid SAD at different CTPF stages and GAP stages had a substantially higher risk of death compared with those non-SAD patients. Previous studies on IPF mortality prediction have mostly focused on FVC, DLCO, chest CT pulmonary fibrosis range, age, gender, and other parameters (King et al., 2001; Zappala et al., 2010; Ley et al., 2014), while no large-scale case-cohort studies have focused on SAD in IPF patients. In the present study, the sample size of IPF patients in our cohort reached 243, and our study showed that IPF comorbid SAD was an independent risk factor associated with the mortality of IPF patients.
Among the 84 patients diagnosed with SAD, only 11 cases (11/84, 13%) had significant obstructive ventilatory dysfunction (FEV1/FVC < 0.7), which was slightly higher than the value of 7% (5/68) reported by Guiot et al. (2022). In contrast, the majority of patients (87%) showed no significant obstructive ventilatory dysfunction by routine PFT. The results showed that the changes in small airway function indexes (MMEF, FEF50%, FEF75%) were more sensitive than normal airway function indexes (FEV1/FVC < 70%), by which abnormalities in IPF patients could be detected earlier. Table 2 shows that once IPF was combined with O-IPF, their SAD became worse (p < 0.001), and their median survival time was shortened.
The histopathology of patients undergoing lung transplantation in our cohort showed that all 48 IPF patients had diverse degrees of small airway lesions in their pathological section, while the proportion of airway distortion and obliteration was higher in patients with SAD diagnosed by the preoperative PFT (Table 3). The lesions of airway distortion and obliteration might be more critical pathological changes affecting SAD. SAD patients undergoing lung transplantation were younger compared with the non-SAD group, suggesting that patients with SAD progressed to the end stage of the disease more quickly. Some studies have found that in end-stage ILD, there is a significant reduction in the number of small terminal airways, showing loss of terminal bronchioles, fibroblastic foci, lymphocyte-dominated immune cell infiltration inflammation, increased lymphatic follicular volume fraction, and even emphysema with increased alveolar volume and more severe clinical symptoms through micro-CT, new in-vivo imaging methods, and other means (Fulmer et al., 1977; Kawabata et al., 2008; Katzenstein et al., 2010; Galban et al., 2012; Chen et al., 2013; Koo et al., 2018; Higham et al., 2019; Vasilescu et al., 2019; Verleden et al., 2020), which can partially explain why IPF patients are combined with small airway lesions and develop to CPFE eventually. Our study confirmed that the small airway lesion was a common feature of all end-stage IPF diseases. Based on our research, we speculated that the progression of IPF damaged pulmonary alveoli and interstitium first by fibroblast proliferation. Then it spread to the small airway to gradually impair the small airway function, finally invading the large airway. PFT would show apparent ventilation dysfunction when the airway obliteration and distortion developed severely. Therefore, clinicians should pay more attention to the changes in small airway function in IPF patients, adjust the therapeutic measures timely, and improve the effectiveness of treatment outcomes.
Previous studies of SAD have mainly focused on chronic airway diseases, such as COPD and asthma, and the risk factors associated with SAD are air pollutant exposure and smoking (Konstantinos Katsoulis et al., 2016; Usmani et al., 2016). Few clinical studies have focused on ILD with small airway lesions. Guiot et al. (2022) have reported that about 15% of ILD patients are complicated with obstructive ventilator dysfunction. Among them, 7% (5/68) of patients have IPF comorbid obstructive ventilator dysfunction and impaired small airway function. However, due to the small sample size, the risk factors are not analyzed. Our case-cohort logistic regression analysis found that patients with IPF comorbid SAD had higher proportions of smoking, male, younger age, and a larger range of pulmonary fibrosis and emphysema patterns in chest CT. However, the p values were not statistically significant in both multivariate and univariate regression analyses. Therefore, the independent risk factors associated with IPF comorbid SAD needed to be analyzed in a larger sample, multicenter, and long-term follow-up cohort.
There were several limitations in our study. First, even though our research found that O-IPF (11 cases) patients had a higher proportion of emphysema and shorter survival time, there was no significant difference due to the small sample size. Second, the detailed therapeutic process was not analyzed because of the retrospective analysis. Whether the patients with IPF comorbid SAD need to be treated by inhaled glucocorticoid and bronchodilators like COPD or other chronic airway diseases? Whether the patients can benefit from this treatment or not? All these questions need to be answered in future studies. Third, this study was a single-center retrospective analysis, and multicenter prospective studies with large samples are required.
In conclusion, we found that 30% of IPF patients had comorbid SAD, and the mortality risk of these patients was significantly higher compared with the non-SAD group. Moreover, no significant obstructive ventilatory dysfunction was found in 87% of patients with IPF comorbid SAD. When IPF patients had combined significant ventilatory dysfunction, the degree of SAD was worse, and the median survival time was shorter. These findings suggested that clinicians should pay more attention to the small airway function in IPF patients, and appropriate treatment should be explored.
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SNS-032 attenuates liver fibrosis by anti-active hepatic stellate cells via inhibition of cyclin dependent kinase 9
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Liver fibrosis is a common pathological process of all chronic liver diseases. Hepatic stellate cells (HSCs) play a central role in the development of liver fibrosis. Cyclin-dependent kinase 9 (CDK9) is a cell cycle kinase that regulates mRNA transcription and elongation. A CDK9 inhibitor SNS-032 has been reported to have good effects in anti-tumor. However, the role of SNS-032 in the development of liver fibrosis is unclear. In this study, SNS-032 was found to alleviate hepatic fibrosis by inhibiting the activation and inducing the apoptosis of active HSCs in carbon tetrachloride-induced model mice. In vitro, SNS-032 inhibited the activation and proliferation of active HSCs and induced the apoptosis of active HSCs by downregulating the expression of CDK9 and its downstream signal transductors, such phosphorylated RNA polymerase II and Bcl-2. CDK9 short hairpin RNA was transfected into active HSCs to further elucidate the mechanism of the above effects. Similar results were observed in active HSCs after CDK9 knockdown. In active HSCs with CDK9 knockdown, the expression levels of CDK9, phosphorylated RNA polymerase II, XIAP, Bcl-2, Mcl-1, and ɑ-SMA significantly decreased, whereas those of cleaved-PARP1 and Bax decreased prominently. These results indicated that SNS-032 is a potential drug and CDK9 might be a new prospective target for the treatment of liver fibrosis.
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INTRODUCTION
Liver fibrosis is a general pathological change that is induced by several chronic liver diseases, such as viral hepatitis, nonalcoholic steatohepatitis, primary cholestatic cirrhosis, and drug-induced liver disease. It is characterized by the excess accumulation of the extracellular matrix (ECM) in liver tissue (Strowitzki et al., 2019). The core event of fibrosis is the activation of hepatic stellate cells (HSCs), which synthesize and secrete large amounts of ECM (Tanwar et al., 2020). Acta2 (α-smooth muscle actin, α-SMA), the marker of active HSCs, and collagen type Ⅰα1 (Col1A1), one of the most crucial ECM proteins, are usually detected to evaluate the activation of HSCs and the stage of fibrosis (Chen et al., 2010a; Jin et al., 2011). When fibrosis develops, the production and apoptosis of active HSCs increase, with production exceeding apoptosis. This condition leads to the increase in the total number of active HSCs. In the recovery stage of fibrosis, the opposite phenomenon occurs, and the number of active HSCs decreases. Recent studies have demonstrated that the apoptosis of active HSCs could be induced by aquaporins and cytokines, such as nerve growth factors, and eliminated by natural killer cells (Oakley et al., 2003; Lakner et al., 2011; Kisseleva and Brenner, 2012). Although the apoptosis of active HSCs was observed many years ago, methods for selectively inducing this process remain lacking.
Cyclin-dependent kinase 9 (CDK9) is a member of the cyclin-dependent kinase (CDK) family (Matrone et al., 2015). Recent studies have suggested that CDKs play an important role in cell apoptosis, proliferation, activation, and survival (Santo et al., 2015). The CDK subfamily members CDK2, CDK4, and CDK6 regulate the cell cycle, whereas other CDK subfamily members, such as CDK7 and CDK9, affect the transcription of mRNA (Gérard and Goldbeter, 2016). CDK9 binds with cyclin families (cyclin T1, T2a, T2b, or K) to form a heterodimer kinase called positive transcription elongation factor b (P-TEFb), which is necessary and crucial for promoting the transcription and elongation of mRNA by activating RNA polymerase II (RNAP II) (Fujinaga, 2020). P-TEFb has two states: inactive and catalytically active. Commonly, P-TEFb is inactive when it is bound with hexamethylene bis-acetamide-inducible protein 1 (HEXIM1), methylphosphate capping enzyme (MePCE), Larp7, and 7SK small nuclear ribonucleoprotein (7SK snRNP) (Fujinaga et al., 2014). When DNA damage is induced by ultraviolet rays or other physical and chemical injuries, inactive P-TEFb releases HEXIM1, MePCE, Larp7, and 7SK snRNP and recruits bromodomain-containing protein 4 (BRD4) (or super elongation complex [SEC]; whichever factor is recruited varies in different cells), which activates the phosphorylation of CDK9 and provides the catalytic activity that can phosphorylate RNAP II (Zheng et al., 2021). RNAP II is one of the most important synthetic enzymes of mRNA elongation in eukaryotes (Liang et al., 2015). Phosphorylated CDK9 is the core of active P-TEFb, which finally determines the catalytic activity of P-TEFb. CDK9 inhibitors can inhibit the phosphorylation of RNAP II via inhibiting the phosphorylation of CDK9 and degrading CDK9 to block the activation of P-TEFb (Bose et al., 2013; Zhou et al., 2022).
SNS-032, a CDK9 inhibitor, has the IC50 ratio of inhibition with CDK9 of 4 nM, which indicates 10-fold selectivity over other CDKs (48 nM to CDK2, 62 nM to CDK7, 340 nM to CDK5, and little inhibitory effect on CDK6) in vitro (Chen et al., 2009; Conroy et al., 2009). The safety of SNS-032 has been evaluated in phase I clinical trial. And it has been used to treat hematopoietic diseases, such as B-lymphoid malignancies, chronic lymphocytic leukemia, mantle cell lymphoma, and multiple myeloma (NCT00446342), as well as some advanced solid tumors (NCT00292864) (Tong et al., 2010; Walsby et al., 2011). Recently, it has also been used to treat solid tumors, such as ovarian carcinoma, by preventing the proliferation and formation of capillaries through the inhibition of vascular endothelial growth factors (Misra et al., 2004; Ali et al., 2007). A recent study has shown that knockdown of CDK9 and a CDK9 inhibitor (LDC000067) could remarkably ameliorate renal fibrosis by blocking the phosphorylation of the Smad3 linker (Thr179) (Qu et al., 2015). However, the role of CDK9 inhibitors in the development of liver fibrosis is unclear. Therefore, the purpose of this study is to clarify the antiliver fibrosis effects of the CDK9 inhibitor SNS-032 and elucidate its possible mechanism in vivo and in vitro.
MATERIALS AND METHODS
Drugs and reagents
SNS-032 (lot CSN12378, a specific CDK9 inhibitor) was purchased from CSNpharm, Inc. (Shanghai, China). SB431542 [lot S1067, a transforming growth factor-β [TGF-β] receptor inhibitor and used as the positive drug for inhibiting activated HSCs (Gupta et al., 2016)], was obtained from Selleckchem, Inc. (Shanghai, China). Sorafenib tosylate, which was used as the positive drug in vivo as previously described (Lin et al., 2016), was bought from ChemBest Research Laboratories Ltd. (Shanghai, China). CCl4 was acquired from China Pharmaceutical Group Co., Ltd. (Beijing, China). Fetal bovine serum (FBS), Dulbecco modified Eagle’s medium (DMEM), penicillin–streptomycin solution, 0.25% trypsin with ethylenediamine tetra-acetic acid (EDTA), and 0.25% trypsin without EDTA were bought from Gibco (Thermo Fisher Scientific, Inc., MA, United States). Dimethyl sulfoxide was purchased from Sigma-Aldrich, LLC. (MUC, GER). Phosphate-buffered saline (PBS) was procured from Hyclone (Thermo Fisher Scientific, Inc., MA, United States). Recombinant human TGF-β1 was obtained from R&D (R&D Systems Inc., MN, United States). Serum alanine aminotransferase (ALT), aspartate transaminase (AST), Sirius red staining kit, and hematoxylin–eosin (HE) staining kit were provided by Jiancheng Bioengineering Institute (Nanjing, China). Annexin V–fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis kit and annexin V–allophycocyanin (APC) dye were purchased from BD Biosciences, Inc. (NJ, United States). Diaminyl phenyl indole (DAPI) dye was acquired from Beyotime Biotechnology, Inc. (Shanghai, China).
Animals and treatment
Forty-eight male C57BL6 mice (6-week-old, 18–20 g) were caged individually in a temperature- and humidity-controlled environment under a 12:12 light–dark cycle. After acclimation, they were kept in the Shanghai Model Organisms Center, Inc. (Shanghai, China) with the license number SCXK 2019-0002. Then, they were assigned into two groups randomly. The first group (control group, n = 8) was fed with normal diet and water freely. The second group (n = 40) was intraperitoneally injected with 2 ml·kg−1 15% carbon tetrachloride (CCl4)–olive oil on Mondays, Wednesdays, and Fridays for 3 weeks. Then, the mice in the second group were randomly allocated into five groups (experimental, low-dose SNS-032, medium-dose SNS-032, high-dose SNS-032, and sorafenib groups; n = 8). Subsequently, the mice in the low-, medium-, and high-dose SNS-032 and sorafenib groups were treated with 2.5, 5, and 10 mg·kg−1·day SNS-032 through intraperitoneal administration or 5 mg·kg−1·day sorafenib through intragastric administration for 3 weeks with the continuous injection of CCl4–olive oil. The CCl4 mouse model was used as the liver fibrosis model as previously described (Strnad et al., 2008).
All experiments were approved (ID. PZSHUTCM190315006) by the experimental animal ethics committee of the Shanghai University of Traditional Chinese Medicine and conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, NIH Publication 86–23, revised 1996).
Cell culture
The human hepatic stellate cell line LX-2 was obtained from the Institute of Liver Disease affiliated with the Shanghai University of Traditional Chinese Medicine. LX-2 was cultured with DMEM containing 10% FBS in 5% CO2 at 37 C. The cells were passaged when their density reached 80%.
Cell treatment
The human hepatic stellate cell line LX-2 was cultured on six-well plates or 6 cm culture dishes at the density of 2 × 106 cells per well or 4 × 106 cells per dish for 24 h. LX-2 was incubated with 5 ng·mL−1 TGF-β1 for 24 h to construct the activated HSC model in vitro as previously described (He et al., 2020). Then, the activated LX-2 cell line was treated with 0.04, 0.2, and 1 μM SNS-032 for 24 h H2O2 with the concentration of 200 μM was used as the positive drug in apoptosis induction (Shang et al., 2020), and 10 μM SB431542 was used as the positive drug in the inhibition of activated LX-2 (Premkumar and Shankar, 2021). Then, the cell lysates of each group were collected and stored at −80 °C in a refrigerator.
Establishment of the CDK9 knockdown LX-2 cell line
A CDK9 knockdown strategy using lentiviral vectors encoding CDK9 short hairpin RNA (shRNA) was utilized. LX-2 cells were incubated with lentiviral vectors at MOI ratio = 40 for 8 h. Then, the transfected cells were cultured and incubated with 4 μg·mL−1 purinomycin for 48 h to screen LX-2 cells with CDK9 knockdown. The lentiviral vectors (GV248) that carried CDK9 shRNA, green fluorescent protein (GFP), and antipurinomycin genes were designed, synthesized, and packed into the GV248 lentivirus by Genechem, Inc. (Shanghai, China). The RNA sequences of the three CDK9 shRNAs are listed in Supplementary Table S1.
HE staining
Liver tissues were dehydrated in a gradient series of alcohol and embedded in paraffin wax blocks. Before staining, 4 μm-thick liver tissue sections were dewaxed in xylene, rehydrated in decreasing concentrations of ethanol, and washed in PBS. Then, the sections were stained with HE. After staining, the sections were dehydrated in increasing concentrations of ethanol and xylene and covered with neutral resin.
Sirius red staining
Liver paraffin sections were dewaxed and rehydrated. Next, the slices were incubated with Sirius red dye for 10 min at 37 C. After being washed with ethanol for 2 min twice, the slices were immersed in dimethylbenzene for 10 min and covered with neutral resin and cover slips. High-resolution scanning and photography were performed with a Leica SCN400 Slide Scanning System (Leica, Inc., Wetzlar, GER). The positive area of collagen was semiquantitatively analyzed by using Aperio Scope software (Leica, Inc., Wetzlar, GER).
Biochemical assays
The serum levels of AST, ALT, TBIL, and ALB were measured with test kits purchased from Jiancheng Bioengineering Institute (Nanjing, China) and a Beckman Coulter Synchron DXC800 Automatic Biochemical Analyzer (CA, United States) as described by the manufacturer.
Immunohistochemical staining
The liver paraffin sections were dewaxed and rehydrated first. After antigen repair and endogenous peroxidase elimination, the sections were treated with 10% goat serum for 30 min and subsequently covered with 1 μg·mL−1 Acta2 primary antibody (see Supplementary Table S2) at 4 C for 12 h. Horseradish peroxidase solution was added to conjugate the primary antibody, and 2% diaminobenzidine solution was used to visualize the positive area. The sections were stained with hematoxylin dye to visualize nuclei. Positive stained areas were semiquantitatively analyzed by using Aperio Scope software (Leica, Inc., Wetzlar, GER).
Annexin V–FITC/propidium iodide staining
After TGF-β1 and SNS-032 treatment for 24 h, the cells were digested with 0.25% trypsin, washed twice with cold PBS, and resuspended in 1× binding buffer at the concentration of 1 × 105 cells·mL−1. The cells were then stained with annexin V–FITC or annexin V–APC and PI dyes for 15 min at room temperature as described by the product protocol, detected through flow cytometry (FITC, peak excitation wavelength [Ex]: 495 nm/peak emission wavelength [Em]: 525 nm; PI, Ex: 535 nm/Em: 615 nm; APC, Ex: 650 nm/Em: 660 nm), and analyzed with WinMDI 2.9 software (Purdue University Cytometry Laboratories, IN, United States).
Immunofluorescence staining
LX-2 cells cultured on slides were washed with PBS and fixed with 4% polyformaldehyde for 20 min. Then, the cells were permeated with 0.5% Triton-X 100 for 15 min, blocked with 5% BSA in PBS for 30 min at room temperature, and incubated with the Col1A1 primary antibody (Supplementary Table S2) at 4 C for 12 h Cy3-conjugated or FITC-conjugated secondary antibodies (Supplementary Table S2) were used to visualize the primary antibodies, and DAPI or Hoechst 33342 was applied to visualize nuclei. The stained cells were mounted with antifluorescence quenching solution and viewed with a FV10C-W3 laser confocal microscope or a DP80 fluorescence inverted microscope (Olympus, Inc., TKY, Japan).
RNA isolation, reverse transcription, and qPCR
After treatment, the liver tissues were homogenized, and the LX-2 cells were lysed. Then, the total mRNA was extracted through the Trizol method in accordance with the manufacturer’s instructions. Reverse transcription and PCR were conducted as previously described (Liu et al., 2020). Primers (Supplementary Table S3) were designed and synthesized by Takara Bio (Takara Biotechnology Inc., Dalian, China).
Western blot analysis
Tissue homogenates or cell lysates were prepared and Western blot analysis was performed in accordance with previously described methods (Zhang et al., 2021). The gray value was analyzed, and the relative expression level of proteins was obtained by using ImageJ 1.51 software (NIH Image, Bethesda, MD, United States). The primary and secondary antibodies were purchased from Abcam (Abcam Inc., Shanghai, China) and are listed in Supplementary Table S2.
Statistical analysis
All the experiments were performed three times, and data were expressed as mean ± standard deviation. Student’s t test was used to compare the differences between two groups, whereas those among three and more groups were compared by using one-way analysis of variance with Tukey’s posthoc test. All statistical tests were two-sided, and p < 0.05 was considered as statistically significant.
RESULTS
SNS-032 improves liver function and fibrotic stage in vivo
Male C57BL/6 mice were intraperitoneally injected with 2 ml·kg−1 15% CCl4–olive oil on Mondays, Wednesdays, and Fridays for 6 weeks to establish a murine model of hepatic fibrosis. After 3 weeks of injection, the mice were treated with 2.5, 5, or 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib for 3 weeks (Figure 1A). Then, the sera and liver tissues of each group were collected. We found that the liver weight and liver/body weight ratio of the mice in the experimental group had significantly increased compared with those of the mice in the normal group (p < 0.001). Liver weight and liver/body weight ratio prominently decreased after treatment with 2.5, 5, or 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib (p < 0.05; p < 0.001; p < 0.001) (Figures 1B,C).
[image: Figure 1]FIGURE 1 | SNS-032 improves hepatic injury and liver fibrosis in CCl4-induced mice. Male C57BL/6 mice were intraperitoneally injected with 2 ml/kg 15% CCl4-olive oil on Monday, Wednesday and Friday for 6 weeks to establish a hepatic fibrosis model and treated with 2.5, 5, and 10 mg·kg−1 SNS-032 or 5 mg·kg−1 sorafenib for 3 weeks. Each group had 8 samples (n = 8). (A) The flowchart of murine model establishment and treatment. (B) Liver weight. (C) Liver/body ratio. (D) H&E staining (magnification: ×100 and ×400), Sirius Red staining (magnification: ×100), and immunohistochemical staining of Acta2 (magnification: ×100) were performed to observe the histopathological characteristics of liver tissue after the treatment of SNS-032 or sorafenib. Then, the semi-quantitative of Sirius Red staining (E), and Acta2 staining (F), were calculated. And the content of hydroxylysine in liver tissue (G), serum ALT (H), and AST (I), were detect. Comparing with experimental group, *p < 0.05, **p < 0.01, ***p < 0.001.
HE and Sirius red staining revealed that the deposition of fibers and collagen, the infiltration of inflammatory cells, and the degree of liver fibrosis had increased in the experimental group. We found that after treatment with 5 and 10 mg·kg−1 SNS-032, collagen deposition, inflammatory cell infiltration, and liver fibrosis degree significantly decreased (Figure 1D). The semiquantitatively analyzed Sirius red positive area and hydroxyproline content in liver tissue significantly increased in the experimental group but decreased in the 5 and 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib groups (p < 0.05; p < 0.001; p < 0.001) (Figures 1D,E,G). The percentage of the Acta2-positive area significantly increased in the experimental group but decreased in the 5 and 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib groups (p < 0.01; p < 0.001; p < 0.05) (Figures 1D,F). In terms of biochemical profiles, the serum levels of ALT and AST were significantly elevated in the experimental group and significantly decreased in the 5 and 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib groups (p < 0.05; p < 0.001; p < 0.001) (Figures 1H,I).
Then, the protein and mRNA expression levels of Acta2 and Col1A1 were assessed in liver tissues. The protein expression of Acta2 significantly increased in the experimental group but decreased in the 5 and 10 mg·kg−1 SNS-032 groups (p < 0.05; p < 0.01) (Figures 2A,B). Compared with that in the experimental group, the protein expression of CDK9 had significantly decreased in the 5 and 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib groups (p < 0.05; p < 0.05; p < 0.05) (Figures 2A,C). The mRNA expression levels of Acta2 (p < 0.001; p < 0.001; p < 0.001) and Col1A1 (p < 0.05; p < 0.05; p < 0.05) significantly increased in the experimental group but decreased in the 5 and 10 mg·kg−1 SNS-032 and 5 mg·kg−1 sorafenib groups (Figures 2D,E). Compared with that in the experimental group, the protein expression of CDK9 in the liver tissues in the 10 mg·kg−1 SNS-032 group had significantly decreased (Figures 2A,C). Interestingly, we found that active HSCs expressing Acta2 (green) underwent significant apoptosis after treatment with 10 mg·kg−1 SNS-032 (Figure 2F). These results illustrated that SNS-032 improves liver function and ameliorates hepatic inflammation and fibrosis in fibrotic model mice. Moreover, it induces the apoptosis of active HSCs in vivo. This effect may be related to the inhibition of CDK9.
[image: Figure 2]FIGURE 2 | SNS-032 alleviates liver fibrosis and induces the apoptosis of active HSCs in vivo. Male C57BL/6 mice were intraperitoneally injected with 2 ml/kg 15% CCl4-olive oil on Monday, Wednesday and Friday for 6 weeks to establish a hepatic fibrosis model and treated with 2.5, 5, and 10 mg·kg−1 SNS-032 or 5 mg·kg−1 sorafenib for 3 weeks (A) The protein expressions of Acta2 and CDK9. (B,C) The relative grey values of Acta2 and CDK9. (D,E) The mRNA expressions of Acta2 and Col1A1. (F) The co-immunofluorescence staining of Acta2, TUNEL, and DAPI in liver tissue (magnification: ×600). Comparing with experimental group, *p < 0.05, **p < 0.01, ***p < 0.001.
SNS-032 induces the apoptosis of active HSCs and inhibits the proliferation and activation of HSCs in vitro
In vitro, LX-2 cells were activated through incubation with 5 ng·mL−1 recombinant human TGF-β1 for 24 h as previously described (He et al., 2020). Acta2, a biomarker of active HSCs, and Col1A1 in TGF-β1-induced LX-2 were detected via immunofluorescence staining, and 10 μM SB431542 was used as the positive drug. The results showed that the expression levels of Acta2 and Col1A1 significantly increased in the experimental group but decreased in the 0.2 and 1 μM SNS-032 groups (Figures 3A,B). Then, the active LX-2 cells were treated with different concentrations of SNS-032 and 200 μM H2O2 for 24 h. Apoptotic cells were stained with Annexin V–FITC/PI dye and detected through flow cytometry. Compared with the treatment received by the experimental group, treatment with 0.2 or 1 μM SNS-032 and 200 μM H2O2 significantly increased the percentage of active LX-2 in the early and late stages of apoptosis (p < 0.001; p < 0.001; p < 0.001) (Figures 3C,D). Then, proliferative cells were marked through EdU (Azide 488, green) staining. Compared with the treatment received by the experimental group, treatment with 0.04, 0.2, or 1 μM SNS-032 significantly decreased the quantities of proliferative active LX-2 (p < 0.001; p < 0.001; p < 0.001) (Figures 3E,F). These results indicated that SNS-032 induced the apoptosis of active HSCs and inhibited the proliferation and activation of HSCs.
[image: Figure 3]FIGURE 3 | SNS-032 inhibits the activation and proliferation of LX-2 induced by TGF-β1, and promotes its apoptosis. LX-2 cells were incubated with 5 ng·mL−1 TGF-β1 and treated with 0.04, 0.2, 1 μM SNS-032, and 10 μM SB431542 (TGF-β1 inhibitor) for 24 h. The immunofluorescence staining of Acta2 (A, red) and Col1A1 (B, red) were observed by laser confocal microscope (magnification: ×600). Then, LX-2 cells were incubated with 5 ng mL−1 TGF-β1 and treated with 0.04, 0.2, 1 μM SNS-032 for 24 h, and 200 μM H2O2 for 6 h. The apoptotic cells of active LX-2 were stained with Annexin V-FITC/PI/PI and analyzed by flow cytometry (C). (D) The percentage of apoptotic cells. (E) The proliferation of active LX-2 detected by EdU (green) staining in LX-2 induced by 5 ng·mL−1 TGF-β1 (magnification: ×300). (F) The numbers of proliferating cells in each high power field. Magnification: ×300. Comparing with experimental group, *p < 0.05, **p < 0.01, ***p < 0.001.
SNS-032 decreases CDK9 and inhibits the phosphorylation of RNAP II and its downstream signal transductors
We further investigated the protein expression levels of CDK9 and its downstream factors to clarify the mechanism of SNS-032. First, we compared the expression levels of CDK9 in normal and active LX-2 cells. Interestingly, the protein expression of CDK9 in LX-2 cells was unchanged after treatment with 5 ng·mL−1 TGF-β1. According to the literature, CDK9 binds to cyclins (T1, T2a, T2b, and K) to form the heterodimer kinase P-TEFb (Fujinaga, 2020). Usually, P-TEFb is inactive when it is bound to HEXIM1, MePCE, Larp7, and 7SK snRNP (Fujinaga et al., 2014). When cells experience DNA damage as a result of chemical or physical injury, inactive P-TEFb releases HEXIM1, MePCE, Larp7, and 7SK snRNP and recruits BRD4 to form a catalytically active complex that promotes the phosphorylation of RNAP II (Zheng et al., 2021). Therefore, we investigated the combination of CDK9 and BRD4 in active LX-2 cells and found that the conjugation of CDK9 and BRD4 had increased significantly in active LX-2 cells relative to that in normal LX-2 cells (Figures 4A,B). As the CDK9–cyclin–BRD4 complexes increased, the activity of RNAP II significantly increased.
[image: Figure 4]FIGURE 4 | SNS-032 inhibits the expression of CDK9 and its downstream, down-regulates Acta2 and Bcl-2, and up-regulates cleaved-Caspase3 and Bax. LX-2 cells were incubated with 5 ng·mL−1 TGF-β1 and treated with 0.04, 0.2, 1 μM SNS-032 for 24 h (A,B) The immunocoprecipitation (IP) assay between BRD4 and CDK9 in LX-2 cells incubated with 5 ng·mL−1 TGF-β1 for 24 h. (C) The immunoblot of Acta2 (the activation marker of HSCs), cleaved-Caspase3, Caspase3, Bax, and Bcl-2 (the apoptosis related markers). (D–F) The relative protein expression of Acta2, cleaved-Caspase3/Caspase3, Bcl-2/Bax. (G) The immunoblot of CDK9 and its downstream (phosphorylated RNAP II, RNAP II, cleaved-PARP1, PARP1, XIAP, and Mcl-1). (H–L) The relative protein expression of CDK9, phosphorylated RNAP II/RNAP II, XIAP, Mcl-1, and cleaved-PARP1/PARP1.
Then, the expression of CDK9 significantly decreased after treatment with 0.2 and 1 μM SNS-032 (p < 0.05; p < 0.01) (Figures 4G,H). Treatment with 0.2 and 1 μM SNS-032 significantly blocked the phosphorylation of the carboxyterminal domain of RNAP II at Ser2 in the initial stage (p < 0.001; p < 0.001) (Figures 4G,I). Recent studies have reported that phosphorylated RNAP II promotes the elongation of mRNA and regulates several apoptosis- and proliferation-related proteins, such as XIAP, Mcl-1, and PARP1 (Maccallum et al., 2005). In this study, treatment with 0.2 and 1 μM SNS-032 prominently increased the ratio of cleaved PARP1/PARP1 (p < 0.05; p < 0.001), and decreased the ratio of Bcl-2/Bax (p < 0.01; p < 0.01) and the expression levels of XIAP (p < 0.001; p < 0.001) and Mcl-1 (p < 0.05; p < 0.01) (Figures 4C,F,G,J–L). Treatment with 1 μM SNS-032 significantly elevated the ratio of cleaved-Caspase3/Caspase3 (p < 0.01), and reduced the expression of Acta2 (p < 0.01) (Figures 4C–E). These results illustrated that SNS-032 induced the apoptosis of active HSCs and inhibited the proliferation and activation of HSCs by downregulating CDK9, p-RNAP II, XIAP, Mcl-1, Bcl-2, and Acta2 and upregulating Bax, cleaved PARP1, and cleaved Caspase3.
CDK9 knockdown induces apoptosis and inhibits the proliferation and activation of active LX-2
Although SNS-032 is a CDK9 inhibitor and shows good effects in liver fibrosis treatment, the mechanisms of CDK9 in the development of liver fibrosis remain unclear. Therefore, we utilized a CDK9-shRNA-loaded lentivirus (GV248) to knockdown CDK9 in LX-2. Three CDK9 shRNAs encoded with base sequences were transfected into LX-2 cells (the three sequences of the CDK9 shRNAs are listed in Supplementary Table S1). Then, the expression of CDK9 and the fluorescence intensity of GFP were detected. Given that CDK9 shRNA2 showed the best transfection and knockdown effects among the three shRNAs (Figures 5A,B), it was used for transfection in further experiments. After transfection with CDK9 shRNA, LX-2 was treated with 4 ng·mL−1 puromycin to select stably transfected LX-2 cells (Figures 5A,B). The stably transfected LX-2 cells were cultured with 5 ng·mL−1 TGF-β1 in six-well dishes for 24 h, stained with Annexin V–APC/PI, and subjected to flow cytometry. Compared with the negative control (NC shRNA) group, the CDK9 shRNA group showed a higher percentage of apoptosis (p < 0.001) (Figures 5C,E). Then, the CDK9 shRNA LX-2 cells were cultured with 5 ng·mL−1 TGF-β1 in 48-well dishes for 24 h, stained with EdU (Azide 594, red), and observed by using a laser confocal microscope. Compared with those in the NC shRNA group, the proliferative cells in the CDK9 shRNA group had decreased significantly (p < 0.01) (Figures 5D,F). Subsequently, CDK9 shRNA LX-2 cells were cultured with 5 ng·mL−1 TGF-β1 in 6 cm dishes for 24 h, incubated with Acta2 and Col1A1 primary antibodies, stained with Cy3 and DAPI, and observed by using a laser confocal microscope. Compared with those in the NC shRNA group, the expression levels of Acta2 and Col1A1 had decreased significantly in the CDK9 shRNA group (Figures 5G,H). Therefore, the knockdown of CDK9 induces the apoptosis of active LX-2 and inhibits the proliferation and activation of active LX-2.
[image: Figure 5]FIGURE 5 | Knocking down CDK9 induces the apoptosis of active LX-2 and inhibits its activation and proliferation. LX-2 were transfected with CDK9-shRNA vectors which also encoded GFP and puromycin resistance genes. The most efficient CDK-shRNA vector was used to transfect LX-2 cells and the protein expression of CDK9 was detected by immunoblot (A). (B) The immunofluorescence of GFP (green) after the transfection of CDK9-shRNA for 24, 48, and 72 h. Then, CDK9-shRNA transfected LX-2 cells were incubated with 5 ng·mL−1 TGF-β1 for 24 h and the apoptosis of cells were stained with Annexin V-FITC/PI and detected by flow cytometry (C). (D) CDK9-shRNA transfected LX-2 cells were stained with EdU (red) and observed by fluorescence inverted microscope (magnification: ×300). (E) The percentage of apoptotic cells. (F) The numbers of proliferating cells in each high power field. After incubated with 5 ng·mL−1 TGF-β1, CDK9-shRNA transfected LX-2 cells were stained with Acta2 (G) and Col1A1 (H) (magnification: ×600). Acta2 (red), Col1A1 (red), GFP (green), and DAPI (blue). Comparing with experimental group, *p < 0.05, **p < 0.01, ***p < 0.001.
Knocking down CDK9 decreases CDK9 and inhibits the phosphorylation of RNAP II and its downstream factors
Compared with that in the NC shRNA group, the expression of CDK9 significantly decreased in the group with CDK9 gene knockdown (p < 0.001) (Figures 6A,C). Knockdown of CDK9 significantly blocked the phosphorylation of the carboxyterminal domain of RNAP II at Ser2 in the initial stage (p < 0.01) (Figures 6A,D). Knockdown of CDK9 significantly decreased the ratio of cleaved PARP1/PARP1 increased (p < 0.01) and the expression levels of XIAP (p < 0.01) and Mcl-1 (p < 0.05) (Figures 6A,B,E–G). Knockdown of CDK9 prominently increased the expression of Bax (p < 0.01), and reduced the expression of Acta2 (p < 0.01) and the ratio of Bcl-2/Bax (p < 0.001) (Figures 6B,E–G). Similar to the effects of SNS-032, knockdown of CDK9 induced the apoptosis of active HSCs and inhibited the proliferation and activation of HSCs by downregulating CDK9, p-RNAP II, XIAP, Mcl-1, Bcl-2, and Acta2 and upregulating Bax and cleaved PARP1.
[image: Figure 6]FIGURE 6 | Knocking down CDK9 inhibits the expression of CDK9 and its downstream, down-regulates Acta2 and Bcl-2, and up-regulates Bax. CDK9-shRNA transfected LX-2 cells were incubated with 5 ng·mL−1 TGF-β1 for 24 h and the protein expressions of CDK9 and its downstream were detected by immunoblot. (A,B) The immunoblot of CDK9, its downstream (phosphorylated RNAP II, RNAP II, cleaved-PARP1, PARP1, XIAP, and Mcl-1), Acta2 (the activation marker of HSCs), Bcl-2, and Bax (the apoptosis related markers). (C–J) The relative protein expressions of CDK9, phosphorylated RNAP II/RNAP II, cleaved-PARP1/PARP1, XIAP, Mcl-1, Acta2, Bcl-2/Bax, and Bax. Comparing with experimental group, *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
CDK9 is a potential target that has widely attracted attention in cancer studies. Similar to traditional CDKs, CDK9 plays an important role in the transcription of mRNA and is closely related to the survival and proliferation of cells (Santo et al., 2015). A growing body of evidence suggests that the expression of CDK9 is elevated in malignant cells, such as chronic lymphocytic leukemia, multiple myeloma, breast cancer, and lung cancer cells (Franco et al., 2018). Liver fibrosis is a pathological process that occurs along with the combination of damage and repair. Excessive ECM accumulation results in fiber and collagen deposition in hepatic sinuses; this effect blocks the regeneration of liver tissue (Parola and Pinzani, 2019). ECM is secreted by active HSCs, which are activated and proliferate vigorously when liver injury occurs (Reichert et al., 2021). Therefore, antiactive HSCs are the key points in the treatment of liver fibrosis. Given that mRNA synthesis can be promoted when cell division or DNA repair occurs, actively proliferating cells exhibit active mRNA synthesis with the phosphorylation of RNAP II (Jia et al., 2021).
Recent studies have reported that CDK inhibitors have antiliver fibrosis effects. Roscovitine (a Cdc2, CDK2, and CDK5 inhibitor) protects against liver diseases by inhibiting macrophage inflammatory actions and HSC activation at the onset of liver injury (Liu et al., 2021). CR8, a pan-CDK inhibitor and a derivative of roscovitine, reduces the proliferation and viability of LX-2 cells and attenuates the profibrotic properties of primary murine HSCs while preserving the proliferation and viability of primary murine hepatocytes in vitro (Hübbers et al., 2020). In this study, we found that SNS-032 prominently alleviated hepatic fibrosis in CCl4-induced model mice. In the experimental group, the expression of CDK9 significantly increased after CCl4 induction. Then, after SNS-032 treatment, the expression levels of CDK9 and Acta2 decreased significantly and the apoptosis of active HSCs increased. Notably, CDK9 expression in active and quiescent HSCs in vitro did not significantly vary. Similar results were also observed in TGF-β1-induced primary mouse fibroblasts (Qu et al., 2015). Therefore, we further detected the expression of active P-TEFb, which contains CDK9 and BRD4, and found that although the expression of CDK9 was unchanged, the conjugation of CDK9 and BRD4 had increased. Generally speaking, under physical or chemical irritation, inactive P-TEFb (CDK9–cyclin–HEXIM1–MePCE–Larp7–7SK snRNP complex) releases HEXIM1, MePCE, Larp7, and 7SK snRNP and recruits BRD4 for combination into active P-TEFb, which catalyzes the phosphorylation of RNAP II (Zheng et al., 2021). The main function of phosphorylated RNAP II in eukaryotic cells is the transcription elongation of nascent mRNA strands; this process is quite active during cell proliferation (Baluapuri et al., 2019). SNS-032 decreases active HSCs to alleviate hepatic fibrosis by inducing the apoptosis of active HSCs and inhibiting their activation and proliferation by inhibiting the expression of CDK9 and blocking the phosphorylation of RNAP II and its downstream factors (Figure 7).
[image: Figure 7]FIGURE 7 | The illustration of the mechanism of CDK9 to promote liver fibrosis and the inhibitory effect of SNS-032. Under physical or chemical irritation, inactive P-TEFb (CDK9–cyclin–HEXIM1–MePCE–Larp7–7SK snRNP complex) releases HEXIM1, MePCE, Larp7, and 7SK snRNP and recruits BRD4 to form active P-TEFb, which catalyzes the phosphorylation of RNAP II. Then, phosphorylated RNAP II upregulates the transcription of anti-apoptosis, proliferation and activation related genes, and downregulates the transcription of apoptosis related genes. SNS-032 inhibits the expression of CDK9, block the phosphorylation of RNAP II and its downstream. It decreases the active HSCs to alleviate the hepatic fibrosis via inducing the apoptosis of active HSCs and inhibiting its activation and proliferation.
In this study, we found that SNS-032 significantly downregulated the expression levels of Bcl-2, XIAP, and Mcl-1 (Figure 4). However, some previous studies on other cell types found that SNS-032 has no major effects on the protein levels of XIAP and Bcl-2 (Zhang et al., 2019; Zeng et al., 2021). In our opinion, given that different cell lines undergo different transformations, the regulatory effects of SNS-032 may vary across different cell lines. To illustrate, Chen et al. found that the expression levels of Mcl-1 and XIAP decreased in chronic lymphocytic leukemia cells after 24 h of treatment with SNS-032. Bcl-2 exhibited significantly decreased mRNA expression but not protein expression (Chen et al., 2009). Meanwhile, some studies suggested that even in the same cell type but in different cell lines, the regulatory effects of SNS-032 differ. For example, under SNS-032 treatment, the protein expression of cleaved PARP1 increased significantly in JeKo.1 but not in Granta 519; these cell lines are both human mantle cell lymphoma cell lines (Chen et al., 2010b). Another recent study also supported the supposition that SNS-032 significantly decreased the protein expression of Bcl-2 in SU-DHL-4, a human diffuse large B-cell lymphoma cell line, but had no effect on SU-DHL-2 (Jiang et al., 2022).
In liver tissue, CDK9 has two isoforms with the molecular weights of 55 and 42 kDa (Liu and Herrmann, 2005). Although these isoforms have the same 42 kDa amino acid sequence, CDK955 has an additional 13 kDa amino acid chain (117 residue terminal extension), and its three-dimensional structure differs from that of CDK942. Moreover, they are encoded by the same genes but are regulated by different promoter regions (Shore et al., 2005; Liu et al., 2010). The predominant isoform of CDK9 differs during different stages of the cell cycle. Specifically, CDK942 predominates after the cell cycle, whereas CDK955 predominates before the cell cycle. CDK942 and CDK955 have different locations: CDK942 is located in the nucleoplasm, whereas CDK955 is located in the nucleus (Shore et al., 2003). The specific physiological functions of CDK955 and CDK942 remain unclear. We noticed that the expression of CDK9 varied considerably in the same group, whereas the expression of CDK955 was consistent with that of CDK942 in the same sample (Supplementary Material, uncropped WB figures). In addition, CDK942 is predominant in HSCs, whereas CDK955 is predominant in hepatocytes (Shore et al., 2003). CDK942 inhibitors, if selectively targeting CDK942, may selectively affect HSCs in addition to hepatocytes. This characteristic may help the development of highly selective inhibitors for liver fibrosis treatment.
CDK9 is not only closely related to proliferation and survival, it also regulates activation, growth, and inflammation directly. CDK9 could phosphorylate the Smad linker to drive Smad transcriptional activation and turnover through the BMP and TGF-β pathways (Alarcón et al., 2009). In a mouse model of unilateral ureteral obstruction, CDK9 could also conjugate with Smad3 and Smad4 to form a complex to promote renal fibrosis (Qu et al., 2015). Recent studies have reported that the transient induction of CDK9 in the early stage of differentiation is critical for myogenesis (Tarhriz et al., 2019). CDK9 could also phosphorylate glucocorticoid receptor-interacting protein-1 to regulate the anti-inflammatory effects of glucocorticoids (Rollins et al., 2017). Given that CDK9 could bind with numerous other proteins to form active complexes, future studies may need to focus on the active complexes formed by CDK9 and the upstream and downstream factors of CDK9 to elucidate the mechanism of CDK9 further.
CONCLUSION
The CDK9 inhibitor SNS-032 has definite effects in liver fibrosis treatment in vivo and in vitro. SNS-032 can induce the apoptosis of active HSCs and inhibit the proliferation and activation of active HSCs to alleviate fibrosis by downregulating the expression of CDK9 and its downstream factors. The knockdown of CDK9 exerts the same antifibrosis effects by regulating the CDK9/RNAP II signaling pathway. These pieces of evidence strongly suggest that CDK9 is a potential powerful target against liver fibrosis.
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GLOSSARY
Acta2 actin alpha 2
ALT alanine aminotransferase
APC allophycocyanin
AST aspartate transaminase
Bax Bcl-2 associated X
Bcl-2 B-cell lymphoma-2
BRD4 bromodomain-containing protein 4
CCl4 Carbon tetrachloride
CDK9 cyclin-dependent kinase 9
Col1A1 collagen type Iα1
DAPI diaminyl phenyl indole
DMEM Dulbecco modified Eagle’s medium
ECM extracellular matrix
FBS fetal bovine serum
FITC fluorescein isothiocyanate
GFP green fluorescent protein
HE hematoxylin–eosin
HEXIM1 hexamethylene bis-acetamide-inducible protein 1
HSCs hepatic stellate cells
Mcl-1 myeloid cell leukemia-1
MePCE methylphosphate capping enzyme
NC negative control
PARP1 poly ADP-ribose polymerase 1
PI propidium iodide
RNAP II RNA polymerase II
P-TEFb positive transcription elongation factor b
shRNA short hairpin RNA
SEC super elongation complex
TGF-β transforming growth factor-β
XIAP X-linked inhibitor of apoptosis protein
7SK snRNP 7SK small nuclear ribonucleoprotein.
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Background and objective: Idiopathic pulmonary fibrosis (IPF) is a critical disease, with limited treatments available. Clinical practices show that traditional Chinese medicine (TCM) has certain efficacy. This study was preliminarily to evaluate the efficacy and safety of TCM treatment based on syndrome differentiation in IPF.
Methods: A study design of exploratory, multi-centers, randomized, double-blinded, placebo controlled trial has been adopted. A total of 80 IPF patients from four sub-centers were enrolled. All the patients were randomly assigned into TCM group (TCMG) or control group (CG) in 1:1. Patients in TCMG were given CM granules, as patients in CG given with the placebo of CM granule. All the patients received a 26-week treatment. The efficacy was assessed by acute exacerbations (AEs) of IPF, pulmonary function, clinical symptoms, dyspnea scores (mMRC), health-related quality of life (HRQoL), 6-min walk test (6MWT) and all-cause mortality. Safety has also been assessed.
Results: A total of 67 patients completed the trial with 35 in TCM group and 32 in control group. Meaningful differences have been observed in mean changes in AEs (−1.56 times; 95% CI, −2.69 to −0.43, p = 0.01), DLco% (5.29; 95% CI, 0.76 to 9.81, p = 0.02), cough scores (−0.38 points; 95% CI, −0.73 to −0.04, p = 0.03), and 6MWT (30.43 m; 95% CI, 2.85 to 58.00, p = 0.03), with no statistical differences in FEV1, FVC, expectoration, chest tightness, Shortness of breath, Fatigue, Cyanosis, mMRC, CAT, SF-36, and SGRQ total scores in 26 weeks after treatment than before treatment. At of the end of follow-up, a total of 10 patients died, including three and seven in the TCM and control group respectively. And the HR (Hazard ratio) for CM granules in all-cause mortality was 0.39 (95% CI, 0.10–1.52). The drug-related adverse events were not observed.
Conclusion: CM granules, as compared with placebo, could reduce frequencies of AEs, improve pulmonary function, HRQoL, exercise capacity and symptoms and signs for IPF to some extent with acceptable side-effect.
Keywords: idiopathic pulmonary fibrosis, Chinese medicine, syndrome differentiation, efficacy, randomized controlled trial
1 INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a progressive and ultimately fatal interstitial lung disease (Raghu et al., 2011; Gao et al., 2021). With worsened dyspnea and an increasing loss of pulmonary function, IPF patients will have poor health-related quality of life (HRQoL) (Hopkins et al., 2016). It has also caused an increasing social-economic burden (Raimundo et al., 2016; Maher et al., 2021; Cox et al., 2022). Researches show that pirfenidone and nintedanib could be certain effective to IPF (Wu et al., 2021; Pitre et al., 2022), which were also recommended by the guideline (Raghu et al., 2015). However, its application has been limited by side effects and high prices. And the case fatality rate is still on the rise (Dove et al., 2019). It is urgent to develop other effective treatments and strategies to manage IPF.
TCM has a long history and definite efficacy on respiratory diseases. IPF can be treated referring to fei-wei or fei-bi. According to TCM theory that lung is the dominator of qi and kidney is the root of qi, they can both affect the development of IPF. So, the methods of regulating and reinforcing lung and kidney have been the most commonly used treatment in clinical practice for TCM. In previous studies, our research team also found that it can reduce the incidence of acute exacerbations (AEs) of IPF and delay the loss of lung function. However, most of the present studies are limited to summary of clinical experiences. It is urgent to manage further researches to obtain evidence-based supports. In our previous literature research, we concluded that the common TCM syndromes of stable IPF included lung-qi deficiency, lung-kidney qi deficiency, yin deficiency and internal heat, meanwhile had prescriptions for each syndromes of Bao-fei Hua-xian (Bu-fei Yi-qi) granule, Jin-shui Huan-xian (Bu-fei Yi-shen) granule, and Yang-qing Kang-xian (Yang-yin Qing-re) granule, respectively. We systematically searched the clinical trial registration platform and other related databases. This is the first registered RCT for TCM in treating IPF. So, we have performed this study to evaluate the efficacy and safety of CM granule based on above prescriptions for each syndrome of IPF. The results will also provide evidence-based supports for TCM treatment in IPF and critical references for further TCM studies. The study protocol has been registered in www.chictr.org.cn (ChiCTR-IIR-17013532) and published in JIM (Yu et al., 2020).
2 SUBJECTS AND METHODS
2.1 Study design
The study was an exploratory, randomized, double-blinded, placebo controlled, and parallel-group trial, performed in four sub-centers in Zhengzhou China, which include the First Affiliated Hospital of Henan University of CM, Henan Province Hospital of CM, Third Affiliated Hospital of Henan University of CM, and Henan Provincial People’s Hospital. An expert committee, included clinicians, statisticians and ethics experts, had been set up to perform the study design. The trial has been approved and supervised by Ethic Committee of the First Affiliated Hospital of Henan University of CM.
2.2 Patients
Patients were eligible to participate in the trial if they were aged 40–80 years old and met the diagnosis criteria of stable IPF (Raghu et al., 2011) 1 and syndrome differentiation of TCM (Lung qi deficiency syndrome, yin deficiency and internal heat Syndrome and of lung and kidney qi deficiency syndrome) (Professional Committee of Pulmonary Diseases of China Association of Chinese Medicine, 2012). They should not participate in any other trial within 1 month before enrollment. It was also necessary to sign informed consent before entering the study for all the subjects.
However, the patients with AEs of IPF, pregnancy or breast-feeding should be excluded, as should the subjects with obnubilation, dementia or mental disorders. Patients with severe cardiac insufficiency, severe liver and kidney diseases (ALT, AST, BUN, and Cr are more than twice the value of normal upper limit.) or being allergic to any of the used drugs should not be involved in the study.
Traditional Chinese medicine syndromes differentiation have been performed referring to the following diagnostic criteria:
Lung qi deficiency syndrome: ① Cough, or dyspnea, or shortness of breath; ② Fatigue with worsen symptom when moving; ③ Spontaneous sweating, which is also aggravated when moving; ④ Afraid of wind and cold, or easy to catch cold; ⑤ The tongue is light, or the pulse is thin or weak. On the basis of items ①, any other plus two items among ②, ③, ④, and ⑤ should be met.
Yin deficiency and internal heat syndrome: ① Dyspnea or shortness of breath; ② Dry cough, or cough with little or unpleasant sputum; ③ Dry mouth or throat; ④ Hands, feet and hearts are hot or hot in the afternoon; ⑤ Night sweat; ⑥ The tongue is red, or has little or no coating with dry or thin veins. On the basis of items ① and ②, any other plus two items among③, ④, ⑤, and ⑥ should be met.
Lung and kidney qi deficiency syndrome: ① Dyspnea, or cough, or shortness of breath, and symptoms will be worsen when moving; ② Mental weakness and fatigue or spontaneous sweating, with worse condition when moving; ③ Easy to catch a cold, or afraid of wind and cold; ④ Soreness of waist and knees; ⑤ Tinnitus or dizziness; ⑥ The face is puffy; ⑦ Frequent urination, increased nocturia, or enuresis when coughing; ⑧ The tongue is light, or the pulse is thin. On the basis of any two items among ①, ② and ③, other plus three items among ④, ⑤, ⑥, ⑦, and ⑧ should also be met.
2.3 Study procedure
After a washout period of 2 weeks, participants were randomly assigned into traditional Chinese medicine group (TCMG) or control group (CG) with 1:1 to receive CM granules or the placebo of CM granules for 26 weeks. CM granules have been applied according to TCM syndromes including Bao-fei Hua-xian granule for lung qi deficiency syndrome, Jin-shui Huan-xian granule for lung-kidney qi deficiency syndrome, and Yang-qing Kang-xian granule for yin deficiency and inter heat syndrome. A follow-up visit would be managed in every 13 weeks during the treatment period.
Central randomization was adopted by third party organization through SAS9.2 software. Patients, investigators, data collectors and the study sponsor were all blind to the treatment assignments in the whole process of study. To minimize the missing data, patients, who discontinued the trial, would be contacted through phone or other ways as soon as possible and complete all the questionnaires that should be completed. Any adverse event, which would be reported and dealt with in 24 h, was centrally collected. Informed consent and record should be completed for no uniform appointment on the application of pifenidone and nintedanib. If necessary, the symptomatic medication, such as ambroxol hydrochloride tablets, compound methoxyphenamine capsules and budesonide formoterol inhalants, would be applied. All the enrollments and follow-up visits have been managed in a special place. The study procedure could be found in Figure 1.
[image: Figure 1]FIGURE 1 | Study procedure of the trial.
2.4 Outcomes
The primary outcomes were pulmonary function and AEs of IPF. Forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) were measured in milliliter. Carbon monoxide diffusion capacity (DLCO) was measured in a percentage of the predicted value (DLCO%), and annual numbers of AE were also calculated. The diagnosis of AEs should meet the criterion published by the American Thoracic Society (Collard et al., 2016).
The secondary outcomes included clinical symptoms, dyspnea scores, HRQoL, 6MWT and all-cause mortality. The clinical symptoms were measured by cough, expectoration, chest tightness, shortness of breath, fatigue, and cyanosis, with the scoring criteria in Table 1. Dyspnea score was assessed with modified Medical Research Council (mMRC). HRQoL was assessed by the total score of the St. George’s Respiratory Questionnaire (SGRQ), COPD assessment test (CAT)and short form 36 (SF-36) health survey questionnaire. Pulmonary function test was conducted at baseline and 26 weeks. 6MWT, mMRC, SGRQ, CAT, and SF-36 were assessed at baseline and every follow-up visit. All-cause deaths were counted separately to calculate all-cause mortality at 26 weeks.
TABLE 1 | Scoring criteria of clinical symptoms and signs.
[image: Table 1]Safety was assessed by routine blood, urine and stool test, liver and kidney function, electrocardiogram and adverse events. Routine blood, urine and stool test, liver and kidney function, electrocardiogram will be evaluated pre- and post-treatment. Adverse events will be recorded and dealt with as soon as possible.
2.5 Statistical analysis
Estimation method of sample size for exploratory research was adopted. And a lost-rate of 20% was also taken into account. The target total sample size was 80. Both efficacy and safety analysis were managed for all the patients in the trial. SAS 9.2 statistical software was applied in data analysis. The measurement data with normal distribution were represented by mean ± standard deviation ([image: image]x ± s), as with non-normal distribution represented by median ± quartile (M ± Q). Paired t-test was applied in the comparison within group with normal distribution and homogeneous data, as Wilcoxon rank sum test used with non-normal distribution or non-homogeneous data; Variance analysis or independent sample t-test was applied in the comparison between groups with normal-distribution and homogeneous data, as Wilcoxon rank sum test used with non-normal distribution or non-homogeneous data. The counting data were described by frequency, number of incidence or constituent ratio, and the differences among groups was tested by contingency table chi-square test. Two-sided significance tests with an alpha value of 0.05 have been adopted. All the statistical analysis would be performed by third-party professional statisticians named Jiangsu Famous Medical Technology Co. Ltd. in Nanjing, China.
3 RESULTS
3.1 Baseline characteristics of patients
From August 2016 to June 2017, a total of 80 stable IPF patients from outpatient of the above four sub-centers were enrolled (Figure 2). Among these patients, five in TCMG and seven in CG discontinued the trial, and one in CG was eliminated because of not taking medicine. Statistical analysis was completed on data from 35 patients in CMG and 32 in CG (Figure 2). Five patients in TCMG and one in CG took pifenidone with no statistical difference. There were also no statistical differences between the two groups in sex, nation, ages, occupations, education levels, smoking histories, disease durations, pulmonary function, annual incidences of acute exacerbation, mMRC, 6MWT, and HRQoL (Table 2).
[image: Figure 2]FIGURE 2 | Presentation of patients’ completion in the study.
TABLE 2 | General characteristics of patients at baseline.
[image: Table 2]3.2 Acute exacerbations of idiopathic pulmonary fibrosis
After treatment, there was statistical difference between the two groups in annual numbers of AEs (p = 0.0008). And the mean annual numbers were 0.69 and 2.19 times in TCMG and CG (mean difference, −1.50 times; 95%CI, −2.60 to 0.40), respectively. The mean changes from baseline in annual numbers of AEs were −0.37 and 1.19 times in TCMG and CG (mean difference, −1.56 times; 95% CI, −2.69 to −0.43). Annual number of AEs was significantly higher in CG than TCMG after treatment. Details could be got in Table 3 and Figure 3.
TABLE 3 | Efficacy outcomes assessment after treatment.
[image: Table 3][image: Figure 3]FIGURE 3 | Comparison of differences between groups on AEs.
3.3 Pulmonary function
There were no significant differences in FVC and FEV1 between TCMG and CG. However, a meaningful difference was shown in DLCO%. The mean changes from baseline in DLCO% were 4.40 and −0.88 (mean difference, 5.29; 95% CI, 0.76 to 9.81, p = 0.02) in TCMG and CG, respectively. Other results could be found in Table 3 and Figure 4.
[image: Figure 4]FIGURE 4 | Comparison of differences between groups on pulmonary function. (A–C) represent the treatment change trends of FEV1, FVC, and DLco%, respectively.
3.4 Clinical symptoms and signs
There were no meaningful inter-group difference in clinical symptoms and signs expect cough. The mean changes from baseline in cough score were −0.14 and 0.03 points in TCMG and CG (mean difference, −0.18 points; 95% CI, −0.47 to 0.12) at week 13 and −0.26 points and 0.13 points at week 26 (mean difference, −0.38 points; 95% CI, −0.73 to −0.04, p = 0.03), respectively. Other details were shown in Table 3 and Figure 5.
[image: Figure 5]FIGURE 5 | Comparison of differences between groups on symptoms and signs. Treatment change trends of cough, expectoration, chest tightness, shortness of breath, weakness and cyanosis have been shown in (A–F) respectively. The higher score will reflect the worse symptoms.
3.5 mMRC
There was no significant inter-groups difference in mMRC scores. However, there were intra-group significant differences in TCMG between three or 6 months after treatment and baseline, with no intra-group significant differences for CG. As shown in Table 3, the mean changes in mMRC score from baseline were −0.31 points in TG and −0.16 points in the CG at week 13 (mean difference = −0.16 points, 95% CI,−0.53 to 0.21; p = 0.40), and −0.43 points and −0.22 points at week 26 (mean difference = −0.21 points, 95% CI, −0.67 to 0.25; p = 0.37), respectively. Details could be found in Table 3 and Figure 6.
[image: Figure 6]FIGURE 6 | Comparison of differences between groups on mMRC.
3.6 All-cause mortality
Three of the 35 patients in the TCMG died in the whole trial period, with seven of 32 patients in the CG. Harzard Ratio (HR) for CM granules in all-cause mortality is 0.39 (95% CI, 0.10–1.52) (Table 3). Please found details in Table 3 and Figure 7.
[image: Figure 7]FIGURE 7 | Comparison of differences between groups on mortality.
3.7 Health-related quality of life
In our study, no significant between-group difference has emerged in HRQoL assessed by SGRQ, CAT, and SF-36. However, as shown in Table 3, the results indicated a trend of improvement in HRQoL in both groups, and the TCMG may be better than CG. See details in Table 3 and Figure 8.
[image: Figure 8]FIGURE 8 | Comparison of differences between groups on HRQoL. In this study, HRQoL has been assessed by CAT, SF-36, and SGRQ, with treatment change trends shown in (A–C) respectively. A higher value indicate a better HRQoL for SF-36 with a worse HRQoL for CAT and SGRQ.
3.7 6-min walk test
In the treatment period, there were significant inter-group differences in mean change at every follow-up visit and post-treatment in 6MWT. The mean changes from baseline were 14.11 m in TCMG and −8.91 m in CG (mean difference = 23.02 m; 95% CI, 5.07–40.97, p = 0.01) at week 13 and 24.46 m and −5.97 m in respectively (mean difference, 30.43 m; 95% CI, 2.85–58.00, p = 0.03) at week 26. Details have been presented in Table 3 and Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of differences between groups on 6MWD.
3.8 Adverse events
In the whole trial, very few patients suffered from transient gastric discomfort, and no other significant adverse events were observed. None of adverse events were assessed to be related to the study drug.
4 DISCUSSION
To our knowledge, this is the first randomized, controlled trial showing efficacy and safety of CM granules in IPF. Throughout the trail, only a few patients were prescribed with anti-fibrosis medicines. The efficacy and advantages of TCM in the treatment of IPF were initially highlighted. The results indicated that TCM granules could reduce incidences of AEs and risk of death, slow down the decline of pulmonary function, and improve HRQoL and exercise capacity for IPF to some extent. No obvious adverse reactions have been observed. However, the clinical symptoms and signs have also been improved to some extent with no statistical significance expect for cough.
AEs, which could usually induce worsen HRQoL, disease-progression and even death (Collard et al., 2016; Kakugawa et al., 2016; Qiu et al., 2018), has been a primary outcome to assess efficacy of CM granules in the study. We could find that incidences of AEIPF in CG increased with the course of disease, as was no obvious trend in TG. CM granules can reduce incidences of AEs.
Pulmonary function, which is the most susceptible physiological function for IPF patients, is also the common efficacy indicator. So, it has also been another primary outcome. DLCO or DLCO% may be the most sensitive and be consistent with prognosis (Behr et al., 2009). FVC can also indicate the disease-progression and prognosis (Salisbury et al., 2016) and also be applied in other researches (King et al., 2014; Richeldi et al., 2014). Our study find that FVC and FEV1 decrease in both groups, with more pronounced in CG than that in TCMG. And DLCO% rose in TCMG as decreased in CG. CM granules may delay the deterioration of pulmonary function for IPF patients.
IPF is a critical disease with a poor prognosis and high-mortality. So some scholars insist that it could be applied as main outcome in the clinical study for IPF (Raghu et al., 2012; Collard et al., 2014). However, other scholars insist the converse opinion (Wells et al., 2012). They deem that a longer treatment period would be needed if death was applied as outcome. This may be the possible reason why there is no inter-group difference in all-cause mortality in this study.
IPF patients often undergo with poor HRQoL (Hopkins et al., 2016). So, improving HRQoL is also one of the goals for IPF. In our study, HRQoL, which was assessed by SF-36, CAT and SGRQ, has also been adopted as outcomes. There are no inter-group differences in SF-36, CAT and SGRQ, with some intra-group differences and better improvement trends in TCMG. The results indicated that CM granules may have improvement in HRQoL for IPF.
For IPF, some clinical symptoms and signs including cough, expectoration, chest tightness and so on, often occur in the process of disease. According to TCM theory, CM granules is based on clinical symptoms and signs. The improvement in clinical symptoms and signs should be the first step. However, the results showed that CM granules has a good tendency in improving symptoms and signs with no statistical difference. This may also indicate that clinical symptoms and signs are difficulty to improve for IPF.
Exercise capacity, which is assessed by 6MWT in this study, will decrease with disease progression in IPF. It is also an important indicator of disease severity and HRQoL in IPF (Bahmer et al., 2017). And because of its simple operation and good repeatability (du Bois et al., 2014; Holland et al., 2018), 6MWT has been applied to assess exercise capacity and clinical efficacy (Holland et al., 2014; Baddini-Martinez, 2018). Our results indicate that CM granules could improve 6MWT in IPF. The result may also indicate that CM granules could improve exercise capacity, HRQoL and disease severity.
In addition, characteristic changes in HRCT are the critical and objective efficacy and prognosis references for IPF evaluation. However, at the beginning of this study, the efficacy evaluation value of HRCT has not been highlighted, and not been adopted by the contemporary international studies. Therefore, the deficiency remains in this study, which will be improved in the future researches.
Although more and more relevant treatment researches have been conducted or being conducted in IPF, only pifenidone and nintedanib obtained evidence-based efficacy and were recommended in the guidelines up to now (King et al., 2014; Richeldi et al., 2014; Raghu et al., 2015; Behr, 2016; Cottin et al., 2017; Behr et al., 2018; Homma et al., 2018; Jo et al., 2018; Lee et al., 2019; Raghu et al., 2022). Drug-related side effects and their high prices have also caused limitations for clinical application. Other effective treatments are still needed to be developed. The pathogenesis of IPF has not been completely clear, so the drug development has also been restricted. The advantages of CM granules emerged. According to TCM theory, names of diseases, TCM pathogenesis and syndromes should be determined according to clinical symptoms and signs first. And then, the treatment would be completed. The process is called TCM syndrome differentiation. So, the pathogenesis in Western medicine is not necessary. The application of CM granules is more convenient and worth to promote. In addition, compared with the anti-fibrosis drugs being used, pifenidone and nintedanib, CM may also have the health economics advantage with cheap price. In our study, we could also find that, the adverse reactions of CM were few and well tolerated. More IPF patients will also have another treatment option and benefited in the absence or intolerance of anti-fibrosis treatment.
As we known, blood stasis and phlegm turbidity are also important pathological factors. According to the standards issued in 2012 by the Professional Committee of Pulmonary Diseases of China Association of Chinese Medicine, the syndromes for IPF include three types, which have seven syndromes, namely, deficiency syndrome (lung qi deficiency, yin deficiency and internal heat, lung and kidney qi deficiency, lung and kidney qi yin deficiency), excess syndrome (phlegm heat obstructing the lung, phlegm turbidity obstructing the lung), and concurrent syndrome (blood stasis). However, because of small sample, not all the syndromes could be taken into account. So, this study only selected the main TCM syndromes, including patterns of lung qi deficiency, lung-kidney qi deficiency, and yin deficiency inner heat, for observation on the basis of previous research, and there are also relevant single Chinese medicine for reducing phlegm and blood circulation given in the compound CM granules. Other syndromes will be considered in the future researches.
The sample size is also too small for this study as a multicenter research. However, IPF is a rare disease, and it is difficult to enroll patients to participate the study in clinical practice. Then, this is an exploratory trial without sufficient preliminary data support. The sample size cannot be estimated exactly. So, we estimated sample size referring to sample size estimation method for exploratory clinical trial and to provide references for further confirmatory study.
Although some achievements have been obtained, there are still some limitations in the study. First, as an exploratory study with a deficiency of foundation, this trial does not have an ample sample size, which may also be the possible reason for that there was no statistical significance in some results. Second, although CM granules brings an advantage for TCM with no need for clear and complex pathogenesis of Western medicine, its shortcomings has also appeared. TCM syndromes often depend on the subjective judgement by researchers, with a deficiency of objective indicators. So, further confirmative researches with appropriate sample size and core TCM pathogenesis need to be carried out in the future. Developing objective indicators combining of IPF and TCM syndromes will also be another direction as well as mechanism of TCM in IPF.
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Danshensu methyl ester enhances autophagy to attenuate pulmonary fibrosis by targeting lncIAPF–HuR complex
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Pulmonary fibrosis is an irreversible fibrotic process that has a high mortality rate and limited treatment options; thus, developing a novel therapeutic drug is critical. In this study, we synthesized danshensu methyl ester (DME) and explored its anti-pulmonary fibrotic ability on TGF-β1-stimulated lung fibroblast in vitro and on bleomycin-induced pulmonary fibrosis in vivo. Results showed that DME decreased the expression of differentiation-related proteins, including fibroblast activation protein 1 (FAP1) and S100 calcium-binding protein A4 (S100A4), and fibrotic markers, such as a-SMA, vimentin, and collagen in vivo and in vitro. In addition, DME markedly repressed myofibroblast proliferation and migration. Mechanistically, chromatin immunoprecipitation–PCR, RNA immunoprecipitation, half-life, and other experiments revealed that DME inhibited activating transcription factor 3 expression via TGF-β1 signal transduction leading to a decrease in lncIAPF transcription and stability. Moreover, DME blocked human antigen R (HuR) nucleocytoplasmic translocation and promoted its degradation via downregulating lncIAPF, which markedly decreased the expression of HuR target genes such as negative autophagic regulators (EZH2, STAT1, and FOXK1). Collectively, our results demonstrated that DME enhanced autophagy to attenuate pulmonary fibrosis via downregulating the lncIAPF–HuR-mediated autophagic axis and the lncIAPF–HuR complex can be the target for drug action.
Keywords: pulmonary fibrosis, danshensu, lncRNA, autophagy, HuR (ELAVL1)
INTRODUCTION
Pulmonary fibrosis is the common end stage for many diseases, such as Sjogren’s syndrome, systemic lupus erythematosus, dermatomyositis, and rheumatoid arthritis. It is primarily characterized by morphological and functional abnormalities within the lung. Morphological abnormalities include progressive deposition of the extracellular matrix (ECM), thickening of the alveolar wall, and a large number of fibroblast proliferation and migration. Functional abnormalities include the decline in forced vital capacity (FVC), vital capacity, total lung capacity, and diffusion capacity of the lungs for carbon monoxide (Johannson et al., 2021). Environmental exposure, genetic factors, and aging have been described as potential risk factors (Moss et al., 2022). In addition, acute respiratory syndrome coronavirus can cause pulmonary fibrosis in many patients (Aveyard et al., 2021; Bando et al., 2022). Despite major advances in the mechanism of pulmonary fibrosis, no effective therapeutic methods have been developed. Therefore, research on effective treatment is of great practical importance.
At present, long non-coding RNAs (lncRNAs) are considered as RNA transcript with >200 nucleotides, which does not encode protein. They are multifaceted, versatile regulators of most cellular processes, including cell death, proliferation, migration, and differentiation. Accumulating studies have revealed that lncRNAs contribute to disease initiation, progression, and metastasis by modulating transcription, translation, posttranslational modification, and epigenetic modification and to protein/RNA stability by interacting with DNA, RNA, and/or proteins (de Goede et al., 2021; Quinodoz et al., 2021). For example, Hua et al. have revealed that a risk SNP-mediated promoter–enhancer switching can promote the initiation and progression of aggressive prostate cancer through lncRNA-PCAT19 (Hua et al., 2018). lncRNA-EPS serves as a transcriptional brake to restrain inflammation (Atianand et al., 2016). Similarly, lncRNA application in pharmaceutical research can be a powerful tool for drug research, such as the validation of drug targets and the study of resistance mechanisms and drug toxicity. For example, an integrated genome-wide CRISPRa approach is developed to functionalize lncRNAs in drug resistance (Bester et al., 2018). Chemotherapy-induced lncRNA-CILA1 promotes chemo-resistance in tongue squamous cell carcinoma (TSCC), and it is a therapeutic target for TSCC treatment (Lin et al., 2018). In addition, lncRNA-HIF1A-AS2 induces osimertinib resistance in patients with lung adenocarcinoma by regulating the miR-146b-5p/IL-6/STAT3 axis (Si et al., 2021). Therefore, understanding lncRNA-mediated mechanisms of drug responses will improve responses to chemotherapy and outcomes of disease treatment. In pulmonary fibrosis, RNA-binding motif protein 7 promotes the development of fibrosis by controlling the expression of selected target lncRNA-NEAT1 (Fukushima et al., 2020). lncRNA-DNM3OS promotes pulmonary fibrogenesis in trans by producing three miRNAs (i.e., miR-199a-5p/3p and miR-214-3p). Pharmacological approaches aiming at interfering with DNM3OS not only prevent lung fibrosis but also improve established pulmonary (Savary et al., 2019). To date, many lncRNA-based therapies are being investigated, including gene therapy, medical treatment, and stem cell therapy.
lncIAPF, as a pro-fibrotic factor, can be presented in both nucleus and cytoplasm in normal lung tissue. Human antigen R (HuR), as an RNA binding protein, enhances the stability of RNA and increases its expression. In a recent study (Zhang Q et al., 2022), lncIAPF and HuR function as lncIAPF-HuR complex to accelerate pulmonary fibrosis by blocking autophagy. But, whether lncIAPF-HuR complex can be a drug target is yet to be explored. Our team once has extracted danshensu from salvia miltiorrhiza, which has the effect of anti-pulmonary fibrosis. But it also exhibits physical and chemical defects, such as poor chemical stability, easy oxidation, and discoloration, which limit its clinical application (Zhao et al., 2018). Then we prepared a new compound based on danshensu (Figure 1). Because it is an esterified derivative of danshensu, we named it danshensu methyl ester (DME). In the present study, we further investigated the anti-pulmonary fibrosis and mechanism of DME targeting lncIAPF–HuR complex in TGFβ1-stimulated lung fibroblast and bleomycin (BLM)-treated mice.
[image: Figure 1]FIGURE 1 | Molecular formula of DME (C10H12O5).
MATERIALS AND METHODS
Animal model and ethical statement
Animal experiments were carried out in accordance with the regulation of the Animal Experiment Ethics Committee of Binzhou Medical College. 8-week-old C57/BL6 mice with an average weight of 20 ± 5 g were divided into 5 groups: sham group, bleomycin (BLM) group, BLM + danshensu methyl ester (DME) treatment group (5, 10, 20 mg/kg). The BLM model group was sprayed with 5 mg/kg BLM through the trachea by using Penn-Century MicroSprayer (Penn-Century Inc., Wyndmoor, PA, United States). The sham group was sprayed with the same amount of normal saline. The DME group was treated with different concentrations DME by intraperitoneal injection after BLM spraying. After 28 days of modeling, the lung tissue of the right lobe of mice was frozen in liquid nitrogen to extract tissue protein and RNA. The lung tissue of the left lobe was perfused and fixed with 4% paraformaldehyde for follow-up experiments.
Cell model
Human fetal lung fibroblast MRC-5 cells were purchased from the American Type Culture Collection and cultured in advanced minimum essential medium containing 10% fetal bovine serum, 1% GlutaMAX, 1% sodium pyruvate, 1% NEAA, and 100 × penicillin/streptomycin solutions at 37°C and 5% CO2 incubator. The cells were divided into different groups according to the experimental requirement: normal group, TGF-β1 treatment group, TGF-β1 + DME treatment group. Cells were treated with or without 5 ng/ml TGF-β1 for 72 h, and then treated with or without DME for 48 h. For rescue assay, cells were treated with TGF- β1 for 72 h and then transfected with an overexpression lncIAPF plasmid for 6 h, followed by treatment with DME for 48 h.
Cell counting kit-8 (CCK-8) toxicity experiment
5 × 103 MRC-5 cells were cultured for 24 h in the 96-well plates. 100 μl different concentrations of DME was added to each well and cultured for 24 h or 48 h. Then 10 μl CCK-8 solution was added to each well. After 4 h, the absorbance was measured at 450 nm with a microplate reader. Cell viability was calculated according to the kit formula.
Wound healing assay
MRC-5 cells were seeded in 96-well plates. When the cell density reached 60%, the complete medium was replaced by serum-free medium with or without TGF-β1 for 72 h. After an even line was drew on the surface of cultured cells, cells were washed three times with 1 × PBS to wash away the dead cells. Then, the different concentrations of DME were added to the plates and the plates were incubated in an IncuCyte S3 live-cell analysis system (Essen BioScience). The instrument automatically monitored and analyzed the live cells growth.
Hematoxylin-eosin staining and Masson’s trichrome staining
The fixed lung tissue was dehydrated, soaked in paraffin overnight, embedded in paraffin, cut into 4 μM sections with a Leica microtome (RM2255), and stained with H&E or Masson staining kits (Solarbio, China), respectively. The paraffin sections were dewaxed and stained, dehydrated with absolute ethanol, transparent in xylene, dripped with neutral gum, and sealed with a cover glass. The lung tissues of each group were observed under a light microscope.
Quantitative real-time reverse transcription PCR assay
Total RNA was extracted from MRC-5 cells or lung tissues with Trizol, then reverse transcribed into cDNA by reverse transcription kit (TaKaRa Biotechnology). A total volume of 20 μL system was as the following: 2 μl cDNA, 7.2 μl RNA free water, 0.4 μl lncIAPF/GAPDH forward primer, 0.4 μl lncIAPF/GAPDH reverse primer, 10 μL SYBR® Premix Ex TaqTM. The reaction program was as the following: holding temperature at 95°C for 30 s. 45 cycles of PCR amplification at 95°C for 5 s, 60°C for 20 s and 72°C for 30 s.
Immunofluorescence observation
MRC-5 cells were seeded on the cell slides in a 24-well plate, fixed with 4% tissue cell fixative for 30 min, and punched with 0.3% TritonX-100. The slides were washed with 1 × PBS, blocked with goat serum for 1 h, and incubated with anti-HuR (1:1,000, Proteintech, China) at 4°C overnight. Fluorescently labeled secondary antibody was added, incubated at room temperature for 60 min in the dark, and then discarded. 200 μl DAPI was added to each well to stain cell nuclei for 6 min and washed with 1 × PBS. Finally, the anti-fluorescence quencher was dropped on the cell slides. All images were collected under a laser scanning confocal microscope (Zeiss LSM880, Germany).
Western blot
Cells or lung tissues were harvested and lysed in radio immunoprecipitation assay buffer and phenylmethanesulfonyl fluoride (100:1). The protein concentration was measured using bicinchoninic acid protein assay kit (Coolaber, China). After separation in sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the proteins were transferred to a polyvinylidene fluoride membrane, and the protein bands were blocked with 5% nonfat dry milk for 2 h, and mixed with anti-collagen III (1:1,000, Affinity, China), anti-collagen I (1:1,000, Affinity, China), anti-α-SMA (1:1,000, Affinity, China), anti-Vimentin (1:1,000, Affinity, China), Anti-GAPDH (1:10,000, Affinity, China), anti-ULK1 (1:1,000, Affinity, China), anti-FAP1 (1:1,000, Cell Signaling, United States), anti-TGF-β1, anti-ATG5, anti-DRAM2 (1:1,000, Cell Signaling, United States) 1,000, Bioss, China), anti-GABARAP (1:1,000, Affinity, China), anti-EZH2, anti-FOXK1, anti-STAT1 (1:1,000, Abcam, United Kingdom), anti-P62, anti-HuR (1:1,000, Proteintech, China)), anti-ATF3 (1:1,000, Proteintech, China), anti-LC3 polyclonal antibody and incubated overnight. Membranes were washed three times with 1× tris buffered saline tween and then incubated with goat anti-rabbit/mouse secondary antibody for 1 h. Finally, protein expression was detected by enhanced chemiluminescence kit (Spark Jade, China).
Nuclear and cytoplasmic extraction
The cell samples collected in 1.5 ml centrifuge tubes. Pre-cooled cytoplasmic extraction reagent (CER) I and CER II were added and mixed. After centrifugation, the supernatant was aspirated to obtain the cytoplasmic extraction. Then pre-cooled nuclear extraction reagent was added to the remaining precipitation, mixed and incubate on ice for 10 min. After centrifugation, the supernatant was aspirated to obtain the nucleus extraction.
Dual fluorescence HBAD-mcherry-EGFP-LC3 detection
MRC-5 cells were seeded in glass-bottom dishes. When the cell density reached 60%–70%, the complete medium was replaced with 500 μl serum-free medium. 5 μl HBAD-mcherry-EGFP-LC3 (HANBIO, China) was added into the medium. After 6 h, the medium containing HBAD-mcherry-EGFP-LC3 was removed. Then the cells were treated with/without TGF-β1 and medium containing DME for 48 h. Fluorescence images were examined under a laser scanning confocal microscope.
Half-life analysis
1 × 106/ml MRC-5 cells were seeded in cell dishes. Cells were treated with TGF-β1 for 72 h, and then treated with DME for 48 h. Finally, 2 ml serum-free medium containing 5 μg/ml actinomycin D was added into the cell samples for different times (0, 1, 2, 3, 4 h). Cells were collected and total RNA was extracted for subsequent qRT-PCR detection.
HuR stability assay
1 × 106/ml MRC-5 cells were seeded in cell dishes. 2 ml serum-free medium containing 10 μg/ml cycloheximide was added into the cell samples. Cell proteins were extracted after cycloheximide treatment for different times. HuR and GAPDH protein levels were detected by Western blot.
RNA-binding protein immunoprecipitation analysis
RIP assay was performed by using the RNA immunoprecipitation kit (GENESEED, China) according to the manufacturer’s instructions. The cell samples were collected and lysed by the lysis buffer containing protease inhibitors and RNase inhibitors. 100 μL supernatant was taken as input control, the negative control was normal rabbit anti-IgG antibody (Cell Signaling Technology, United States). The antibody was linked to the magnetic beads in advance to capture the antigen. Finally the RNA bound to the magnetic beads was eluted and purified for qRT-PCR analysis.
Chromatin immunoprecipitation PCR analysis
CHIP- PCR assay was performed by using the SimpleChIP® enzymatic chromatin IP kit (Cell Signaling Technology, United States) according to the manufacturer’s instructions. The cell samples were collected and incubated with formaldehyde for 10 min. 2.5 M glycine was added and mixed. After centrifugation, the precipitation was prepared for nuclear preparation and chromatin digestion. The chromatin was immunoprecipitated with anti-ATF3 or rabbit IgG antibodies and incubated overnight. 30 μl CHIP-grade protein G agarose beads was added and incubated for 2 h. NaCl and protease K were added and the enriched DNA-protein complex was de crosslinked to release DNA fragments. DNA was purified using a DNA centrifuge column and amplified by PCR. Primers for lncIAPF promoter were as follows: Forward-CTACCTTCAAGCCTTACTTCCTCCG, Reverse-GAATACAAGGCGCTATGCTAGGAAC.
Statistical analysis
Data were expressed as the means ± standard deviation (SD) and analyzed using the GraphPad Prism statistic software program. Differences between groups were assessed by two-sided Student’s t-test. All experiments were repeated thrice. p < 0.05 was considered statistically significant.
RESULTS
Danshensu methyl ester attenuated pulmonary fibrosis In vivo and In vitro
First, CCK-8 was used to evaluate the in vitro toxicity of DME. Human lung fibroblast MRC-5 cells were incubated in a medium containing different concentrations of DME for 24 and 48 h. Normal cell viability indicated that the IC50 of DME was approximately from 100 to 110 μg/ml at 24 h and 80–90 μg/ml at 48 h (Figure 2A). Then, 5 ng/ml of transforming growth factor β1 (TGF-β1) was used to establish a pulmonary fibrosis model in MRC-5 cells. MRC-5 cells were treated with TGF-β1 for 72 h, and then treated with different concentrations of DME (0, 2.5, 5, 7.5, 10, 15, 20 ug/mL) for 24 h and 48 h respectively. The results showed that DME inhibited TGF-β1-treated cells in a time- and concentration-dependent manner. Starting from the condition of 5 μg/ml DME-treated for 48 h, DME treatment showed a significant inhibitory effect (Figure 2B). The proliferation curve further confirmed that 5, 10, and 20 μg/ml of DME showed slight toxicity against normal cells (Figure 2C). Real-time cellular analysis (RTCA) experiment was performed to monitor the migration of TGF-β1-activated MRC-5 cells. The curves demonstrated that 5, 10, and 20 μg/ml of DME markedly inhibited the migration of cells treated with TGF-β1 (Figure 2D). The result of migration was further confirmed by scratch wound-healing assay by using an IncuCyte S3 instrument (Figure 2E). Western blot showed that DME decreased the expression level of differentiation-related proteins, including fibroblast activation protein 1 (FAP1) and S100 calcium-binding protein A4 (S100A4), and fibrotic markers, including vimentin, α-SMA, and collagen I and III (Figure 2F). Thus, 10 μg/ml of DME treated for 48 h was selected for further studies. These findings indicated that DME alleviated pulmonary fibrosis by inhibiting the differentiation of fibroblast into myofibroblast, myofibroblast proliferation and migration, and ECM deposition in vitro.
[image: Figure 2]FIGURE 2 | Concentration screening of DME and its anti-pulmonary fibrotic effect on MRC-5 cells. (A) CCK-8 was performed to test the drug toxicity of DME in normal MRC-5 cells. IC50 was approximately from 100 to 110 μg/ml under DME treated for 24 h and 80–90 μg/ml under DME treated for 48 h. (B) Inhibition of DME on TGF-β1-treated cells in a time- and dose-dependent manner. MRC-5 cells were initially cultured with 5 ng/ml of TGF-β1 for 72 h and then co-cultured with different concentrations of DME for 24 and 48 h respectively. (C) Real-time cell analysis identified that 5, 10, and 20 μg/ml of DME showed little toxicity against normal cell proliferation. (D) The curves of real-time cellular analysis revealed that 5, 10, and 20 μg/ml of DME significantly repressed the activated-fibroblast migration compared with those in the TGF-β1 treatment group (E) Analysis by using incuCyte S3 instrument confirmed that 5, 10, and 20 μg/ml of DME markedly inhibited the migration of cells treated with TGF-β1. (F) Western blot showed that DME decreased the expression level of S100A4, FAP1, vimentin, a-SMA, and collagen I and III. Each bar represents the mean ± SD; n = 6; *p < 0.05.
Then, the anti-pulmonary fibrotic ability of DME was assessed in BLM-treated mice (Figure 3A). Lung-function assessment revealed that DME treatment obviously promoted the forced vital capacity (FVC) of mice (Figure 3B). The images of the MicroCT system for small animals depicted that the honeycomb lung and uneven patchy shadows were evident in the BLM-treated group. The fibrotic symptoms were remarkably alleviated under DME treatment (Figure 3C). H&E staining displayed that BLM-treated mice had evident collagen deposition, damaged alveolar structure, and mild inflammatory cell infiltration. After DME treatment, collagen deposition was reduced, and the alveolar structure was clear and complete. Masson staining demonstrated that the alveolar structure of the treatment group was more complete, and collagen deposition was reduced in DME-treated mice (Figure 3D). Western blot indicated that DME reduced the expression level of pulmonary fibrotic proteins, including vimentin, collagen, and a-SMA, and differentiation-related proteins, including FAP1 and S100A4 (Figure 3E). The abovementioned results indicated the anti-pulmonary fibrotic ability of DME in vivo.
[image: Figure 3]FIGURE 3 | DME alleviated pulmonary fibrosis in BLM-treated mice. (A) Schematic illustration of DME injection to mice. (B) FVC results showed that DME enhanced the pulmonary function of mice compared with those in the BLM group. (C) MicroCT images exhibited that the BLM group had evident honeycomb-like changes and uneven patchy shadows compared with the sham group. The fibrotic symptoms were significantly improved in the DME group. (D) H&E and Masson staining unveiled that the alveolar structure was relatively complete; the alveolar septum became thinner, and collagen deposition was reduced in DME-treated mice compared with those of the BLM-treated group. (E) Western blot analysis showed that DME reduced the expression level of S100A4, FAP1, vimentin, a-SMA, and collagen I and III. Each bar represents the mean ± SD; n = 6; *p < 0.05.
Danshensu methyl ester mitigated pulmonary fibrosis through downregulating lncIAPF–HuR complex to promote autophagy
Autophagy is repressed in pulmonary fibrosis. lncIAPF–HuR complex can promote pulmonary fibrogenesis through inhibiting autophagy. Thus, we explored if lncIAPF–HuR could be the target for DME action. The results of qRT-PCR illustrated that DME reduced the expression level of lncIAPF (Figure 4A). An overexpressed plasmid of lncIAPF (over lncIAPF) and an empty vector without lncIAPF (lncIAPF negative control) were designed to transfect into MRC-5 cells. The rescue experiment of Western blot indicated that lncIAPF overexpression reversed the downward expression of S100A4, FAP1, α-SMA, vimentin, and collagen I and III caused by DME (Figure 4B). Moreover, the rescue experiment of scratch assay confirmed that lncIAPF overexpression reversed the therapeutic effect of DME (Figure 4C). The effect of DME on autophagy was tested by using the tandem dual-fluorescence HBAD-mcherry-EGFP-LC3 method. Red fluorescence indicates autolysosomes in normal autophagy. Yellow fluorescence indicates autolysosomes in abnormal autophagy, which suggests that autolysosomes can form, but can not be degraded and autophagy is partially blocked. The yellow dots increased in the TGF-β1 group compared with the normal group. The red dots increased in the DME group compared with the TGF-β1 group, which indicated that DME promoted autophagy. The rescue experiment further confirmed that lncIAPF overexpression reversed the enhanced effect of DME on autophagy (Figure 4D). Stable experiments demonstrated that DME weakened lncIAPF stability, and lncIAPF overexpression reversed the effect of DME on its stability (Figure 4E). The abovementioned findings indicated that DME attenuated pulmonary fibrosis via inhibiting lncIAPF to promote autophagy.
[image: Figure 4]FIGURE 4 | DME alleviated pulmonary fibrosis by weakening lncIAPF stability and transcription to promote autophagy. (A) qRT-PCR result showed that DME reduced the expression level of lncIAPF. (B) The rescue experiment of Western blot showed that DME reduced the expression of S100A4, FAP1, α-SMA, vimentin, and collagen I and III. lncIAPF overexpression increased the expression of S100A4, FAP1, α-SMA, vimentin, and collagen I and III and reversed the downward trend caused by DME. (C) The rescue experiment of scratch assay showed that lncIAPF overexpression reversed the downward trend of migration caused by DME. (D) Red fluorescence indicates autolysosomes in normal autophagy. Yellow fluorescence indicates autolysosomes in abnormal autophagy. The yellow dots increased in the TGF-β1 group compared with the normal group. The red dots increased in the DME group compared with the TGF-β1 group. (E) Actinomycin D experiment showed that lncIAPF gradually decreased with the prolongation of actinomycin D action. However, lncIAPF overexpression reversed this trend. (F) Western blot result showed that DME decreased the expression levels of TGF-β1 and p-Smad2/3. (G) CHIP-PCR showed that TGF-β1 enhanced the binding between the lncIAPF promoter region and ATF3. DME partially blocked the binding of the lncIAPF promoter region to ATF3. (H) qRT-PCR and Western blot results showed that DME decreased ATF3 expression at mRNA and protein levels. (I) The rescue experiment of Western blot showed that overexpression of ATF3 increased S100A4, FAP1, α-SMA, vimentin and collagen I and reversed the downward trend caused by DME. The concentration of DME used was 10 μg/ml. Over lncIAPF NC indicates a negative control. Each bar represents the mean ± SD; n = 6; *p < 0.05.
The regulatory mechanism of DME on the upstream signal pathway of lncIAPF was further explored. TGF-β1 signal transduction can be activated via the translocation of Smad2/3 in pulmonary fibrosis. Smad2/3 translocates from cytoplasm to nucleus via phosphorylation to realize TGF-β1 signal transduction. So we detected the expression of TGF-β1, Smad2/3 and p-Smad2/3. The result showed that DME inhibited TGF-β1 and p-Smad2/3, indicating DME inhibited TGF-β1 signal transduction directly (Figure 4F). Then, primers of the lncIAPF promoter were designed for CHIP-PCR to identify which transcription factor affected lncIAPF transcription under DME action. The data demonstrated that TGF-β1 enhanced the binding between the lncIAPF promoter region and activating transcription factor 3 (ATF3). The binding of the lncIAPF promoter region to ATF3 was partially blocked under DME action (Figure 4G). The results of qRT-PCR and Western blot further indicated that DME decreased ATF3 expression at mRNA and protein levels (Figure 4H). An overexpression plasmid ATF3 was designed and transfected into MRC-5 cells. The rescue experiment of Western blot indicated that ATF3 overexpression reversed the downward expression of S100A4, FAP1, α -SMA, vimentin, collagen I and collagen III caused by DME (Figure 4I). The abovementioned findings indicated that the inhibition of DME depended on ATF3 expression via TGF-β1 signal transduction.
Then, an RNA immunoprecipitation (RIP) experiment was performed to test whether lncIAPF bound to HuR and investigate the effect of DME on their binding. The results confirmed that lncIAPF bound to HuR, and the binding amount increased under TGF-β1 action and decreased under DME treatment (Figure 5A). HuR expression was verified by Western blot experiment. HuR expression increased in the model group and decreased in the DME treatment group (Figure 5B). The rescue experiment further demonstrated that lncIAPF overexpression increased HuR expression and reversed the downward trend caused by DME (Figure 5C). Meanwhile, a small interfering RNA plasmid of HuR (si-HuR) was designed and transfected into MRC-5 cells after transfection of overexpressing lncIAPF. The rescue experiment of Western blot indicated that HuR interference reversed the high expression of S100A4, FAP1, α-SMA, vimentin, collagen type I and collagen type III induced by lncIAPF overexpression (Figure 5D). The rescue experiment of scratch assay showed that interference with HuR reversed the trend of accelerated migration caused by lncIAPF overexpression (Figure 5E). The data indicated that the effect of DME was dependent on lncIAPF- HuR complex. HuR, as an RNA-binding protein, can enhance the stability of lncIAPF and increase its expression. The regulatory mechanism of DME on HuR via lncIAPF was further explored. First, the location of HuR in the cell was detected by nucleocytoplasmic separation and immunofluorescence experiments. The results showed that HuR primarily existed in the nucleus of normal cells. Under the action of TGF-β1 or overexpressed lncIAPF, HuR was transferred from the nucleus to the cytoplasm. DME blocked HuR nucleocytoplasmic translocation, but lncIAPF overexpression reversed this effect (Figures 5F,G), indicating that DME blocked HuR nucleocytoplasmic translocation via lncIAPF. Cycloheximide experiment verified that DME weakened HuR stability depending on lncIAPF (Figure 5H). Collectively, these studies demonstrated that DME attenuated pulmonary fibrosis by inhibiting the lncIAPF–HuR-mediated autophagic signaling pathway.
[image: Figure 5]FIGURE 5 | Regulatory mechanism of DME on lncIAPF–HuR. (A) The RIP experiment verified the binding relationship between lncIAPF and HuR and the effect of DME on their binding. (B) Western blot result showed that the expression of HuR increased in the model group and decreased in the treatment group. (C) The rescue experiment of Western blot showed that DME reduced HuR expression, and lncIAPF overexpression increased HuR expression and reversed the downward trend caused by DME. (D) The rescue experiment of Western blot showed that interference with HuR decreased the expression of S100A4, FAP1, α-SMA, vimentin, collagen I and III, and reversed the upward trend caused by lncIAPF overexpression. (E) The rescue experiment of scratch assay showed that HuR interinterference reversed the trend of accelerated migration caused by lncIAPF overexpression. (F) Nucleocytoplasmic separation experiment showed that DME blocked the nucleocytoplasmic translocation of HuR, but lncIAPF overexpression reversed the effect of DME. β-Tubulin was used as the cytoplasmic reference, and Lamin B1 was used as the nucleus. The results of nucleoplasmic separation were quantitatively analyzed by Image J software as follows: Normal: nucleus/plasm = 2.0, TGF-β1: nucleus/plasm = 1.3, TGF-β1+DME: nucleus/plasm = 1.8, TGF-β1+DME + overlncIAPF NC: nucleus/plasm = 1.9, TGF-β1+DME + overlncIAPF: nucleus/plasm = 1.1. (G) Immunofluorescence experiment showed that HuR was primarily localized in the nucleus of normal cells, and it transferred from the nucleus to the cytoplasm under the action of TGF-β1 or lncIAPF overexpression. DME blocked the nucleocytoplasmic translocation of HuR, but lncIAPF overexpression reversed the effect of DME. (H) Cycloheximide experiment verified the stability of the HuR protein. DME weakened HuR stability, but lncIAPF overexpression reversed this trend. The half-life of HuR in each group was presented as follows: normal: T1/2 = 3.07 h, TGF-β1: T1/2 = 10.17 h, DME: T1/2 = 3.92 h, DME + over lncIAPF NC: T1/2 = 4.76 h, DME + lncIAPF: T1/2 = 12.33 h. The concentration of DME used was 10 μg/ml. Each bar represents the mean ± SD; n = 6; *p < 0.05.
Danshensu methyl ester promoted autophagy by targeting the enhancer of zeste homolog 2, signal transducers and activators of transcription 1, and forkhead box K1
EZH2, STAT1, and FOXK1 are the target genes of HuR. Then, the effect of DME on autophagy through EZH2, STAT1, and FOXK1 was explored. The RIP experiment elucidated that the mRNAs of EZH2, STAT1, and FOXK1 bound to HuR, and the binding amount decreased under DME treatment compared with TGF-β1 treatment (Figure 6A). Half-life analysis revealed that DME treatment weakened the stability of EZH2, STAT1, and FOXK1 at the mRNA level, but lncIAPF overexpression reversed this trend, indicating that DME weakened the stability of EZH2, STAT1, and FOXK1 depending on lncIAPF (Figure 6B). Western blot detection showed that EZH2, STAT1, and FOXK1 decreased in the DME group compared with those in the TGF-β1/BLM group (Figure 6C). Autophagic marker proteins, such as P62, LC3I, and II, increased in the TGF-β1/BLM group and decreased in the DME group (Figure 6D). The rescue experiment showed that lncIAPF overexpression reversed this protein trend caused by DME, indicating that the enhancement effect of DME treatment on the target genes and autophagic flux was dependent on lncIAPF (Figure 6E).
[image: Figure 6]FIGURE 6 | DME promoted autophagy through downregulating the target genes EZH2, STAT1, and FOXK1 depending on lncIAPF (A) RIP experiment showed that the mRNAs of EZH2, STAT1, and FOXK1 bound to HuR, and the binding amount decreased under DME treatment compared with TGF-β1 treatment (B) Half-life analysis revealed that DME treatment weakened the stability of EZH2, STAT1, and FOXK1 at the mRNA level, but lncIAPF overexpression reversed this trend. (C) Western blot result demonstrated that DME reduced the expression level of EZH2, STAT1, and FOXK1 in BLM-treated mice and TGF-β1-treated MRC-5 cells. (D) P62, LC3-II, and LC3-I expression levels in the DME group decreased compared with those in the TGF-β1/BLM-treated group. (E) The rescue experiment validated that lncIAPF overexpression reversed the effect of DME on target and autophagic genes. (F) Western blot identified that ATG5 and ULK1 decreased in vivo and in vitro in the DME group compared with those in the TGF-β1 group. In addition, GABARAP and DRAM2 levels increased in vivo and in vitro in the DME group compared with those in the TGF-β1 group. (G) The rescue experiment clarified that lncIAPF overexpression reversed the enhancement effect of DME treatment on autophagy. The concentration of DME used was 10 μg/ml. Each bar represents the mean ± SD; n = 6; *p < 0.05.
Autophagosome accumulation was remarkably increased in pulmonary fibrosis (Figure 4D), indicating that autophagy was blocked in the later stage, and DME treatment promoted autophagy in pulmonary fibrosis. Thus, the effect of DME on autophagy was further explored. Autophagy-related gene 5 (ATG5) and unc-51-like kinase 1 (ULK1) play a role in the early stage of autophagy, and GABA type A receptor-associated protein (GABARAP) and DNA damage-regulated autophagy modulator 2 (DRAM2) contribute to the autophagosome–lysosome fusion in the later stage of autophagy. The Western blot result displayed that ATG5 and ULK1 decreased in vivo and in vitro in the DME group compared with those in the TGF-β1 group. Moreover, GABARAP and DRAM2 levels increased in vivo and in vitro in the DME group compared with those in the TGF-β1 group (Figure 6F). The rescue experiment verified that lncIAPF overexpression reversed this protein trend caused by DME, indicating that the enhancement effect of DME treatment on autophagy was dependent on lncIAPF (Figure 6G).
Danshensu methyl ester alleviated pulmonary fibrosis via targeting lncIAPF–HuR-mediated autophagic signal pathway in mice
Rescue experiment was performed in mice to elucidate the action mechanism of DME targeting lncIAPF–HuR. The overexpressed lncIAPF was packaged into the adenovirus vector to spray into the mouse lung (Figure 7A). MicroCT images showed that the lungs of BLM-treated mice had evident honeycomb lung and uneven patchy shadows. DME treatment dramatically attenuated these fibrotic symptoms and lncIAPF overexpression reversed the effect of DME (Figure 7B). H&E and Masson staining presented the lung tissue structure and collagen deposition in mice. The results showed that DME treatment lessened pulmonary fibrosis, but the lncIAPF overexpression group had severe pulmonary fibrosis and more collagen deposition, which reversed the anti-pulmonary fibrosis of DME (Figure 7C). Lung function assessment revealed that lncIAPF overexpression worsened lung function, which reversed the effect of DME on lung function (Figure 7D). qRT-PCR data illustrated that lncIAPF overexpression increased lncIAPF expression and reversed the effect of DME on lncIAPF expression (Figure 7E). Western blot confirmed that lncIAPF overexpression increased the expression of fibrotic proteins (collagen, vimentin, and a-SMA), differentiation-related proteins (S100A4 and FAP1), and autophagy-related proteins (HuR, ATF3, EZH2, STAT1, FOXK1, P62, LC3I/II, and ULK1) and decreased DRAM2, GABARAP, and the epithelial marker protein E-cadherin, which reversed the effect of DME on these proteins (Figure 7F). The abovementioned finding indicated that DME alleviated pulmonary fibrosis in mice via downregulating the ATF3-lncIAPF–HuR–EZH2/STAT1/FOXK1 autophagic axis.
[image: Figure 7]FIGURE 7 | DME alleviated pulmonary fibrosis via downregulating the ATF3-lncIAPF–HuR–EZH2/STAT1/FOXK1 autophagic axis in mice (A) Schematic illustration of spraying overexpressed lncIAPF into mice (B) MicroCT images showed that the lungs of BLM-treated mice had evident honeycomb lung and uneven patchy shadows. DME treatment dramatically attenuated these fibrotic symptoms and lncIAPF overexpression reversed the effect of DME. (C) H&E and Masson staining showed that DME treatment lessened pulmonary fibrosis, but the alveolar walls in the lncIAPF overexpression group were thickened; collagen deposition increased, and the lung structure was changed. (D) FVC results showed that overexpression of lncIAPF worsened lung function and reversed the effect of DME on lung function. (E) qRT-PCR result showed that lncIAPF was highly expressed in the mouse model, indicating that adenovirus had been successfully constructed (F) In mice treated with overexpressed lncIAPF, the expression of fibrotic proteins (collagen, vimentin, and a-SMA) and autophagy-related proteins (EZH2, FOXK1, STAT1, P62, HuR, ATF3) increased, whereas that of E-cadherin, DRAM2, and GABARAP decreased compared with those in the BLM group. Each bar represents the mean ± SD; n = 6; *p < 0.05.
DISCUSSION
Pulmonary fibrosis is characterized by fibroblast-to-myofibroblast differentiation, excessive proliferation and migration of myofibroblast, and accumulation of ECM components (Wu et al., 2020). Therefore, fibroblast-to-myofibroblast differentiation and excessive proliferation and migration of myofibroblast are the targets for anti-fibrotic drug development. For example, MBNL1 drives dynamic transition between fibroblasts and myofibroblasts, and tactical control of MBNL1 activity can alter fibrotic outcomes (Bugg et al., 2022). The methyl-CpG-binding domain 2 (MBD2) facilitates pulmonary fibrosis by orchestrating fibroblast-to-myofibroblast differentiation, and strategies aimed at silencing MBD2 can be potential therapeutic approaches for the prevention and treatment of pulmonary fibrosis (Wang et al., 2022). In addition, lncITPF accelerates fibroblast-to-myofibroblast differentiation to promote pulmonary fibrosis by targeting H3 and H4 histone acetylation in the ITGBL1 promoter depending on hnRNP-L (Song et al., 2019). Even, SARS-CoV-2 infection can drive fibroblast-to-myofibroblast transition leading to COVID-19 pulmonary fibrosis (Wang et al., 2021). Based on the results of atomic force microscopy, the mechanical stiffness of myofibroblast increases compared with normal fibroblast, which drives pulmonary fibrogenesis (Xu et al., 2022). In the present study, our results demonstrated that DME promoted autophagy to repress fibroblast-to-myofibroblast differentiation and proliferation and migration of myofibroblast via downregulating the lncIAPF–HuR-mediated autophagic axis (Figure 8). Mechanistically, DME inhibited ATF3 expression via TGF-β1 signal transduction leading to a decrease in lncIAPF transcription and stability. Moreover, DME blocked HuR nucleocytoplasmic translocation and promoted its degradation via downregulating lncIAPF, which markedly decreased the expression of HuR target genes such as negative autophagic regulators EZH2, STAT1, and FOXK1.
[image: Figure 8]FIGURE 8 | Therapeutic mechanism of DME treatment in pulmonary fibrosis.
Autophagy is a normal cellular homeostatic process responsible for the lysosomal degradation of microorganisms, damaged organelles, and proteins that cannot be degraded by the ubiquitin–proteasome pathway (Klionsky et al., 2021; Ma et al., 2022). Abnormal autophagy contributes to the pathogenesis of human diseases targeting dysfunctional organelles, intracellular microbes, and pathogenic proteins (Levine and Kroemer., 2019). lncRNA-GBCDRlnc1 induces chemoresistance of gallbladder cancer cells by activating autophagy (Cai et al., 2019). The inhibition of lncRNA-Gm15834 attenuates autophagy-mediated myocardial hypertrophy via the miR-30b-3p/ULK1 axis in mice (Song et al., 2021). Under normal lung conditions, autophagy is critical for inhibiting spontaneous pulmonary inflammation and for the response of pulmonary stress. However, persistent and inefficient autophagy can promote lung injury (Racanelli et al., 2018). ATG4b-deficient mice displayed that autophagy disruption contributed to BLM-induced lung fibrosis (Cabrera et al., 2015). Annexin A2 is a specific BLM target to induce pulmonary fibrosis by impeding TFEB-mediated autophagic flux (Wang et al., 2018). Regarding lncRNA-related autophagy in pulmonary fibrosis, studies have reported that lncRNAs are involved in autophagy regulation. lncRNA-MEG3 restrained pulmonary fibrosis induced by NiO NPs via regulating autophagy mediated by the Hedgehog signaling pathway (Gao et al., 2022). lncIAPF promotes fibroblast-to-myofibroblast differentiation to accelerate pulmonary fibrosis through lncIAPF-mediated autophagic flux in vivo and in vitro in patients with idiopathic pulmonary fibrosis (IPF). The receiver operating characteristic curve (ROC) between lncIAPF and FVC shows that the sensitivity and specificity values are 87.5% and 75.0% in patients with IPF, respectively. The area under the ROC curve is 0.879 (Zhang J et al., 2022). In this study, we further proved that the lncIAPF–HuR complex can be a target related to autophagy for drug action. Autophagy is a continuous dynamic process and mainly contains 4 steps: formation of phagocytes, formation of autophage, formation of autophagosome and degradation of autophagosome. Our results showed that autophagosome accumulation was remarkably increased in pulmonary fibrosis, indicating that autophagy was blocked in the later stage, and DME treatment promoted autophagy via downregulating lncIAPF–HuR siganal pathway to mitigate pulmonary fibrosis.
HuR and its target genes EZH2, STAT1, and FOXK1 are negative autophagic regulators. m6A reader YTHDC1 interacts and cooperates with HuR in modulating autophagy by targeting SQSTM1 in diabetic skin (Liang et al., 2022). HuR usually serves as a RNA binding protein to regulate the stability and translation of messenger RNAs (Xiao et al., 2019). Our results indicated that DME weakened HuR stability to promote autophagy via inhibiting lncIAPF stability and transcription. The collected evidence indicates that overexpression or mutation of EZH2, STAT1, and FOXK1 is closely related to the occurrence and poor prognosis of multiple diseases; thus, they are attractive therapeutic targets for the treatment of diseases (Bowman et al., 2014; Kong et al., 2020; Patoli et al., 2020; Zhang J et al., 2022). Our mechanistic dissection revealed that DME inhibits EZH2, STAT1, and FOXK1 to block autophagy flux via weakening lncIAPF–HuR complex stability.
CONCLUSION
In conclusion, the novel compound DME prepared by our group has remarkable anti-fibrotic effects in vivo and in vitro, and the lncIAPF–HuR can be the target for drug action. Our study provides valuable insights into the design of new drugs and presents candidate therapeutic targets for drug treatment.
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Objective: T cells represent a predominant cell type in autoimmune disease. However, their exact roles are not fully clear in systemic sclerosis (SSc). This study aimed to mainly investigate the alteration in the absolute numbers of T-lymphocyte subsets and the serum levels of cytokines in SSc patients.
Methods: A total of 76 patients with SSc and 76 age- and sex-matched healthy controls (HCs) were enrolled. The levels of circulating T cell subsets and serum cytokines were measured by flow cytometry. T cell subsets or serum cytokines correlations with disease activity and organ involvement were analyzed.
Results: The absolute numbers of Th2 and Treg cells in SSc patients were lower than those in HCs (p < 0.05), resulting in the ratios of Th1/Th2 [25.01 (12.24, 38.61) vs. 11.64 (6.38, 20.34)] and Th17/Treg [0.42 (0.17, 0.66) vs. 0.17 (0.13, 0.29)] were increased significantly (p < 0.001). The absolute numbers of total T, Th, and Treg cells were negatively correlated with CRP (r = -0.406, p = 0.002; r = -0.263, p < 0.05; r = -0.367 p < 0.01). The serum levels of IL-2, SIL-2R, IL-6, IL-10, INF-γ, and TNF-α were significantly higher than those in HCs (p < 0.001). Increasing IL-2 in the wake of the augment of ESR (r = 0.671, p = 0.004), so did IL-6 (r = 0.378, p < 0.05). The ratio of Th17/Treg in SSc-ILD patients had lower levels than that in other patients [0.35 (0.14, 0.53) vs. 0.64 (0.26, 0.93) p = 0.028]; Treg cells were lessened in patients with Raynaud’s phenomenon relative to controls [3.00 (2.41, 4.28) vs. 3.55 (2.86, 4.53) p < 0.05]. The levels of IL-2, IL-10 and INF-γ [3.32 (1.05,11.73) vs. 2.32 (0.44,6.45), p = 0.045], [8.08 (3.63, 355,77) vs. 4.89 (0.78, 21.44), p = 0.02], [6.31 (2.66, 44.03) vs. 4.03 (0.22, 16.96), p = 0.009] were elevated in patients with arthralgia, while the level of Th17 was decreased [0.62 (0.20,2.16) vs. 1.26 (0.22,10.93), p = 0.026]. ROC curve analysis yielded an optimal cut-off IL-2, IL-10, and INF-γ levels of 2.67, 5.93, and 5.32 pg/ml for the presence of arthralgia.
Conclusion: We exhibited abnormalities in T subsets and the production of their cytokines in SSc, as compared with those in HCs. This may allow the pathogenesis of SSc and the development of novel therapeutic interventions aimed at targeting these cells and the cytokines they produce.
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INTRODUCTION
Systemic sclerosis (SSc) is a complex and heterogeneous autoimmune connective disease characterized by vascular abnormalities, autoimmunity, and extensive fibrosis of the skin and internal organs. It is universally accepted that the pathophysiology of SSc was a progressive self-amplifying process, which first started the microvascular damage, then run an autoimmune response, and was followed by progressive fibrosis (Cutolo et al., 2019). There is growing evidence of epigenetic abnormalities in this intractable disease, including specific modifications affecting the three main cell types that influence SSc pathogenesis: immune cells, endothelial cells, and fibroblasts (Tsou et al., 2021). Many patients have higher mortality due to vital organ involvement such as interstitial fibrosis, pulmonary hypertension, and renal crisis, which can also symptoms that severely affect the quality of life, such as Raynaud’s phenomenon, digital ulcerations, and arthralgia (Georges et al., 2006). It is a challenge for physicians who diagnose in the early oligosymptomatic stage of SSc and understand the pathogenesis for developing new targeted therapies (Herrick et al., 2017).
T cells have been reported to modulate the development of autoimmunity, inflammation, and fibrosis by the secretion of cytokines. It also has been found to be necessary to produce autoantibodies against a variety of nuclear proteins in SSc (Stochmal et al., 2020). Studies conducted in the progression of SSc have led to the recognition that T helper (TH) cells are involved in the early inflammatory response and late fibrotic phases by producing cytokines and interacting with fibroblasts (O'Reilly et al., 2012). Abnormal levels of T cell-derived cytokines, which act as humoral mediators during the immune response, have been found in the serum of SSc patients (Baraut et al., 2012). The concept of polarization of Th1/Th2 has been widely known as the classical pattern, Th1 cell-derived cytokines (such as IFN-γ, TNF-α, IL-1, IL-2, and IL-12) participate in pro-inflammatory responses, whereas Th2 cell-derived cytokines (IL-4, IL-13, IL-5, IL-6, and IL-10) promote the overproduction of collagen by fibroblasts (Baraut et al., 2010). Thus, Th2 is mostly involved in fibrosis, whereas Th1 rather induces inflammation at the early stages of SSc. Indeed, several cell types can produce cytokines, including CD8+ T, dendritic, Th17, and regulator T (Treg) cells. Understanding the mechanisms that generate this pattern of immune response and analyzing the levels of cytokines as diagnostic and prognostic markers in SSc patients is significant.
This study aimed to investigate the alteration of peripheral T-lymphocyte subpopulations and serum cytokines in SSc patients. We exhibited abnormalities in these cells and the production of cytokines by them, as compared with NCs. We observed the correlation between cytokines with disease activity and organ involvement. Furthermore, abnormal expression of cytokines has joint diagnostic significance. This may allow the pathogenesis of SSc and the development of novel therapeutic interventions aimed at targeting these cells and the cytokine they produce.
MATERIALS AND METHODS
Patients and controls
A total of 76 SSc patients enrolled, who visited the Rheumatology and Immunology Department of the Second Hospital of Shanxi Medical University from January 2018 to December 2020, and enrolled in the study were initial treatment and aged between 18 and 80 years. The diagnosis of SSc was based on the American College of Rheumatology/European League Against Rheumatism (ACR/EULAR) classification criteria (van den Hoogen et al., 2013). The patients were excluded from this study if they were suffering from malignant disease, had a history of malignancy, had a recent clinically significant infection, or had any other connective tissue disease. We also included 76 healthy controls (HCs), who visited the physical examination center of our hospital during the same period, had no rheumatic immunological and family history, and were matched with SSc patients in age and gender. Each subject provided a signed consent form. Peripheral blood and serum samples were taken; the clinical and laboratory indexes and auto-antibodies were detected using freshly blood samples at the same time. Our study was approved by the Ethics Committee of the Shanxi Medical University Second Affiliated Hospital and all candidates have signed informed consent. (No.2019YX009).
Clinical measurements
The clinical data of SSc patients were collected through retrospective medical records. Disease duration, which is the clinical period of the disease, was defined as the period from the first appearance of symptoms and signs to this visit. Esophageal dysfunction was defined as symptoms of acid reflux heartburn or findings of reflux esophagitis on gastrointestinal endoscopy. Cardiovascular diseases were assessed by color Doppler echocardiography (EF, ECO, PHILIPS EPIQ7C). The diagnosis of interstitial lung disease (ILD) was determined by a review of a high-resolution computed tomography scan (HRCT, GE DiscoveryRT). Lung involvement and fibrosis were evaluated using HRCT, which has four features: single ground glass lesions, ground glass lesions and reticular nodular lesions (mixed pattern), single reticular nodular lesions (reticular-nodular), and honeycomb changes. Diagnosed renal involvement with blood pressure exceeding 140/90 mmHg and decreased renal function (Renal dysfunction was defined as an increase in serum creatinine concentration of more than 30% above baseline levels at any study time point). In addition, the presence of joint contractures and Raynaud’s phenomenon were noted.
Flow cytometry
Th1, Th2, and Th17 Cell cultures and Labeling: An 80 μl blood sample together with 10 μl phorbol myristate acetate working solution (final concentration, 30 ng/ml), 10 μl ionomycin working solution (final concentration, 750 ng/ml), and 1 μl GolgiStop was incubated at 37°C and 5% CO2 for 5 h. The samples were then divided into two tubes, followed by staining with anti-CD4-FITC antibodies at room temperature in the dark for 30 min. To the tubes was added 1 ml freshly prepared fixation/permeabilization solution; the tubes were then placed in an incubator at 4°C in the dark for 30 min. Anti-IL-4-PE and anti-interferon gamma (IFN-γ)-APC were added to tube A; Anti-FITC-CD4 and anti-IFN-γ-APC (intracellular staining) were used to detect Th1 cells, while anti-FITC-CD4, and anti-IL-4-PE (intracellular staining) were used to detect Th2 cells. Anti-human IL-17-PE (intracellular staining) was added to tube B for Th17-cell analysis. The two tubes of cells were stored at room temperature for 30 min in the dark and then washed with phosphate-buffered saline (PBS). The absolute numbers of CD4+ T lymphocyte subsets were automatically detected using BD Multitest software (BD Biosciences, Franklin Lakes, NJ, United States). All immunofluorescence antibodies were purchased from BD Biosciences.
Detection of Treg Cells: Anti-CD4-FITC and anti-CD25-APC were added to an 80 μl blood sample and incubated at room temperature in the dark for 30 min. Then, 1 ml freshly prepared fixation/permeabilization solution was added to each tube, mixed, and incubated at 4°C for 30 min AntiFOXP3-PE (intracellular staining) was added and incubated at room temperature for 30 min in the dark, followed by washing with PBS and detection of Treg cells using flow cytometry. All immunofluorescence antibodies were purchased from BD Biosciences.
Flow cytometry: The stained cells were measured using flow cytometry (Calibur; BD Biosciences) within 24 h. Based on the scatter plot of the forward angular scattered light relative to the lateral angular dispersive light (side scatter (SSC)), the lymphocytes were gated to distinguish them. CD4 was used to distinguish CD4+ T cells from the SSc gate; 10,000 cells from the gate were taken. The relative percentages were obtained and analyzed using CellQuest software. The absolute number of cells in each subgroup was calculated using the following equation: absolute cell number = percentage of positive cells in each subset × the absolute number of CD4+ T cells (cells/μl) cells/μl whole blood.
Measurement of laboratory assessment
C3 and C4 complement levels, total serum immunoglobulin titers, and Erythrocyte Sedim entation Rate (ESR) were measured by nephelometry. The serum was separated from 4 ml venous blood after 1–2 h and stored at −20°C. The levels of serum cytokines [interleukin-2 (IL-2), IL-4, IL-6, IL-10, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and IL-17] in SSc were measured using flow cytometry. A cytometric bead array (CBA) kit was purchased from Jiangsu Sage Biotechnology Co. Ltd. (Jiangsu, China) and used according to the manufacturer’s instructions; the results were expressed as pg/ml.
Statistical analysis
Dichotomous variables were expressed as percentages and absolute frequencies, and continuous features were expressed as mean ± standard deviation (SD) or median four quantile method [M (P25, P75)]. The count data were measured using the chi-square goodness-of-fit test. The independent sample t-test was used for comparisons between the two groups. Nonnormal distribution data were performed using the Mann–Whitney’s U-test for the comparisons of differences between groups, using the Kruskal-Wallis H test among multiple groups. Correlation analysis was performed using Spearman’s rank correlation coefficient. All reported p values were 2-sided and were not adjusted for multiple testing. The level of significance was set at p < 0.05. All analyses were conducted using SPSS software version 26.0 (IBM, Armonk, NY, United States).
RESULTS
Patients’ disposition and baseline characteristics
Clinical data on the 76 patients with SSc were shown in Table 1. Of the 76 patients, 9.21% were male, and 90.79% were female. The average age of disease onset was 56.47 ± 12.42 years. The average hospitalization time was 15.60 ± 10.09 days. The course of the disease was 8.00 (3.00, 11.00) years. SSc was clinically classified into three groups: patients with diffuse cutaneous SSc (dcSSc) (65, 85.83%), an overlapping syndrome in which multiple diseases occur simultaneously (9, 11.84%), and limited cutaneous SSc (lcSSc) (2, 2.63%). Our cohort of patients with SSc represented untreated patients with diverse disease presentations, with some patients having none of the organs affected (32.89%), and others having a more systemic multiorgan disease (e.g., cardiovascular diseases, pulmonary disease, gastrointestinal disease, and renal involvement) (see Table 1). The proportion of patients who had ILD was 65.79%, while patients with cardiovascular diseases were 11.84%. Other involvement included arthralgia and Raynaud’s phenomenon were 31.58% and 86.84% in the study subjects respectively. Anti-nuclear antibodies were positive in 76.32% of the patients. Among them, 7.89%, 25%, and 10.53% were also positive for anti-centromere antibodies (ACA), anti-Scl-70 antibodies, and anti- Ro52 antibodies, respectively (Table 1). The values of each inflammatory indicator in SSc patients and HCs were shown in Table 1. Among them, ESR (22.50 (13.00,47.00) vs. 9.00 (5.00,14.00) mm/h) and CRP (6.92 (2.01,13.05) vs. 2.89 (1.33,3.56) mg/L) in SSc were higher compared with HCs. However, the value of PLT (198.50 (153.00,265.25) *109/L vs. 238.00 (212.00,291.50) *109/L) was the opposite.
TABLE 1 | Overview of patients with SSc and healthy controls (HCs).
[image: Table 1]Differences in T-lymphocyte subsets and cytokines between patients and healthy controls
The values of T-lymphocyte subsets and cytokines in SSc patients and HCs were shown in Figure 1. For analyzing the changes of the adaptive immune cells in peripheral blood in SSc patients, we simultaneously quantified the T and B cells of 76 patients. Although the numbers of both T and B cells were prominent, the absolute numbers of T cells were greater than those of B cells. Among them, total T cells in SSc were lower than those in HCs. Given the varied literature regarding CD4+T cell subsets in the context of SSc, we directly quantified CD4+T cell subsets in patients. We observed that the absolute numbers of Th2 and Treg cells were all decreased in SSc (p < 0.001, p < 0.001, respectively); their percentages came up with similar results. Interestingly, the absolute numbers of Th1 and Th17 had no significant change. In addition, the ratios of Th1/Th2 and Th17/Treg were comparable between the two groups. Th1/Th2 [25.01 (12.24, 38.61) vs. 11.64 (6.38, 20.34), p < 0.001] and Th17/Treg [0.42 (0.17, 0.66) vs. 0.17 (0.13, 0.29), p < 0.001] in SSc were higher compared with HCs. These results suggested that T-lymphocyte subsets seem to be involved in the pathogenesis of SSc.
[image: Figure 1]FIGURE 1 | The levels of peripheral lymphocyte subsets and serum cytokines in SSc patients and HCs. (A)The absolute numbers of total T (Tol T), total B (Tol B), Th2, and Treg cells in SSc were significantly lower than those in HCs. (B)The ratios of Th1/Th2 and Th17/Treg in SSc were significantly higher than those in HCs. (C)The serum levels of cytokines in SSc were significantly increased. HC, Healthy controls; SSc, systemic sclerosis; *p < 0.05; **p < 0.01; ***p < 0.001 by Mann–Whitney’s U-test.
Serum interleukin-2 (IL-2) levels in SSc patients [2.55 (1.05,2.41) pg/ml] were significantly higher than those in HCs [1.78 (1.05,2.41) pg/ml] (p < 0.001, Figure 1B). Similarly, serum levels of soluble interleukin-2 receptor (sIL-2R) [544.00 (374.00,1442.75) vs. 414.00 (235.50,682.25) pg/ml], interleukin-6 (IL-6) (12.42(5.43,23.05) vs. 5.16 (3.65,9.94)pg/ml), interleukin-10 (IL-10) [5.23(3.96,10.46) vs. 3.66 (2.74,5.50) pg/ml], INF-γ [4.44 (3.15,8.44) vs. 2.65 (2.12,4.56) pg/ml], and TNF-α [3.46 (2.02,5.64) vs. 2.49 (1.60,3.84) pg/ml]had a similar effect. Furthermore, there was no significant difference in serum interleukin-4 (IL-4) and interleukin-17 (IL-17) levels between SSc and HCs (p = 0.146; p = 0.958). Similarly, it has the significance that such high expression of cytokines in the pathogenesis of SSc cannot be underestimated.
The correlation of T-lymphocyte subsets and cytokines with inflammatory indexes
The serum levels of CRP, ESR, C3, C4, IgG, and PLT tended to be deemed as an indicator of disease activity frequently. As mentioned before, they were higher in the SSc than in the normal group. In addition, we examined the correlation between inflammatory index levels and these T-lymphocyte subsets and cytokines in SSc patients. As a result, total T cells, CD4+T cell, Treg cells and the ratio of Th1/Th2 were negatively correlated with CRP (r = −0.406, p = 0.002; r = −0.263, p < 0.05; r = −0.367 p < 0.01; r = −0.346, p < 0.05). We found a significantly negative correlation of Th1 cell levels with ESR and CRP (r = −0.302, p = 0.026; r = −0.455, p < 0.001), it equally applied to the relevance of Th17 with ESR and CRP (r = −0.311, p = 0.022; r = −0.56, p < 0.01). We also analyzed the correlation between other T-cell subsets and inflammatory indicators, but the difference was not statistically significant (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Heatmap of correlation of the number and proportion of the circulating T-lymphocyte subsets and serum levels of cytokine with PLT, ESR, CRP, IgG, C3 and C4 in SSc patients; (B) Heatmap of correlation of the serum cytokine levels of IL-2, IL-4, IL-6, IL-10, INF-γ, TNF-α with Total T, Th, Th1, Th2, Th17, Treg, Th1/Th2, and Th17/Treg (∗p < 0.05, ∗∗p < 0.01, and∗∗∗p < 0.001 by Spearman’s correlation test).
Analogously, the results emerged a positive correlation between considerable cytokines and inflammatory markers. Increasing sIL-2R in the wake of the augment of ESR (r = 0.671, p = 0.004), so did IL-6 (r = 0.378, p < 0.05).
The correlations of T-lymphocyte subsets and cytokine levels with organ involvements
Next, we examined the association between them and organ involvements. For organ involvements, we evaluated the presence of skin sclerosis, interstitial lung disease (ILD), cardiac involvement, esophageal motility disorders, joint contractures, and Raynaud’s phenomenon. In terms of the ILD, only the ratio of Th17/Treg was correlated, and simultaneously had lower levels relative to other patients [0.35 (0.14, 0.53) vs. 0.64 (0.26, 0.93) p = 0.028] (Figure 3A). On the other hand, Treg cells were lessened in patients with Raynaud’s phenomenon relative to controls [3.00 (2.41, 4.28) vs. 3.55 (2.86, 4.53) p < 0.05] (Figure 3B). We also examined the circulating T-lymphocyte subsets and serum cytokine levels in the presence of arthralgia. IL-2, IL-10 and INF γ [3.32 (1.05, 11.73) vs. 2.32 (0.44, 6.45), p = 0.045], [8.08 (3.63, 355,77) vs. 4.89 (0.78, 21.44), p = 0.02], [6.31 (2.66, 44.03) vs. 4.03 (0.22, 16.96), p = 0.009] were elevated in patients with arthralgia while Th17 was decreased [0.62 (0.20, 2.16) vs. 1.26 (0.22, 10.93), p = 0.026]. The ratio of Th17/Treg also decreased [0.21 (0.05, 2.05) vs. 0.45 (0.07, 7.01); p = 0.009] (Figure 3C). There were changes in other ratios, but the differences were not statistically significant (not shown, in supplementary data). These findings suggested that the T-lymphocyte subsets and cytokine levels could be potentially useful biomarkers for organ involvement, particularly in arthralgia, which may be an important organ involvement for the early presentation of SSc.
[image: Figure 3]FIGURE 3 | The correlation between the levels of T-lymphocyte subsets and cytokines with different symptoms. (A) The ratio of Th17/Treg in SSc patients with interstitial lung disease (ILD) had lower levels than that in those without ILD. (B) Treg cell number was lessened in patients with Raynaud’s phenomenon relative to controls. (C) The correlation between T-lymphocyte subsets and cytokines levels with the presence of arthralgia. HC, Healthy controls; SSc, systemic sclerosis; *p < 0.05 **p < 0.01, ***p < 0.001 by Mann–Whitney’s U-test.
Serum T-lymphocyte subsets and cytokines for arthralgia
Therefore, we calculated the cut-off value of each cytokine for the presence of arthralgia using ROC curve analysis (Figure 4A). Patients with arthralgia had higher levels of IL-2, IL-10, and INF-γ (Figure 3C). ROC curve analysis yielded an optimal cut-off value (2.67 pg/ml) of IL-2 for the presence of arthralgia. Similarly, levels of IL-10 and INFγ were elevated in patients with arthralgia. (Figure 3C). Subsequent ROC curve analysis yielded an optimal cut-off value of 5.93 and 5.32 pg/ml, respectively (Figure 4A). We then evaluated the usefulness of these optimal thresholds, and as shown in Figure 4B, they all showed a high prevalence of these optimal thresholds. We found that the proportion was significantly higher in patients with IL-2 >2.67 pg/ml; similarly, IL-10, INF-γ. When optimal thresholds for all three cytokines were used, arthralgia was found to have a higher incidence (Figure 4C).
[image: Figure 4]FIGURE 4 | (A). ROC curve analysis in the presence of arthralgia. (B). Prediction rates of arthralgia by IL-2, IL-10, INF-γ. (C). Prediction rates of arthralgia by the synergistic effect of cytokines.
DISCUSSION
The roles of the immune effector network in the pathogenesis of SSc remain incompletely understood. Our results shed new insights into immune pathologies in SSc by demonstrating the T-lymphocyte subset and cytokine profiles in peripheral blood. First and foremost, we showed the association between dysregulated serum cytokines and altered T-lymphocyte subsets in SSc patients. Furthermore, assessing their correlation with disease activity and organ involvement, we found that abnormal expression of cytokines in joint involvement has joint diagnostic significance. This may allow the development of novel therapeutic strategies aimed at targeting these cells and the cytokine they produce.
It has long been studied that T lymphocytes isolated from the blood or fibrotic skin of SSc patients show oligoclonal libraries (Sakkas et al., 2002). From the perspective of what is known as immunity, the different phenotypes of T cell subsets (such as Th1, Th2, Th17, and Treg) stem from naïve T cells under the action of a variety of cytokine environments. The mediators, released by Th1 and Th2 lymphocytes, can inhibit each other. Th17 and Treg differentiations are interconnected analogously. Indeed, IL-6 plays an important role in determining whether the immune response will be dominated by pro-inflammatory Th17 or by anti-inflammatory Treg cells. The interaction between Th1/Th2 and Th17/Treg also generates a loop effect due to cytokines. IL-17 produced by Th17 can suppress Th1 differentiation (Zhang and Zhang, 2020).
The numbers of CD4+ and CD8+ T cells represent the predominant T cell subsets in the blood and hardened skin biopsies of SSc patients during the inflammatory phase, as well as the production of pro-fibrotic cytokines such as IL-4 and IL-13 (Fuschiotti, 2016), which play significant roles in activating angiogenesis and promoting collagen production and fibrosis. It has been proposed that an imbalance between the Th1 and Th2 cytokines leads to abnormal responses to tissue damage. Th2 cytokines stimulate the synthesis of collagen, while Th1 cytokines, such as IFN-γ, by contrast, do the opposite (Wynn, 2004). Therefore, the skin or lung fibrosis of SSc can be infiltrated by Th2 rather than Th1 generally (Boin et al., 2008).
However, the reports about Th17 and Treg infiltration in the tissues of SSc patients are controversial. The levels of Th17 cells and cytokines in peripheral blood, skin lesions, and lung tissues of SSc patients have also been found to increase to varying degrees (Rodríguez-Reyna et al., 2012; Zhou et al., 2015), while another study demonstrated their elevated levels of them and a positive correlation with disease activity and collagen overproduction (Yang et al., 2014). Studies have shown that there may be a positive feedback loop betweenTh17 cells that produce IL-17 in SSc, which directly or indirectly stimulates the activation of fibroblasts, vascular endothelial cells, and smooth muscle cells. After activation, cytokines such as IL-6 and IL-8 can enhance the activation of Th17 cells (Liu et al., 2016). The number of Treg cells in peripheral blood can be increased, decreased, or have no difference with weakened function (Boin et al., 2008; Zhou et al., 2015). They participated in autoimmune and tissue fibrosis by producing IL-4 and IL-13.
Different from these, we found that the absolute numbers of Th2 and Treg in blood were lower than those in healthy controls. The distinct results may be affected by factors such as disease course and activity. Considering the limited number of patients in this study, our results need, however, to be validated on a larger number of patients, probably in a multicenter study. Kataoka et al. (2015) found that the decrease of Treg cell subsets and immunosuppressive ability in skin tissues with SSc lesions may be caused by microRNA, DNA methylation, and histone modification affecting FoxP3 (Wang et al., 2014). Notably, patients had higher ratios (imbalance) of Th1/Th2 and Th17/Treg. This result shed light on that T lymphocyte subsets do not wield a single influence independently, rather than play an immune role under the interaction of related circuits or patterns. In addition, our study indicated that there is a general trend of a reduction in T cells and an increase in markers of disease activity (Figure 2A).
Several lines of evidence suggested that effector T cells dominate the inflammatory infiltrates in the involved tissues during the early stages of the disease. Abnormal levels of T cell-derived cytokines, including TNFα, IL-6, IL-10 (Sato et al., 2001), IL-17, IL-4, and IL-13 (Fuschiotti et al., 2009; Hügle et al., 2013; Kang et al., 2019), have been found in the serum of SSc patients. Among these cytokines are thought to promote fibroblast overproduction of collagen, leading to excessive fibrosis. Consistent with previous reports, our conclusion illustrated that most cytokines increased significantly, IL-6 and IL-10 aggrandized particularly is especially obvious. IL-6 is a multifunctional acute-phase inflammatory cytokine that regulates cellular proliferation, activation, and immune responses. It is involved in a wide variety of pathophysiologic processes, such as increasing collagen production and driving differentiation of naive CD4-positive T cells into Th17 cells, which produce inflammatory cytokines (Abdel-Magied et al., 2016). Moreover, it is up-regulation was found to correlate with skin involvement and SSc-ILD (Abdel-Magied et al., 2016). However, no significant changes in IL-6 in patients with ILD were found in our study. In spite of this, the overwhelming majority of those cytokines showed a positive relationship with activity indexes as shown in Figure 2A.
In order to further investigate whether there are differences in T cells and cytokines among different organ-affected groups, we found that Th17/Treg was lower in patients with ILD, which is quite different from what we previously thought possible. Whereas, Treg has been lower in patients with Raynaud’s phenomenon. Of note, recent studies demonstrated that the progression of the disease can attribute to Treg transformation to pathogenic effector T cells, such as Th17-like or Th2-like cells, which produce inflammatory and profibrotic cytokines respectively (MacDonald et al., 2015; Slobodin and Rimar, 2017). Hence, it is hard not to speculate that there is a transformation of Treg in patients with ILD and Raynaud’s phenomenon. Despite these results, the transformation in the ILD and Raynaud’s phenomenon needs to be understood and clarified.
As mentioned above, the serological IL-2, IL-6 and INF γ levels in the presence of arthralgia elevated, while Th17 and Th17/Treg decreased. We used ROC curves to determine their optimal bounds and, in turn, the optimal bounds were used to predict a higher prevalence. Little is known about IL-10 participation in the pathogenesis of SSc. Almost all leukocytes produce IL-10, which has a short half-life and short range of activity (Saxena et al., 2015). Treg suppresses inflammation and autoimmunity by utilizing IL-10. Furthermore, IL-10 has been shown to downregulate the mRNA expression of type I collagen and fibronectin (Antiga et al., 2010). Similarly, IL-10 was associated with many T lymphocytes in this study (Figure 2B). We also showed high levels of IL-10 and low levels of Treg in patients with arthralgia. The reason for this phenomenon is not only Treg transformation but also IL-10 playing a joint damage process, which of course needs further study.
A cross-sectional analysis of the EUSTAR registry disclosed that the prevalence of articular symptoms was 28% in SSc (Avouac et al., 2010), which frequency is obviously high. Articular symptoms of any form were also found to have a higher incidence of 31.6% in our study. In addition, arthralgia may often occur in the early stages of the disease and was associated with disease activity and inflammatory responses. Jérôme Avouac et al. (2016) conducted a prospective cohort study using the systematic longitudinal follow-up of SSc patients with the EUSTAR registry, which has determined the value of joint synovitis as a predictor of disease progression. Current management of articular involvement is largely supportive and symptomatic. In most cases, simple NSAIDs are effective. Recently, biologics have been widely used to treat inflammatory rheumatism, like using TNF-α inhibitors to get a significant decrease in signs of inflammation or joint symptoms (Lam et al., 2007). However, it is regrettable that randomized controlled trials of SSc were lacking. An expert consensus on the use of TNF-α inhibitors in SSc among EUSTAR centers, which subjected arthritis might respond and should be conducted in more detailed investigation (Distler et al., 2011). Thus, accurate identification of high-risk patients with arthralgia may control the disease progression and optimal efficacy through implementing sufficient treatment at the right time.
A known problem is that it is difficult to distinguish whether joint involvement is an SSc-disease-associated manifestation, an overlap, or accompanying manifestations of an unrelated condition. Polyarticular and patterns of joint involvement have been described (Sandler et al., 2020). This study requires further in-depth research on the classification of joint patterns and the timing of onset.
There are certain limitations to our study. This research sample size is smaller, which recruited a limited number of patients with SSc., and still needs a multicenter, large sample, the long-term clinical observation confirmed that this conclusion. From a clinical point of view, different courses of disease, disease stages, and disease subsets need to be identified to facilitate personalized management approaches. The retrospective study design can also be considered a disadvantage, with treatment guiding decisions rather than preventing physicians from standardizing the purpose of the study background. Therefore, high-quality, large-scale with longer follow-ups are needed to further compare safety and efficacy, and disease stages and other relevant cytokine assays may be increased. However, patient cases represent real-life scenarios, we exhibited abnormalities in T subsets and the production of their cytokines, as compared with those in HCs. These new insights into the pathogenesis of SSc may allow the development of novel therapeutic interventions targeting these cells and the cytokines they produce. Although there is no single direct correlation between cytokine and clinical parameters, they also contribute to the evaluation of SSc patients. These easily detected clinical indicators may be useful for the risk stratification of patients with SSc, therapeutic guidance, and monitoring of disease progression. Moreover, the imbalance or re-balance of T lymphocyte subsets and cytokines may be used as the parameters of diagnosis and therapeutic efficacy.
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Gypenosides ameliorate ductular reaction and liver fibrosis via inhibition of hedgehog signaling
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Backgroud and aims: Ductular reaction (DR) is a common pathological change and thought to have a key role in the pathogenesis and progression of liver fibrosis. Our previous study reported Gypenosides (GPs) ameliorated liver fibrosis, however, the anti-fibrotic mechanisms of GPs are still unclear.
Methods: Liver fibrosis was induced in rats by carbon tetrachloride combining with 2-acerylaminofluorene (CCl4/2-AAF), and Mdr2 knockout (Mdr2−/−) mice to evaluate the anti-fibrotic role of GPs. In vitro, WB-F344 cells, a hepatic progenitor cells (HPCs) line, with or without Gli1 overexpressing lentiviral vectors, were induced by sodium butyrate (SB) to validate the mechanism of GPs and NPLC0393, the main ingredient of GPs.
Results: Both in CCl4/2-AAF-treated rats and Mdr2−/− mice, GPs obviously reduced the deposition of collagen and hydroxyproline content, inhibited the activation of hepatic stellate cells and inflammatory cell infiltration. Notably, GPs reduced the expressions of Epcam, CK19, CK7, Dhh, Smo, Ptch2, Gli1 and Gli2. Furthermore, CK19+ cells co-expressed Gli1, while the number of CK19+/Gli1+ cells was decreased by GPs. In vitro, GPs and NPLC0393 inhibited the differentiation of WB-F344 cells toward a biliary phenotype. Mechanistically, GPs and NPLC0393 protected against DR by inhibiting hedgehog signaling, which was supported by the results that DR, triggered directly by Gli1 overexpressing lentiviral vector was blocked by administration with GPs or NPLC0393.
Conclusion: GPs attenuated DR and liver fibrosis by inhibiting hedgehog signaling, which provided more evidences and a novel mechanism of anti-fibrotic effect of GPs.
Keywords: gypenosides, liver fibrosis, ductular reaction, hedgehog signaling, NPLC0393
1 INTRODUCTION
Liver fibrosis, which is characterized by excessive deposition of extracellular matrix and the formation of fibrous scars (Parola and Pinzani, 2019), is a common pathological consequence of chronic liver injuries induced by various etiological factors, such as virus infection, alcoholism, chemical damage, and autoimmune disorders (Parola and Pinzani, 2019; Roehlen et al., 2020). If untreated, it ultimately leads to cirrhosis, end-stage liver diseases, and even hepatocellular carcinoma (HCC), becoming a major health challenge worldwide (Zhao et al., 2018; Asrani et al., 2019). Ductular reaction (DR) has been observed in acute and chronic liver injuries. It has been reported that in cholestatic liver injury, chronic viral hepatitis, and alcoholic hepatitis, ductular reactive cells extended into the hepatic parenchyma and played a key role in recruiting immune cells to create a proinflammatory and profibrogenic microenvironment, which correlated with the severity of fibrosis and short-term survival (Clouston et al., 2005; Zhao et al., 2018; Aguilar-Bravo et al., 2019). In our previous study, we demonstrated that abnormal proliferated cholangioctyes formed DR, exhibiting a profibrotic effect in rats with bile duct ligation (BDL), and the extent of DR was increased with the prolongation of molding time (Zhang et al., 2016). Although experimental data has proved that liver fibrosis, even early cirrhosis, is reversible through pharmacologic treatment or gene-editing technology. However, there are currently no effective FDA-approved drugs targeting liver fibrosis. Therefore, investigations searching for effective herbal medicines or bioactive compounds for anti-hepatic fibrosis have been a longstanding goal.
The Hedgehog (Hh) signaling is known to play a critical role in various acute and chronic liver diseases, including 70% partial hepatectomy (Ochoa et al., 2010), HBV/HCV infection (Pereira Tde et al., 2010), cholestatic liver injury (Gupta et al., 2020), alcoholic liver disease (Jung et al., 2008) and non-alcoholic fatty liver disease (Syn et al., 2012). Although temporary Hh signaling activation is required for efficient liver regeneration, dysregulated activation of Hh signaling in liver injuries encourages the development of the liver fibrosis and cirrhosis. As a result, inhibiting Hh signaling offers hope for the therapy of liver fibrosis.
Gypenosides (GPs) is one of the main pharmacologically active components extracted from Gynostemma pentaphyllum (Cui et al., 1999). GPs had effects on regulating lipid metabolism (Zhang et al., 2021), anti-inflammatory (Tu et al., 2021), anti-oxidative (Zhang et al., 2018), anti-cancer (Li et al., 2022), anti-diabetes (He et al., 2015), and hepatoprotection (Li et al., 2020). GPs have significant therapeutic effects on a variety of animal models of liver fibrosis. In addition, prior work has shown that the anti-fibrotic mechanisms of GPs were related to inhibiting the proliferation and activation of hepatic stellate cells (HSCs) (Chen et al., 2008), as well as reducing the damage caused by aldehydes and lipid peroxidation (Song et al., 2017). However, little work has been focused on the effect of GPs on DR.
In the present study, two rodent models of hepatic fibrosis induced by different pathogenic processes, including rats treated with carbon tetrachloride (CCl4) combined with 2-acetylaminofluorene (2-AAF) and multidrug resistance gene 2 knockout (Mdr2−/−) mice, and an in vitro model of differentiation of hepatic progenitor cells (HPCs) into cholangiocytes by sodium butyrate (SB) exposure, were used to elucidate the effect and mechanism of GPs on liver fibrosis. The findings demonstrated that GPs ameliorated DR and liver fibrosis by inhibiting hedgehog signaling.
2 MATERIALS AND METHODS
2.1 Animals
Female Fisher 344 rats, 6–8 weeks old, with 160–180 g, were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China). Mdr2−/− and wild-type (WT) mice were purchased from the Shanghai Research Center of Southern Model Organisms (Shanghai, China). All animals were housed at the Animal Experiment Center of Shanghai University of Traditional Chinese Medicine, with a 12-h light-dark cycle and free access to a chow diet and water. All animal experiments were approved by the Experimental Animal Ethics Committee of Shanghai University of Traditional Chinese Medicine (NO. PZSHUTCM190505002, and NO. PZSHUTCM200731007).
2.2 Drugs
CCl4 (10006464) was purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). 2-AAF (53-96-3), GANT61 (G9048), and SB (B5887) were purchased from Sigma-Aldrich Co., Ltd. (America) GPs (180527) was purchased from Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China). NLPC0393 was gifted by Dr. Shanhua Fang from Shanghai Institute of Materia Medica, Chinese Academy of Sciences.
2.3 Liver fibrosis animal models and treatment with GPs
2.3.1 CCl4 combined with 2-AAF -treated rats
All Fisher 344 rats were randomly divided into the CCl4-injected group and the normal control group. The CCl4-injected group was injected subcutaneously with 30% CCl4 -olive oil solution at a dose of 2 ml/kg, body weight, twice a week for 6 weeks. At the beginning of the seventh week, all CCl4-injected rats were randomly divided into three groups, including the CCl4 combined with 2-AAF (10 mg/kg/d) -treated group (the CCl4/2-AAF-treated group), the CCl4/2-AAF plus GPs (100 mg/kg/d) -treated group (the GPs-treated group), and the CCl4/2-AAF plus GANT61 (25 mg/kg/qod) -treated group (the GANT61-treated group). All drugs were administered orally according to different groups up to the end of the ninth week.
2.3.2 Mdr2−/− spontaneous primary sclerosing cholangitis model
A deficiency of canalicular phospholipid translocase in Mdr2−/− mice, resulted in lacking phospholipids in the bile further leading to the accumulation of toxic bile acids in hepatocytes and initiation of a profibrogenic ductular reaction, and spontaneously progressing to severe biliary fibrosis, resembling PSC (Popov et al., 2005). From the beginning of the eighth week after birth, Mdr2−/− mice were randomly divided into the Mdr2−/− model group and the GPs (200 mg/kg/d) -treated group. All mice were sacrificed at the end of the 11th week, liver tissues were collected for further experiments.
2.4 WB-F344 cells culture and treatment
WB-F344 cells, the HPC line, was purchased from Xiangf Bio (Shanghai, China), and cultured in high glucose DMEM supplemented with 10% fetal bovine serum, at 37 °C humidified atmosphere with 5% CO2. Cells were stimulated with 3.75 μM SB for 4 days to induce the differentiation into cholangiocytes, meanwhile treated for 4 days with or without GPs and NPLC0393 dissolved in DMSO with appropriate concentrations.
2.5 Gli1 overexpressing lentivirus vectors
The Gli1 gene overexpressing lentivirus vector and empty control lentivirus vector were prepared by Shanghai Genechem Co. Ltd. (Shanghai, China). The lentivirus vector carried a green fluorescent label (Vector name, GV367; element sequence, Ubi-MCS-SV40-EGFP-IRES-puromycin; control serial number, CON238). WB-F344 cells at the concentration of 1 × 10^4 cell/mL were cultured in 12-well plates for 24 h and treated with lentivirus vector per well at a MOI = 50. After 12 h, the transfection medium was changed to the medium according to the experimental groups. Cells were collected for the subsequent examination after 72 h.
2.6 Histopathological and immunohistochemical analysis
Liver tissues were fixed in 10% neutral-buffered formalin solution for at least 48 h. Subsequently, liver tissues were paraffin-embedded and cut at a thickness of 4 μm for hematoxylin and eosin (H&E) and Sirius red (SR) staining according to the manufacturer’s instructions.
Immunohistochemical staining was performed with the standard methods. Liver sections were firstly deparaffinized and washed, retrieved the antigens in citrate buffer, and inactivated the endogenous peroxidases with 3% hydrogen peroxide. Then blocked by 10% goat serum or 5% bovine serum, and incubated with primary antibodies at 4°C overnight. After three washes in PBST, sections were incubated with the corresponding secondary antibodies conjugated with HRP (GTVision III Immunohistochemical Detection Kit, HRP/DAB, anti-mouse/rabbit IgG, two-step, GK5005/5007, Gene Tech, Shanghai, China) for 30 min at 37°C in next day. Sections were then washed, colored with DAB, counterstained with hematoxylin, washed, dehydrated, and sealed. The staining images were acquired by a Leica SCN 400 slide scanner (Leica Microsystems Ltd., Mannheim, Germany) or bright-field microscopy (Olympus, Beijing, China). The detailed antibodies were provided in Supplementary Table S1.
2.7 Immunofluorescence analysis
Liver sections (8 μm) were fixed in pre-cooled (−20°C) acetone and cells were fixed in 4% paraformaldehyde for 10 min. After fixed, tissue sections and cells were treated with blocking solution (10% goat serum or 5% bovine serum in PBS) for 30–60 min at room temperature. Subsequently, primary antibodies were incubated at 4°C overnight. After three washes in PBST (5 min per wash), secondary antibodies were incubated at 37°C for 30 min in the next day. And 4′,6-diamidino-2 phenylindole (DAPI) was labeled the nuclear visualization. Fluorescent images were captured by a DP80 fluorescence inverted microscope (Olympus, Beijing, China) or a laser-scanning confocal microscope (Olympus, Beijing, China). The detailed antibodies were provided in Supplementary Table S2.
2.8 Western blot analysis
The liver tissues and cells were lysed by lysis buffer with protease and phosphatase inhibitors. After centrifugation (12000 rpm, 15 min) at 4°C, the supernatant was collected and the protein concentration was determined using the BCA assay. The samples were then mixed with 5× loading buffer and heated at 100°C for 8 min, fractionated by SDS-PAGE, and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were then incubated in blocking solution (5% bovine serum in PBS) for 60 min at RT, followed by overnight incubation at 4°C with the primary antibodies. After three washes in PBST (5 min each), the membrane was incubated with the appropriate secondary antibodies at RT for 1 h. After three more washes (5 min per wash) in PBST, the membranes were imaged by the Odyssey infrared imaging system (LiCor, America) or the ECL system (Tanon, Shanghai, China). The detailed antibodies were provided in Supplementary Table S3.
2.9 Quantitative real-time quantitative PCR
Quantitative real-time PCR was performed according to the manufacturer’s instructions as follows. Total RNA was extracted from liver tissues and cells using the MagExtraction™ RNA kit (TOYOBO, NPK-201F). The total RNA was reverse transcribed into cDNA by ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, FSQ-301). Real-time quantitative PCR was performed using the SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biology, AG11701). The primer sequences used are listed in Supplementary Table S4 and Supplementary Table S5.
2.10 Statistical analysis
The data were subjected to statistical analysis including Student’s t-test when appropriate or univariate analysis of variance (ANOVA) when more than two groups were compared, using the IBM SPSS 26.0 statistical package. p-value < 0.05 was considered significant.
3 RESULTS
3.1 GPs ameliorated CCl4/2-AAF-induced liver fibrosis in rats
To demonstrate whether GPs can improve liver fibrosis, a rat liver fibrosis model induced by CCl4/2-AAF was first established. In this model, 2-AAF could inhibit hepatocyte proliferation, conversely promote the activation and proliferation of HPCs. H&E staining showed apparent damaged lobules, extensive inflammatory cell infiltration in the portal area, and fibrous septa were visible in the CCl4/2-AAF-treated group. However, necroinflammatory hepatic lesions were markedly attenuated in the GPs or GANT61-treated group compared to the CCl4/2-AAF-treated group (Figure 1A). SR staining revealed that a large amount of collagen fiber deposited and some extended into the liver parenchyma, which formed pseudo nodules in the CCl4/2-AAF-treated group, in contrast, collagen deposition was significantly decreased after GPs or GANT61 treatment (Figure 1A). Consistently, the ratio of collagen-positive area and the hepatic Hyp content in the CCl4/2-AAF-treated group were significantly increased (p < 0.01), which were remarkably decreased in the GPs or GANT61-treated group (p < 0.05) (Figures 1B,C). Immunostaining showed that in the CCl4/2-AAF-treated group, collagen type I (Col-I), Col-IV, and alpha-smooth muscle actin (α-SMA) were mainly expressed in the fibrotic septa, and increased compared to the normal group, while GPs and GANT61 significantly reduced the expression of Col-I, Col-IV and α-SMA (Figure 1A). Moreover, Col1a1, Col4, and Acta2 mRNA expressions were significantly increased in the CCl4/2-AAF-treated group compared to the normal group (p < 0.01), whereas their expressions were decreased after administration with GPs or GANT61 (p < 0.01, p < 0.05) (Figure 1D). In addition, the α-SMA protein expression was significantly lower in the GPs-treated group and the GANT61-treated group than that in the CCl4/2-AAF-treated group (p < 0.01) (Figure 1E). These results demonstrated that GPs and GANT61 significantly alleviated liver fibrosis induced by CCl4/2-AAF in rats.
[image: Figure 1]FIGURE 1 | GPs alleviated CCl4/2-AAF-induced liver fibrosis in rats. (A) Representative images of liver sections stained with H&E (200×), SR (100×), and immunohistochemical staining (200×). (B) Morphometric quantification of the SR-positive area (%). (C) The Hyp content. (D) The mRNA expressions of Atca2, Col1a1, and Col4. (E) Western blotting and the gray-level score for α-SMA. *, p < 0.05; **, p < 0.01. Oil: the control group; CCl4/2-AAF: the CCl4 combined with 2-AAF-treated group; GPs: the GPs-treated group; GANT61: the GANT61-treated group.
3.2 GPs ameliorated liver inflammation and collagen deposition in Mdr2−/− mice
The anti-fibrotic effect of GPs was continued to investigate in another hepatic fibrosis model, Mdr2−/− mice, which could spontaneously develop cholestatic liver injury and fibrosis. Similar to the results found in the CCl4/2-AAF-treated rats, H&E staining also showed the hepatic lobule structure was disorganized and inflammatory cells infiltrated in Mdr2−/− mice, which were markedly improved after administration with GPs (Figure 2A). SR staining revealed that collagen deposition was increased, forming bridging fibrosis and complete pseudo nodule in Mdr2−/− mice, which was attenuated in GPs-treated group (Figure 2A). In addition, the Hyp content and SR-positive area were extensively reduced in GPs-treated group compared with the Mdr2−/− group (p < 0.05) (Figures 2B,C). Immunostaining showed that α-SMA expression in the liver was increased in Mdr2−/− mice, while significantly reduced after GPs administration (p < 0.01) (Figure 2E), which was consistent with mRNA expression of Acta2 analyzed by qRT-PCR (Figure 2D). Besides that, GPs inhibited the mRNA expression of Col1a1, Col3, Col4 and Tgf-β1 (p < 0.01, p < 0.05) (Figure 2D). All these results proved that GPs alleviated liver fibrosis in Mdr2−/− mice.
[image: Figure 2]FIGURE 2 | GPs ameliorated liver inflammation and collagen deposition in Mdr2−/− mice. (A) Representative images of liver sections stained with H&E (200×) and SR (100×), and immunohistochemical staining for α-SMA (200×). (B) Morphometric quantification of the SR-positive area (%). (C) The Hyp content. (D) The relative mRNA expressions of Atca2, Col1a1, Col3, Col4, and Tgf-β1. (E) Western blotting and the gray-level score for CK19. 0.05; **, p < 0.01. Mdr2+/−: the WT control group; Mdr2−/−: the Mdr2−/− mice group; GPs: the GPs-treated group.
3.3 GPs suppressed ductular reaction in fibrotic animals
DR is associated with liver fibrosis and the extent of DR parallels patient mortality (Sato et al., 2019). Immunostaining showed that OV6, an antigen-specific for rodent HPCs, was mainly expressed in the portal area in the normal group. In the CCl4/2-AAF-treated rats, OV6 was widely found in the injured liver, which was lower in the GPs or GANT61-treated group. For analyzing the changes in DR, serial sections were stained with epithelial cell adhesion molecule (Epcam), keratin19 (CK19), and CK7 by immunohistochemistry, which were biomarkers of HPCs and cholangiocytes, respectively. In the CCl4/2-AAF-treated group, Epcam was expressed in HPCs and reactive cholangiocytes located in the fibrous septa and occasionally in the scattered cells within hepatic lobules. CK19 and CK7 were expressed in pre-existing and reactive cholangiocytes. Further observation revealed that Epcam+ cells also expressed CK19 and CK7. While the expression of Epcam, CK19, and CK7 were decreased in the GPs-treated and GANT61-treated groups (Figure 3A). The mRNA expression of Epcam, Ck19, and Ck7, as well as the protein expression of CK19, were increased in the CCl4/2-AAF-treated group, which were significantly reduced after administration of GPs or GANT61 (p < 0.01, p < 0.05) (Figures 3B,C). Moreover, double-immunofluorescence staining showed that CK19, CK7, and OV6 were co-localized in reactive cholangiocytes, while the numbers of CK19+/OV6+ and CK7+/OV6+ cells were reduced in the GPs-treated and GANT61-treated groups compared with the CCl4/2-AAF-treated group (Figure 3D). Consistently with our finding in CCl4/2-AAF-treated rats, GPs also reduced the expressions of CK19, Epcam, and CK7 in Mdr2−/− mice (p < 0.01, p < 0.05) (Figures 4A–C). And the number of Epcam+/CK7+ cells was obviously decreased after GPs treatment analyzed by double-immunofluorescence staining (Figure 4D). These results demonstrated that GPs inhibited DR in fibrotic models.
[image: Figure 3]FIGURE 3 | GPs suppressed DR in CCl4/2-AAF-induced rats. (A) Representative immunohistochemical staining for OV6, Epcam, CK19, and CK7 (200×). (B) The mRNA expressions of Epcam, Ck19, and Ck7. (C) Western blotting and the gray-level score for CK19. (D) Confocal analysis of co-staining for CK19 (red) and OV6 (green), CK7 (red) and OV6 (green) (200×). *, p < 0.05; **, p < 0.01. Oil: the control group; CCl4/2-AAF: the CCl4 combined with 2-AAF-treated group; GPs: the GPs-treated group; GANT61: the GANT61-treated group.
[image: Figure 4]FIGURE 4 | GPs inhibited DR in CCl4/2-AAF-induced rats. (A) Representative immunohistochemical staining for CK19, Epcam, and CK7 (200×). (B) The mRNA expressions of Epcam, Ck19, and Ck7. (C) Western blotting and gray-level score of CK19. (D) Confocal analysis of co-staining for Epcam (red) and CK7 (green) (200×). *, p < 0.05; **, p < 0.01. Mdr2+/−: the WT control group; Mdr2−/−: the Mdr2−/− mice group; GPs: the GPs-treated group.
3.4 GPs suppressed the activation of hedgehog signaling in vivo
In CCl4/2-AAF-treated rats, qRT-PCR showed that the mRNA expressions of Dhh, Smo, Ptch2, Gli1, and Gli2, the relative genes of hedgehog signaling, were upregulated in the CCl4/2-AAF-treated rats (p < 0.01), which were downregulated in the GPs-treated group (p < 0.01, p < 0.05) (Figure 5A). GANT61, a direct small-molecule inhibitor of Gli1/Gli2, obviously reduced the mRNA expression of Gli1, Gli2 and Ptch2 (p < 0.01, p < 0.05) (Figure 5A). In addition, in Mdr2−/− mice, GPs decreased the expression of Smo, Ptch2, Gli1 and Gli2 (p < 0.01, p < 0.05) (Figure 5B). Importantly, double-immunofluorescence staining results showed Gli1 was expressed in the CK19+ reactive cholangiocytes, and the number of Gli1+/CK19+ cells was significantly increased in Mdr2−/− mice, which was obviously reduced in the GPs-treated group (Figure 5C). These results indicated that GPs played an anti-fibrotic role by inhibiting hedgehog signaling.
[image: Figure 5]FIGURE 5 | GPs attenuated DR via hedgehog pathway in fibrotic animals. (A) The mRNA expressions of Dhh, Shh, Ihh, Smo, Ptch1, Ptch2, Gli1, Gli2, and Gli3 in CCl4/2-AAF-induced rats. (B) The mRNA expressions of Dhh, Smo, Ptch2, Gli1, and Gli2 in Mdr2−/− mice. (C) Confocal analysis of co-staining for CK19 (red) and Gli1 (green) (200×). *, p < 0.05; **, p < 0.01.
3.5 GPs inhibited the differentiation of HPCs into cholangiocytes by inhibition of hedgehog signaling in vitro
To confirm whether GPs suppressed DR through hedgehog signaling, the in vitro model of differentiation of WB-F344 cells into cholangiocytes induced by SB was established. And the qRT-PCR result showed that the mRNA levels of Dhh, Ptch2, and Gli1 were upregulated in the SB-treated group compared with the control group (p < 0.01) (Figure 6D), which suggested that Hh signaling plays an effect on the differentiation of WB-F344 cells into cholangiocytes. Based on the CCK8 assay showed that the different concentrations of GPs did not have a toxic effect on WB-F344 cells (Figure 6A). Then, GPs at the three concentrations (25, 50, 75 μg/ml) were selected to incubate WB-F344 cells for 4 days, and the results showed that GPs significantly decreased the expressions of CK19, CK7, Dhh, Ptch2 and Gli1 at 75 μg/ml compared with the SB-treated group (p < 0.01, p < 0.05) (Figures 6B–D), Further study found that the ability of GPs to inhibit CK19 and Gli1 expression was comparable to that of the Gli1 inhibitor, GANT61 (Figures 6E–G).
[image: Figure 6]FIGURE 6 | GPs inhibited the differentiation of WB-F344 cells into cholangiocytes via hedgehog signaling. (A) Cell viability of GPs on WB-F344 cells. (B) The mRNA expression of Ck19. (C) Western blotting and the gray-level score for CK19. (D) The mRNA expressions of Ck7, Dhh, Smo, Ptch2, Gli1, and Gli2. (E) The mRNA expressions of Ck19 and Gli1. (F) Western blotting and the gray-level score for CK19. (G) Representative fluorescent cell images of WB-F344 cells stained with Gli1 and CK19 (600×). (H) The mRNA expression of Ck19. (I) The mRNA expression of Gli1. *, p < 0.05; **, p < 0.01.
To further validate whether GPs inhibit the differentiation of WB-F344 cells into cholangiocytes in a Gli1-dependent manner, Gli1-overexpressing lentiviral vectors were transfected into WB-F344 cells. The results revealed that Ck19 and Gli1 expressions in the Gli1-overexpressing lentiviral vector-transfected group were upregulated compared with the empty vector-transfected group (p < 0.05, p < 0.01), which were remarkably downregulated after treatment with GPs (p < 0.05, p < 0.01) (Figures 6H,I). Even compared with the SB plus empty vector-transfected groups, the Ck19 expression was notably increased in the SB plus Gli1-overexpressing lentiviral vector-transfected group (p < 0.01), which was also decreased after GPs treatment (p < 0.01) (Figure 6H). All these results demonstrated that Gli1 triggered and promoted the differentiation of WB-F344 cells into cholangiocytes, which could be inhibited by GPs.
3.6 NPLC0393, the natural compound of GPs, suppressed the differentiation of WB-F344 cells into cholangiocytes in a Gli1-dependent manner
NPLC0393 is a triterpene saponin constituent of GPs, which is isolated from the Chinese herb Gynostemma pentaphyllum. The total ion chromatograms (TIC) and extract ion chromatograms (EIC) of NLPC0393 in GPs and reference substances were shown in Figure 7A. The content of NPLC0393 in GPs was 2.6%. In vitro results showed that NPLC0393 at 20 μM reduced the expression of CK19 and Gli1 induced not only by SB stimulation but also by SB stimulation plus Gli1-overexpressing lentiviral vectors (p < 0.05, p < 0.01) (Figures 7B–H). In summary, NPLC0393, the compound of GPs also inhibited the differentiation of WB-F344 cells into cholangiocytes in a Gli1-dependent manner.
[image: Figure 7]FIGURE 7 | NPLC0393 suppressed the differentiation of WB-F344 cells toward a biliary phenotype in a Gli1-dependent manner. (A) The total ion chromatograms and extract ion chromatograms of NLPC0393 in GPs and reference substances (TIC and EIC). (B) Cell viability of NPLC0393 on WB-F344 cells. (C) The mRNA expressions of Ck19. (D) The mRNA expression of Gli1. (E,F) The mRNA expressions of Ck19 and Gli1. (G,H) Western blotting and gray-level score of CK19. *, p < 0.05; **, p < 0.01.
4 DISCUSSION
Numerous candidates from Chinese herbs have been studied recently for treating liver fibrosis (Li, 2020). GPs are one of the triterpenoids mainly extracted from Gynostemma pentaphyllum. It has been reported that GPs had unambiguous hepatoprotective effects on liver injuries (Huang et al., 2019; Shen et al., 2020). Additionally, GPs significantly decreased the serum ALT and AST levels, ameliorated the histopathological changes in CCl4 or DMN-induced liver fibrosis models (Feng et al., 2012; Chen et al., 2017). In this study, the obvious anti-fibrotic effect of GPs was also demonstrated by other two different rodent models, the CCl4/2-AAF-induced hepatic fibrosis and Mdr2−/− mice. 2-AAF can block hepatocyte proliferation and induce the robust expansion of HPCs (Petersen et al., 1998). And the CCl4/2-AAF-induced DR-fibrosis model displays more severe fibrosis and even cirrhosis compared to the only CCl4-induced fibrotic model, which recapitulated the events commonly observed in human fibrosis (Chobert et al., 2012). The ABCB4 gene was mutative in the Mdr2−/− mouse, which prevents the mice from secreting phospholipids into the bile. A histological look highly reminiscent of PSC patients results from the retained bile becoming corrosive and destroying cholangiocytes (Smit et al., 1993). The anti-fibrotic effect of GPs on these two models supplied more evidence that GPs ameliorated liver fibrosis induced by different pathogenic processes.
DR is a common typical response to injury in human liver diseases (Sato et al., 2019). Histologically, DR is described as the proliferation of ductular reactive cells, arising from the proliferation of pre-existing cholangiocytes, the differentiation of HPCs, or the biliary metaplasia of hepatocytes, which can exhibit a ductular phenotype and be identified of cholangiocyte markers, CK19 and CK7 (Sato et al., 2019). It is also described as a dynamic and complex process involving many other cells and reactions, such as inflammatory cells, extracellular matrix, and endothelial cells in the reactive lesions (Sato et al., 2019; Coll et al., 2022), which facilitates liver fibrosis and correlates with disease severity (Aguilar-Bravo et al., 2019). In contrast previous studies proposed that the anti-fibrotic effect of GPs may be related to altering glycolysis metabolism and protecting against the damage of aldehydes and lipid peroxidation (Song et al., 2017), and blocking the proliferation of HSCs (Chen et al., 2008), our study found that both in CCl4/2-AAF-treated rats and Mdr2−/− mice, GPs down-regulated the Epcam, CK19 and CK7 expression, and decreased the number of CK19+/OV6+, Epcam+/CK7+ cells, which suggested that GPs suppressed DR. Further studies proved that GPs inhibited the differentiation of WB-F344 cells into a biliary phenotype inducing by SB in vitro. Both in vivo and in vitro results demonstrated that DR, the key pathological factor in liver fibrosis, could be obviously inhibited by GPs.
Hh signaling is vital for hepatic pathophysiology, which consists of four fundamental components: the ligand Hh (containing Shh, Dhh, and Ihh), the receptor Ptch, the signal transducer Smo, and the transcription factor Glis (including Gli1, Gli2, and Gli3). In normal adult livers, Hh signaling is quiescent. Once activated when the liver was injured, Hh signaling can regulate liver sinusoidal endothelial cells capillarization (Wu et al., 2021), stimulate the activation and proliferation of HSCs (Du et al., 2018), and promote biliary expansion (Jalan-Sakrikar et al., 2016), which leads to liver fibrosis (Chung et al., 2016). Thus, inhibiting Hh signaling will be an effective therapeutic target. It has been previously reported liver fibrosis was attenuated by Hh inhibitors, such as cyclopamine (Zhang et al., 2020), vismodegib (Pratap et al., 2012), and GANT61 (Jiayuan et al., 2020). The present study showed that GPs suppressed the activation of Hh signaling both in CCl4/2-AAF-treated rats and Mdr2−/− mice. Of note, Gli1+/CK19+ cells were decreased after GPs treatment. Gli1 is one of the strongest downstream transcriptional activators of Hh signaling. Gli1+ mesenchymal stem cell-like cells were proved to have a key ability to transition into myofibroblasts (Weiskirchen et al., 2019). Genetic ablation of Gli1+ cells substantially improves injury-induced organ fibrosis, which provides a relevant therapeutic target in fibrotic diseases (Kramann et al., 2015). Based on our previous finding, Gli1-dependent Hh signaling triggered the differentiation of HPCs into cholangiocytes and promoted DR-induced fibrosis progression (Chen et al., 2020). The results in vitro showed that GPs suppressed the differentiation of WB-F344 cells into a biliary phenotype via inhibition of Hh signaling, which was further confirmed in cells transfected with over-expressing Gli1 lentiviral vectors. This is the first time to reveal that GPs alleviate DR and liver fibrosis via inhibition of Hh signaling.
NPLC0393 is a natural triterpene saponin constituent of the Chinese herb Gynostemma pentaphyllum. NPLC0393 accounts for 2.6% of GPs and is one of the main active ingredients. Previous studies demonstrated that NPLC0393, as a small molecular activator of PP2Cα, successfully ameliorated CCl4- and BDL-induced fibrotic models (Wang et al., 2010). And it inhibited the activation of HSCs by regulating TGFβ1/NDRG2/MAPK signaling axis in CCl4-induced liver fibrosis (Huang et al., 2020) Our study newly found that NLPC0393 inhibited the differentiation of WB-F344 cells into cholangiocytes in a Gli1-dependent manner. Additional in vivo experiments, of course, should be needed to verify the anti-fibrosis and anti-DR of NPLC0393. But the in vitro results of the previous study could provide stronger evidence for the important effects of GPs on ameliorating DR and liver fibrosis via inhibition of Hh signaling.
5 CONCLUSION
In summary, the present study provided more evidence supporting the therapeutic effect of GPs on liver fibrosis. And for the first time, we demonstrated that GPs alleviated DR and liver fibrosis via inhibition of hedgehog signaling. These results will provide new insights into the anti-fibrotic effects of GPs.
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Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infects both people and animals and may cause significant respiratory problems, including lung illness: Corona Virus Disease 2019 (COVID-19). Swabs taken from the throat and nose of people who have the illness or are suspected of having it have shown this pathogenic virus. When SARS-CoV-2 infects the upper and lower respiratory tracts, it may induce moderate to severe respiratory symptoms, as well as the release of pro-inflammatory cytokines including interleukin 6 (IL-6). COVID-19-induced reduction of IL-6 in an inflammatory state may have a hitherto undiscovered therapeutic impact. Many inflammatory disorders, including viral infections, has been found to be regulated by IL-6. In individuals with COVID-19, one of the primary inflammatory agents that causes inflammatory storm is IL-6. It promotes the inflammatory response of virus infection, including the virus infection caused by SARS-CoV-2, and provides a new diagnostic and therapeutic strategy. In this review article, we highlighted the functions of IL-6 in the coronavirus, especially in COVID-19, showing that IL-6 activation plays an important function in the progression of coronavirus and is a rational therapeutic goal for inflammation aimed at coronavirus.
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INTRODUCTION
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a betacoronavirus closely related to Middle East Respiratory Syndrome Coronavirus (MERS-CoV) and Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), the organisms responsible for Middle East respiratory sickness (MERS) and severe acute respiratory syndrome (SARS), respectively (COVID-19). MERS-CoV and SARS-CoV cause high mortality, with the majority of cases resulting from an inflammatory viral pneumonia that progresses to acute respiratory distress syndrome 1 (ARDS1). ARDS2 was detected in 81 percent of fatal patients infected with COVID-19. In light of this, a recent letter published in The Lancet recommends that all COVID-19 patients be examined for hyperinflammation to identify those who may benefit from immunosuppression or immunomodulation to prevent acute lung injury (ALI). The coronavirus family consists of four “established” human coronaviruses (HCOVs), two of which have been identified since the 1960s: HCOV-OC43 and HCOV-229E. These two viruses produce a milder respiratory illness and, after rhinoviruses, are the most frequent cause (10–30 percent) of the common cold (Hamre and Procknow, 1966; McIntosh et al., 1967; van der Hoek, 2007). Following increased coronavirus screening, two new HCoVs, HCoV-NL63 and HCoV-HKU1, were found lately (van der Hoek et al., 2004; Woo et al., 2005). Recent research suggests that HCoV-NL63, -229E, and -OC43 are also the result of zoonotic transmission from bats (de Wilde et al., 2018).
Considering the importance of interleukin 6 (IL-6) in airway disease, preliminary studies using humanized monoclonal antibodies against the IL-6 Receptor (Tocilizumab) to target this cytokine therapeutically in response to COVID-19 infection have shown promising results, but additional research is required. It has been shown that the antimalarial drug hydroxychloroquine (Plaquenil) inhibits the expression of toll-like receptors (TLRs) and the production of IL-6, and hence may have an anti-COVID-19 impact (Wang et al., 2020).
OVERVIEW OF IL-6
IL-6 is a prototype cytokine with pleiotropic activity and functional redundancy that is necessary for host defense (Akira et al., 1993; Tanaka and Kishimoto, 2014; Tanaka et al., 2016a). Due to infection and tissue damage, IL-6 is produced rapidly by a variety of cells, including immune-mediated cells, mesenchymal cells, endothelial cells, fibroblasts and cancer cells, and even many other cells, which promotes host defense by stimulating acute phase reactions, hematopoiesis, and immune responses (Akira et al., 1993; Tanaka et al., 2014; Tanaka et al., 2016a). Because these processes are necessary for the elimination of pathogenic microorganisms and tissue healing, IL-6 is a crucial cytokine in host defense. Monocytes and macrophages produce IL-6 in response to infections or tissue injuries by stimulating pattern recognition receptors with pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) and serum IL-6 levels rise to several tens to hundreds of pg/ml, depending on the infection or injury, but in healthy condition, it is not higher than 4 pg/ml (Tanaka et al., 2012; Tanaka et al., 2014; Kang et al., 2015).
The role of IL-6 in inflammation
The purpose of acute inflammation is to transport white blood cells (neutrophils, lymphocytes, monocytes, etc.) and plasma proteins (complements, antibodies, etc.) to the inflammatory site to kill and remove inflammatory factors. In addition to these cells collected from local lesions, various cytokines, such as IL-6 and tumor necrosis factor-α (TNF-α), are also produced during inflammation (Kaur et al., 2020). In acute inflammation, IL-6 enters the liver through blood and induces a large number of acute phase proteins, such as C-reactive protein (CRP), serum amyloid A (SAA), etc. At the same time, the abnormal synthesis of IL-6 also plays a pathological role in chronic inflammation and autoimmunity. When the high concentration of SAA persists, it will promote the generation of chronic inflammatory disease complications and organ failure (Heinrich et al., 1990; Gillmore et al., 2001; Tanaka et al., 2014). Persistent acute inflammation will develop into chronic inflammation, which will eventually lead to tissue damage. IL-6 is an important regulator for the transformation of inflammation from the acute phase to the chronic phase.
The role of IL-6 in disease
IL-6 can mediate a variety of signaling pathways, regulate cell proliferation, differentiation, apoptosis, angiogenesis and metastasis, and play a role in a variety of diseases. In rheumatoid arthritis (RA), the expression of TLRs signaling pathway can be used as the activation pathway of IL-6. IL-6 plays a key role in osteoclast mediated bone resorption. In RA patients, the levels of IL-6 and IL-6R in serum and synovial fluid of affected joints are elevated (Pandolfi et al., 2020). STAT3 pathway is considered to be an important signal transducer downstream of gp130 signal. STAT3 itself is a carcinogenic gene and plays a key role in connecting inflammation and cancer. It can participate in tumor angiogenesis by up regulating the expression of matrix metalloproteinase-9 (MMP-9) (Kujawski et al., 2008; Yu et al., 2009; Kishimoto, 2010).
Signaling pathway of IL-6
IL-6 interacts with its specific receptor IL-6R, and its complex IL-6/IL-6R interacts with and activates gp130, which is a signal transducer shared by the IL-6 family of cytokines. The hexamer complex composed of IL-6/IL-6R/gp130 performs various physiological and biochemical functions of IL-6 by activating different signal pathways (including classic signaling and trans-signaling).
The combination of IL-6 and membrane-bound IL6R (mIL-6R) can mediate classic signaling, while the combination of IL-R and soluble IL-6R (sIL-6R) can mediate trans-signaling. The hexamer complex composed of IL-6/IL-6R/gp130 first activates Janus kinase (JAK) and starts the enzymatic reaction. Two common pathways include JAK/STAT pathway and SHP-2/ERK pathway. Src homology phosphotyrosine phosphatase 2 (SHP-2) connects to mitogen-activated protein kinase (MAPK), phosphorylates growth factor receptor-bound protein 2 (GRB2) associated binding protein 1 (Gab1), and transfers it to the cell membrane to coordinate the ongoing activation of MAPK and phosphatidylinositol 3-kinase (PI3K). PI3K/Akt pathway contributes to the activation of nuclear factor kappa-B(NF-κB). (Heinrich et al., 2003; Mihara et al., 2012; Tanaka et al., 2014; Baran et al., 2018; Jiang et al., 2021).
When the level of IL-6 in serum is low, the classic signaling pathway plays a leading role, which can play an anti-inflammatory role; When the concentration of IL-6 increases, IL-6R starts trans-signaling transduction, and proinflammatory reaction occurs in a wider cell population (Lee et al., 2014).
Specificity of IL-6
IL-6 is an important member of the cytokine network, a central mediator of cytokine release syndrome (CRS) toxicity, and plays a central role in acute inflammatory response (Lee et al., 2014). IL-6 can induce the production of CRP and procalcitonin (PCT), which is directly related to inflammation and infection, facilitating the diagnosis of early inflammation and early warning of sepsis. Therefore, IL-6 can be used as a biomarker of disease severity and prognosis in CRS. A large number of clinical data show that CRS is related to the severity of COVID-19 and is the key cause of severe COVID-19 26–28. A variety of cytokines, including IL-6, are involved in severe COVID-19, and anti-inflammatory treatment is of great significance in the protection of severe patients. Therefore, the role of IL-6 in COVID-19 is irreplaceable by other cytokines.
THE FUNCTION OF IL-6 IN SARS-COV AND MERS-COV
IL-6 in SARS-CoV
From 2002 to 2003, SARS-CoV, a new coronavirus, caused a severe respiratory epidemic worldwide (Yu et al., 2019). SARS is characterized by influenza-like symptoms, a high fever, myalgia, dyspnea, lymphopenia, and severe breathing problems caused by lung infiltrates (pneumonia) (De Clercq, 2006). The N proteins and RNA of SARS-CoV were found in lung, bronchial epithelial cells and macrophages, suggesting that these cells may be infected with SARS-CoV. Monoclonal antibodies against MCP-1 and TGF-1, as well as monoclonal antibodies against IL-6, substantially interacted with the angiotensin converting enzyme 2 (ACE2) and the S proteins of SARS-CoV produced by most cells (He et al., 2006). Sheng et al. (Sheng et al., 2005) collected information on SARS-associated coronavirus-infected hospitalized patients in Taiwan University Hospital, and determined a series of plasma inflammatory cytokines, including IL-1β, IL-6, IL-8 and TNF-α. The fast rise of the inflammatory cytokines IL-6, IL-8, and TNF-α was shown to be associated with the development of SARS-associated ARDS. The significance of IL-6 in the acute phase of SARS, however, remained unknown.
The IL-6 cytokine’s mRNA expression was observed to be higher in SARS patients’ peripheral blood mononuclear cell (PBMC) (Yu et al., 2005; Dosch et al., 2009). After sufficient immunosuppressive medication, the levels of IL-6 and TNF in the acute phase grew dramatically and recovered to normal, according to a study of SARS-CoV infected patients (Hsueh et al., 2004). Wang et al. (Bai et al., 2008) found that the S proteins of SARS-CoV was involved in the synthesis of pro-inflammatory cytokine during the virus-host cell contact stage. IL-6 is one of the primary cytokines released by activated macrophages in excess amounts. The level of IL-6 expression was found to be greater in SARS patients and was associated with the severity of their sickness (Liu et al., 2020a). Before and during the treatment of many early SARS patients, the amount of IL-6 and TNF-α induced by T cells or monocyte activators was higher than the normal value, and some people still increased after treatment. This indicated that SARS may cause long-term imbalance of cytokines. Future research should focus on improving antiviral therapy and trying to use relevant cytokine inhibitors to limit damage (Jones et al., 2004).
IL-6 in MERS-CoV
In 2012, MERS-CoV was discovered and causes a spectrum of severe respiratory disease known as MERS. There were 1,728 confirmed MERS infections in 27 countries as of 26 April 2016, with 624 deaths (Wise, 2012; Zaki et al., 2012; Hijawi et al., 2013; Korea Centers for Disease, 2015; de Wit et al., 2016) (http://www.who.int/csr/don/26-april-2016-mers-saudi-arabia/en/ (2016)).
MERS is most commonly referred to as lower respiratory tract (LRT) disease and involves cough, fever, dyspnea, and pneumonia. Between 20 and 40 percent of infected individuals may develop ARDS, multiple organ failure and death. MERS is another fatal zoonotic coronavirus illness, comparable to SARS; it causes respiratory failure and severe kidney damage (also has the effect on the growth of kidney cells under laboratory conditions). Patients with underlying diseases have been reported more frequently and more fatal. The majority of human MERS infections are linked to medical institution infection prevention and control (IPC) failures. According to reports, the detection rate of all viruses detected in health care workers (HCWs) is about 20%.
Rossigno et al. (Rossignol, 2016) reported that oral administration of 100 mg/kg nitazoxanide 2 h prior to a 1 ml intraperitoneal injection of 4 percent thioglycollate (TG) decreased plasma IL-6 levels by 90 percent compared to vehicle-treated mice 6 h after TG administration. Although the clinical relevance of these results has not been determined, they suggest that nitazoxanide may improve the prognosis of MERS-CoV patients by reducing the overproduction of pro-inflammatory cytokines such as IL-6. According to recent research, the S protein of MERS-CoV does not increase the production of TNF or IL-6, but rather suppresses their generation by Lipopolysaccharide (LPS). This shows that the activation of these factors found in previous research was related to active viral replication, since macrophages were infected with an active virus at the time (Al-Qahtani et al., 2017). IL-6 expression was elevated in severe MERS-CoV infections compared to moderate ones (Liu et al., 2020a). Nitazoxanide is a broad-spectrum antiviral drug with in vitro activity against coronavirus, which can be used to treat viral respiratory infection and inhibit the production of IL-6 (Rossignol, 2016). A phase 2b/3 clinical trial by Haffizulla et al. (Haffizulla et al., 2014) showed that nitazoxanide 600 mg twice a day for five consecutive days was related to the shortening of the duration of symptoms in patients with acute non complex influenza. At present, nitazoxanide is a potential drug to treat MERS, so it is of great significance to evaluate its therapeutic effect when used alone or in combination with other candidate drugs such as oseltamivir (Rossignol et al., 2009).
IL-6 IN COVID-19
In December 2019, COVID-19 first came into public view. Globally, as of 6: 49p.m. Central European summer Time (CEST), 26 August 2022, there have been 596, 873, 121 confirmed cases of COVID-19, including 6, 459,684 deaths, reported to World Health Organization (WHO). As of 23 August 2022, a total of 12, 449,443,718 vaccine doses have been administered (https://covid19.who.int/). The nucleic acid sequences of COVID-19 are coronavirus-specific, and they vary from the known human coronavirus specializations. These sequences are identical to those found in severe SARS or MERS coronavirus. The combination of the S protein and ACE2 in COVID-19 provides a severe public health danger to human transmission (Xu et al., 2020; Hu et al., 2021b).
Critical patients with COVID-19 had increased plasma levels of cytokines, similar to SARS, suggesting that an inflammatory storm is involved in illness development (Luo et al., 2020). Inflammatory cytokine (IL-6, IL-1, and IFN) blockade, stem cell therapy, immune cell reduction, transfusion of convalescent plasma, and artificial extracorporeal liver support are all potential therapies for COVID-19 (Al-Qahtani et al., 2017), and we believe that IL-6 blockade is a viable technique for COVID-induced CRS. CRS is a systemic inflammatory response defined by a rapid rise in a high number of pro-inflammatory cytokines (Teijaro, 2017; Norelli et al., 2018; Shimabukuro-Vornhagen et al., 2018), which may be induced by infection, certain medications and other situations. CRS is more frequent in immune-related conditions and treatments, such as chimeric antigen receptor-T (CAR-T) therapy, organ transplantation sepsis (Chousterman et al., 2017) and viral infections. We observed that elevated IL-6 levels were consistently reported in several COVID-19 studies (Huang et al., 2020; Lai et al., 2020; Xu et al., 2020; Hu et al., 2021b), suggesting that it might be used as a disease severity predictor (Luo et al., 2020). In patients with COVID-19, IL-6 levels were linked to death in a large retrospective cohort study (Tanaka et al., 2012). In the dendritic cell-T cell interaction, IL-6 is required for the production of T helper 17 (Th17) cells (Mackay and Arden, 2015). According to Xu et al. (McIntosh et al., 1967) elevated IL-6 might account for the highly active Th17 cells seen in COVID-19 patients. Animal investigations of SARS-CoV have shown that suppressing NF-κB, a critical transcription factor of IL-6, or infecting animals with SARS-CoV missing the coronavirus envelope (E) protein, a potent stimulant to NF-κB signaling, enhanced animal survival with lower IL-6 levels (Zhang et al., 2020). The E proteins of SARS-CoV-2 (Ref sequence QHD43418.1) and SARS-CoV (Ref sequence NP 828854.1) are 95 percent similar, as found. Given that the E protein is a virulence determinant and mediates the coronavirus immune response (Kai and Kai, 2020; Moore and June, 2020), it is reasonable to presume that both viruses provoke an identical immune response. Therefore, targeting IL-6 for COVID-induced CRS may be advantageous (Figure 1).
[image: Figure 1]FIGURE 1 | Comparison of IL-6 and other cytokines in healthy individual and SARS-CoV-2 infected people.
Patients with severe COVID-19 had a greater IL-6/IFN ratio than those with mild COVID-19, which might be due to a stronger cytokine storm promoting lung injury (Lagunas-Rangel and Chavez-Valencia, 2020). This raises the issue of whether IL-6 inhibition is exclusively helpful in individuals who have high IL-6 serum expression levels. If this is the case, IL-6 testing may become a necessary component of the rating system. Moreover, the expression level of IL-6 may not be sufficient to indicate its functional downstream effects. A test that distinguishes functional IL-6 from total IL-6 might be beneficial for directing treatment decisions. CRP, an acute-phase inflammatory protein generated by IL-6-dependent hepatic biosynthesis, is a reliable indicator of IL-6 bioactivity and is used to predict the severity of CRS and evaluate the success of IL-6 blocking in CAR-T cell-induced CRS patients (van der Hoek et al., 2004; de Wilde et al., 2018). Unknown is the CRP level in virus-induced CRS. With a few exceptions (Hu et al., 2021b), the majority of studies (Liu et al., 2020b; Luo et al., 2020; Smilowitz et al., 2021) found an association between elevated CRP levels and severe COVID-19. In the future, however, further biomarker research will be necessary for risk stratification and therapeutic effect monitoring. In the inflammatory network, there are several pharmacological agents that target IL-1, IL-18, TNF, and IFN, as well as JAK/STAT signaling (Table 1). Regular testing for inflammatory cytokines should be performed if these medications are effective (Liu et al., 2020a). Relevant clinical trials showed that in the study on the treatment of COVID-19 inpatients with anti-IL-6 receptor antibody tocillizumab, there was no support for the conjecture that “the use of anti-IL-6 drug intervention can improve the symptoms of COVID-19, such as hypoxia and respiratory failure, and reduce the risk of death” (Stone et al., 2020; Declercq et al., 2021). However, tocillizumab may still be effective in severe patients, so further research should be conducted in the future (Soin et al., 2021).
TABLE 1 | Study on IL-6 in SARS-CoV-2, SARS-CoV and MERS-CoV.
[image: Table 1]REGULATORY MECHANISMS OF IL-6
The possible mechanism of CRS in severe COVID-19 patients is that SARS-CoV-2 infects with alveolar epithelial cells through ACE2 receptor. The loss of epithelial cells and increased cell permeability lead to the release of the virus. SARS-CoV-2 stimulates the innate immune system, leading macrophages and other innate immune cells, including IL-6, to generate a large number of cytokines and chemokines. Antigen-presenting cells may also initiate adaptive immunity (mainly dendritic cells). T cells and B cells are antiviral cells that indirectly or directly stimulate the generation of proinflammatory cytokines. In addition, when inflammatory chemicals stimulate the alveoli, a large amount of inflammatory exudate and erythrocytes enter the alveoli, resulting in dyspnea and respiratory arrest (Figure 2).
[image: Figure 2]FIGURE 2 | Changes of various immune cells and related substances in alveolus after SARS-CoV-2 invasion.
In an infected lesion, IL-6 generates warning signals in the whole body. Pathogen-recognition receptors (PRRs) on immune cells, including monocytes and macrophages, identify PAMPs in lesions (Kumar et al., 2011). Among the PRRs are TLRs, retinoic acid-inducible gene-1-like receptors, nucleotide-binding oligomerization domain-like receptors, and DNA receptors. They stimulate the synthesis of inflammatory cytokine mRNA such as IL-6, TNF and IL-1 by activating many signaling pathways, including NF-κB. Additionally, TNF and IL-1 activate transcription factors, leading to the generation of IL-6.
In the event of tissue damage, IL-6 also transmits a warning signal. DAMPs, which are produced by dead or damaged cells in noninfectious inflammations such as burns or trauma, either directly or indirectly exacerbate inflammation. During sterile surgical operations, an increase in serum IL-6 levels precedes an increase in body temperature and serum acute phase protein concentration (Nishimoto et al., 1989). DAMPs from damaged cells include, among others, mitochondrial DNA, high mobility group box 1 (HMGB1), and S100 proteins (Bianchi, 2007). HMGB1 binding to TLR2, TLR4, and the receptor for advanced glycation end products (RAGE) may trigger inflammation; nevertheless, blood mtDNA levels in trauma patients are hundreds of times higher than in controls, causing TLR9 stimulation and NF-κB activation (Zhang et al., 2010). The S100 family consists of more than 25 proteins, some of which interact with RAGE to generate sterile inflammation (Sims et al., 2010).
In response to various stimuli, in addition to immune-mediated cells, IL-6 is generated by mesenchymal cells, endothelial cells, fibroblasts and a range of other cells (Akira et al., 1993). The stringent gene transcriptional and post-transcriptional regulation of IL-6 production is necessitated by the fact that IL-6 acts as a signal to alert the presence of an emergency. A multitude of transcription factors control the IL-6 gene’s transcription (Figure 3). The 5′ flanking region of the human IL-6 gene has binding sites for NF-κB, specificity protein 1 (SP1), nuclear factor IL-6 (NF-IL-6), activator protein 1 (AP-1) and interferon regulatory factor 1 (IRF-1) (Libermann and Baltimore, 1990; Akira and Kishimoto, 1992; Matsusaka et al., 1993). The IL-6 promoter is active when cis-regulatory elements are stimulated by IL-1, TNF, TLR-mediated signal and forskolin (Tanaka et al., 2014).
[image: Figure 3]FIGURE 3 | Macro and micro aspects of SARS-CoV-2 invading respiratory system.
THE MECHANISM OF COVID-19
ACE2 has been identified as the primary receptor for binding SARS-CoV S protein. Researchers have designed and discovered small molecule compounds and peptides that can bind to the SARS-CoV-specific receptor ACE2, preventing SARS-CoV S protein from binding to ACE2 and fusing with the host cell membrane to prevent viral infection (Zhang et al., 2020). This suggests that drugs targeting the virus-acting receptor can be designed. Xu et al. (Xu et al., 2020) confirmed ACE2 as the receptor of SARS-CoV-2 by studying the binding capacity of the structural model of SARS-CoV-2 S protein to human ACE2 receptor. SARS-transmembrane CoV’s spike glycoprotein (S protein) binds to the cellular membrane ACE2; SARS-CoV then attaches to target cells, followed by SARS-CoV-S protein priming by cellular surface proteases such as transmembrane protease serine 2 (TMPRSS2), resulting in the fusion of viral and cellular membranes and SARS-CoV entry and replication in target cells. In addition, elimination of ACE2 reduces viral infection and replication considerably in mice infected with SARS-CoV. It is thus believed that the SARS-CoV S protein’s binding to ACE2 is crucial for SARS-CoV infection (Kai and Kai, 2020). Alveolar epithelial cells bind to SARS-CoV-2. The virus then activates the innate and adaptive immune systems, resulting in a flood of cytokines, including IL-6, being produced (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic diagram of SARS-CoV-2 structure.
FUTURE PROSPECTS
In controlled clinical trials throughout the world, IL-6 and IL-6R antagonists are being evaluated for the treatment of COVID-19 patients with severe respiratory difficulties. Unanswered is whether IL-6 antagonists and IL-6R antagonists will have varying degrees of effectiveness. Inhibitors of the IL-6R may disrupt both cis and trans signaling, as well as the recently identified trans presentation signaling. IL-6 binds to mIL-6R on immune cells, which then forms a complex with gp130 on Th17 cells, resulting in T cell signaling that may be involved in ARDS (Tanaka et al., 2016b; Heink et al., 2017; Kang et al., 2019). In contrast, IL-6 inhibitors can only suppress cis and trans signaling. The primary goal of IL-6 antagonistic therapy is to decrease the need for advanced treatment in individuals with severe COVID-19. The development of antivirals and immunizations that prevent or relieve illness should be a long-term goal.
Patients with severe COVID-19, similar to SARS and MERS patients, have been proposed to have a CRS defined by an elevation in IL-6, which indicates that it may aggravate lung damage, cause viral inflammatory response and death. A prior cohort analysis found that IL-6 expression was substantially higher in COVID-19 patients, but that it varied greatly across ICU and non-ICU patients (Liu et al., 2020a). Moreover, recent study has shown that the SARS-CoV S protein promotes an upregulation of IL-6 and TNF in murine macrophages, and IL-6 and IL-8 have been identified as significant SARS-CoV-induced epithelial cytokines (Yoshikawa et al., 2009). These data indicate that SARS-CoV-induced IL-6 and TNF play a role in the disease’s pathogenesis, notably in terms of inflammation and high fever (Wang et al., 2014). Anti-IL6R antibody Tocilizumab is a humanized recombinant monoclonal antibody. Tocilizumab has shown potential for treating severe CRS. Sixty-nine percent of patients responded within 14 days after receiving one or two doses of tocilizumab, with fever and hypotension receding within hours and vasopressors being withdrawn within a few days (Kotch et al., 2019). Tocilizumab’s effect has also been recorded in CRS linked with sepsis, graft-versus-host disease (GvHD) and macrophage activation syndrome (MAS), among others (Barut et al., 2017; Ibrahim et al., 2020; Melgarejo-Ortuno et al., 2021). However, there is not enough evidence to clearly show the clinical efficacy and safety of Tocilizumab for severe patients with COVID-19, and its clinical application and side effects need to be further explored (Cortegiani et al., 2021).
Given the worldwide urgency of containing the COVID-19 pandemic, there are a few cautions to consider. Corticosteroids are often used to treat ARDS caused by sepsis. However, in SARS and MERS patients, corticosteroids did not lower mortality and delayed viral clearance (Channappanavar and Perlman, 2017). Infectious disease authority and the WHO have thus decided that systemic corticosteroids should not be administered to COVID-19 patients at this time. The reduction in inflammation generated by IL-6 antagonism might, in theory, postpone viral clearance. Nevertheless, inhibiting IL-6 induces a rapid drop in serum IL-10, which may assuage concerns over the length of time required for viral clearance (Tanaka et al., 2016b). Furthermore, it is doubtful that one or two doses of an IL-6 antagonist would cause consequences like fungal infections or jaw osteonecrosis, which are common in people using these medications on a monthly basis for chronic illnesses like RA. Tocilizumab was first approved for rheumatic illnesses, then for CRS in patients undergoing CAR-T cell treatment, and is now being repurposed for the COVID-19 pandemic. Diamanti et al. found that compared with HCWs, people using IL-6 inhibitors (such as RA patients) had significantly lower vaccine antibody titers, but almost all patients had antibody specific reactions induced in their bodies. In the investigated RA patients, BNT162b2 vaccine showed good safety (Picchianti-Diamanti et al., 2021).
CONCLUSION
As the pandemic grows, experts throughout the globe are working to better understand the virus’s pathophysiology and identify new targets and promising medications that may be used to fight SARS-CoV-2. There are no confirmed antiviral medicines with particular action against SARS-CoV-2, despite some insights about viral pathophysiology and prospective targets. Future pandemics involving more viruses, may use IL-6-targeted treatments Chen et al., 2010, Hu et al., 2021a, Kim et al., 2021, Li et al., 2016, Soy et al., 2020.
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ACE2 angiotensin converting enzyme 2
ALI acute lung injury
AP-1 activator protein 1
ARDS1 acute respiratory distress syndrome 1
CAR-T chimeric antigen receptor-T
CEST central european summer time
COVID-19 corona virus disease 2019
CRP C-reactive protein
CRS cytokine release syndrome
DAMPs damage-associated molecular patterns
Gab1 GRB2 associated binding protein 1
GRB2 growth factor receptor-bound protein 2
GvHD graft-versus-host disease
HCOVs human coronaviruses
HCWs health care workers
HMGB1 high mobility group box 1
IL interleukin
IPC infection prevention and control
IRF-1 interferon regulatory factor 1
JAK janus kinase
LPS lipopolysaccharide
LRT lower respiratory tract
MAPK mitogen-activated protein kinase
MAS macrophage activation syndrome
MERS middle east respiratory sickness
MERS-CoV middle east respiratory syndrome coronavirus
mIL-6R membrane-bound IL6R
MMP-9 matrix metalloproteinase-9
NF-IL-6 nuclear factor IL-6
NF-κB nuclear factor kappa-B
PAMPs pathogen-associated molecular patterns
PBMC peripheral blood mononuclear cell
PCT procalcitonin
PI3K phosphatidylinositol 3-kinase
PRRs pathogen-recognition receptors
RA rheumatoid arthritis
RAGE receptor for advanced glycation end products
SAA serum amyloid A
SARS severe acute respiratory syndrome
SARS-CoV severe acute respiratory syndrome coronavirus
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SHP-2 Src homology phosphotyrosine phosphatase 2
sIL-6R soluble IL-6R
SP1 specificity protein 1
TG thioglycollate
Th17 T helper 17
TLRs toll-like receptors
TMPRSS2 transmembrane protease serine 2
TNF-α tumor necrosis factor-α
WHO World Health Organization
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Renal fibrosis, characterized by the destruction of renal tubules and interstitial capillaries and the accumulation of extracellular matrix proteins, is a common outcome of chronic renal diseases and has a wide spectrum of etiologies. Fibrosis can affect any organ and has similar pathological mechanisms. Fuzheng Huayu formula (FZHY), as the approved anti-liver fibrosis medicine in China, also can inhibit the kidney fibrosis induced by HgCl2 or unilateral ureteral obstruction. However, little is known about the mechanisms underlying the beneficial effects of FZHY on renal fibrosis. This study aimed to identify the mechanisms of FZHY acts on renal fibrosis through network pharmacological analysis and in vivo experiments. Data from online databases were mined and screened to predict the target related genes of FZHY acts on renal fibrosis. The STRING and Cytoscape were used to construct the protein-protein interaction (PPI) networks for FZHY and CKD target proteins. Mouse models with CKD induced by Aristolochic Acid I (AAI) were used to validate the effects of FZHY on renal fibrosis and their underlying mechanisms by detecting kidney function, renal fibrosis, and related intersection genes. A total of 129 FZHY–CKD crossover proteins were filtered and constructed into a protein–protein interaction network complex and designated as the potential targets of FZHY. One of the highest-scoring genes, FOS, and its related signaling pathways were more activated in CKD. The results demonstrated that FZHY can exert an anti-renal fibrosis effect by improving the levels of serum creatinine and blood urea nitrogen and alleviating excessive collagen deposition in kidney tissue, FZHY also could reduce the levels of TNF-α, IL-1β, and IL-6 and inhibit the expression of MAPK/FOS signal molecules. Our study findings provide insights into predicting the effects of FZHY on CKD through network pharmacology. FZHY can protect the kidney from inflammatory injury caused by AAI and can antagonize inflammatory factor-stimulated MAPK/FOS activation in fibrotic kidneys. These effects constitute the mechanisms of FZHY for renal fibrosis.
Keywords: renal fibrosis, Aristolochic acid I, Fuzheng Huayu formula, network pharmacology, mechanisms
1 INTRODUCTION
Chronic kidney disease (CKD) is defined as the kidney dysfunction and abnormality. Renal fibrosis is the primary pathological process of CKD and has an overall prevalence of 10.8% in China; however, treatment options are limited (Zhang et al., 2012). Current treatments to reverse the progression of many CKDs are neither effective nor safe enough for clinical application (Klinkhammer et al., 2017). Although angiotensin receptor blockers and angiotensin converting enzyme inhibitors are commonly used together to treat CKD, their effect is unsatisfactory (Qin et al., 2020). One meta-analysis revealed that N-acetylcysteine (NAC) can improve renal function in patients with CKD, and the most frequent side effects are nausea and vomiting (Ye et al., 2021). In a previous study, 11% of stage 3 CKD cases progress into end-stage renal disease (i.e., kidney failure). The only therapeutic regimen for renal disease is dialysis or transplantation (Collins et al., 2015). CKD has also become an urgent public health problem in China. In 2015, 1.06 million patients with incident dialysis were admitted at a cost of 106 billion Chinese Renminbi (Yang et al., 2020).
Traditional Chinese Medicine (TCM) is one therapeutic option for CKD. Several studies have documented that TCM can delay CKD progress and improve patient survival and quality of life (Xi et al., 2020; Xia et al., 2020). The Fuzheng Huayu formula (FZHY) is a well-studied empirical prescription that consists of six Chinese medicinal herbs: Radix Salvia Miltiorrhizae, Cordyceps, Semen Persicae, Gynostemma Pentaphyllammak, Pollen Pini, and Fructus Schisandrae Chinensis. FZHY was approved by the Chinese State Food and Drug Administration (SFDA) as a drug (No. Z20050547), and it is widely used to treat hepatic fibrosis in China. Additionally, our previous studies have suggested that FZHY significantly decreases kidney collagen deposition and attenuates renal interstitial fibrosis (Wang et al., 2010; Wang et al., 2020). Fibrosis is characterized by dysfunction of capillary networks and the accumulation of fibrillary collagens, which activates myofibroblasts and inflammatory cells (Kang et al., 2015). Similarly, liver fibrosis and kidney fibrosis exhibit common pathological changes. FZHY, an anti-liver fibrotic TCM, also has an anti-renal fibrotic effect. However, the potential therapeutic effect of FZHY on CKD and the pharmacological mechanisms of FZHY require further research.
Network pharmacology can be used to create a complex interactive network based on target molecules, biological functions, and biologically active compounds, which addresses the natural feature of Chinese medicine recipes and systematically reflects the intervention mechanisms of TCM (Luo et al., 2020). In the present study, network pharmacology was used to further elucidate potential target genes and signaling pathways of FZHY for renal fibrosis. Furthermore, the molecular mechanisms underlying the effects of FZHY on renal fibrosis were examined using in vivo experiments.
2 MATERIALS AND METHODS
2.1 Prediction of chronic kidney disease-Related genes from Gene Expression Omnibus profiles
The raw data of renal biopsy from 53 patients with CKD were obtained from the Gene Expression Omnibus under GEO Series (GSE) (accession number: GSE66494) (Nakagaw et al., 2015). The eight normal human adult genome, retrieved from GPL6480, were used as the control.
By incorporating the Affy and Limma software packages in the R language (Ritchie et al., 2015), differentially expressed genes (DEGs) of patients with and without CKD were analyzed. The Affy package removes systematic errors in the original data to obtain standardized gene expression data, and the Limma package is used for the differential expression analysis of normal tissue and kidney injury tissue data after normalization. An adjusted p-value of <0.05 and a log2|fold change (FC)| ≥ 1.2 were selected as the cutoff criteria. Finally, the upregulated and downregulated differential genes were identified. Finally, the Pheatmap package was used to draw heat maps and volcano maps.
2.2 Identification of associated molecular targets of Fuzheng Huayu
The potential molecular targets of FZHY were predicted using the Traditional Chinese Medicine Systems Pharmacology (TCMSP) (Ru et al., 2014), BATMAN (Liu et al., 2016), and Drug Bank (Wishart et al., 2018) databases. The target information of each ingredient was retrieved from TCMSP and Drug Bank to construct the potential target group of the active ingredients of FZHY. The meridian information of each medicinal component in the prescription was obtained from the 2015 edition of the Chinese Pharmacopoeia. Candidate components were screened and selected based on the following two parameters to evaluate the levels of oral absorption, usability, and biological activity: 1) oral bioavailability of ≥30% and 2) druglikeness of ≥0.18 (Xu et al., 2020).
2.3 Screening of targets associated with chronic kidney disease
Information on the various genes associated with CKD was obtained from the GeneCards database (Stelzer et al., 2016) and the Online Mendelian Inheritance in Man (OMIM) database (Amberger & Hamosh, 2017), which are databases for human genes and genetic disorders. The keywords searched in the three databases were “Renal interstitial fibrosis,” “Glomerulosclerosis” and “renal failure” and the results were exported online.
2.4 Fuzheng Huayu component-chronic kidney disease target protein–protein interaction network construction
To clarify the interaction between FZHY-related targets and CKD targets, FZHY multicomponent target genes and CKD target genes were genetically deduplicated. The R language was used to program the intersection of the two targets and create the Venn diagram. The intersection targets were submitted to the STRING11.0 database (Szklarczy et al., 2017), where the parameter related to the organism was set to “Homo sapiens,” other basic settings were set to default values, and the isolated proteins were hidden. The data were analyzed and exported to the protein–protein interaction (PPI) network diagram. The PPI analysis model was limited to “multiple proteins,” the species was set as “Homo sapiens,” and the minimum required interaction score was set to 0.4 with a confidence of ≥0.7 to hide isolated proteins.
2.5 Gene ontology functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis
To determine the target genes associated with functional annotations and pathway enrichment, gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were used. The GO annotation shows the molecular function (MF), biological process (BP), and cellular components (CC) of target genes. Additionally, the pathway enrichment analysis was conducted using the clusterprofiler package (Zhou et al., 2019), and the results were visualized using the enrichplot and DOSE Bioconductor packages (Yu et al., 2015). Enrichment with a p-value of <0.05 was considered statistically significant, and the adjusted p-value of <0.05 was set as the threshold.
3 REAGENTS AND MATERIALS
3.1 Reagents
Serum creatinine (Scr, Cat. No. 20150526), blood urea nitrogen (BUN, Cat. No. 20150511), and hematoxylin-eosin stain (Cat. No. D006-1-1) were obtained from the Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). Trizol reagent (Cat. No. F919KB3054) and a total RNA Isolation Kit (Cat. No. B511321) were purchased from Sangon Biotech (Shanghai, China). TB Green Premix Ex Taq (Cat. No. RR420A) and PrimeScript RT Reagent Kit with gDNA Eraser (Cat. No. RR047A) were purchased from Takara Biotechnology (Beijing, China). An Immunohistochemical Staining Kit (Lot No.16E06K04C1627) was purchased from Boster Biological Technology (Wuhan, China). Anti-c-Fos antibody (No. ab222699) and anti-JNK1 antibody (No. ab199380) were purchased from Abcam (Cambridge, United Kingdom). The primary antibodies against a-SMA (No. 19245), p-c-Fos (No. 5348), p-SAPK/JNK (Thr183/Tyr185) (No. 4668), p44/42 MAPK (Erk1/2) (No. 4695), p-p44/42 MAPK (Erk1/2) (No. 4370), and GAPDH (No. 5174) were produced by Cell Signaling Technology (Danvers, MA, United States). Enzyme-linked immunosorbent assay (ELISA) kits of IL-6 (Cat. No. 88-7064-88), TNF alpha (Cat. No. 88-7324-88), and IL-1β (Cat. No. 88-7013-88) were purchased from Thermo-Fisher Scientific (MA, United States).
3.2 Animals
3.2.1 Dynamic experiment
Fifty male C57BL/6 mice (8 weeks old, 25 ± 2 g) were purchased from Beijing Vital River Laboratory Animal [License No. SCXK (Jing) 2014-0001] and housed in the Shanghai Model Organisms Center [License No. SYXK (Shanghai) 2017-0012]. The environment was free of specific pathogens, and the average relative humidity and temperature were 55%–60% and 25 ± 1°C, respectively. A 12-h light–dark cycle was used. All experiments were approved by the Institutional Laboratory Animal Care and Use Committee (IACUC) of the Shanghai Model Organisms Center (Approval No. IACUC 2018-0026).
3.2.2 Pharmacodynamic experiment
Fifty C57BL/6 mice (8 weeks old, half male and half female, 25 ± 2 g) were purchased from Beijing Vital River Laboratory Animal [License No. SCXK (Jing) 2014-0001] and housed in the Laboratory Animal Center at the Shanghai University of Traditional Chinese Medicine [No. SYXK (Shanghai) 2020-0009]. All experiments were in accordance with the requirements of the Animal Ethics Committee of the Shanghai University of Traditional Chinese Medicine. The ethics committee registration number was PZSHUTCM200821017.
3.3 Chemicals and drugs
Aristolochic acid I (AAI) with the molecular formula of C17H11NO7 was purchased from Shanghai Standard Technology. The purity of AAI was 98.5% (Batch No. 3503). Sodium carboxymethyl cellulose (Batch No. F20051103) was obtained from Sinopharm Chemical Reagent Shanghai. FZHY extract powder was provided from Sundise Medicine Technology (SFDA approval No. Z20050546; Batch No. 20190608, the extract yield was 14.28% from Fuzheng Huayu formula). NAC (tradename: Flumucil) was obtained from Hainan Zambon Pharmaceutical (Cat. No. 1001542).
3.4 Animal groups and experimental design
3.4.1 Dynamic experiment
Mice were randomly divided into a normal group (n = 12), 4-week model group (n = 12), 8-week model group (n = 12), and 12-week model group (n = 14). To prepare the AAI-induced renal fibrosis model, mice in model groups were intraperitoneally injected with 4 mg/kg AAI dissolved in 0.5% sodium carboxymethyl cellulose at a concentration of 1 mg/ml twice weekly for 12 weeks. Normal mice received 0.5% sodium carboxymethyl cellulose only. Mice were euthanized at 4 weeks, 8 weeks, and 12 weeks after AAI administration, respectively. The renal tissue and blood samples were collected. The blood was centrifuged at 3,000 rpm for 15 min to obtain the serum, and the kidneys were harvested and stored at −80°C or fixed in 4% paraformaldehyde solution.
3.4.2 Pharmacodynamic experiment
Mice were randomly divided into a normal group (n = 10), model group (n = 10), FZHY low-dose (FL) group (n = 10), FZHY high-dose (FH) group (n = 10), and NAC group (n = 10). Preparation for the renal fibrosis model was the same as that for the dynamic experiment. Beginning from the fourth week of AAI injection, mice in the FL and FH groups were intragastrically administered FZHY at doses of 1.44 and 2.88 g/kg per day for 8 weeks, respectively. Mice in the NAC group was administered NAC at a dose of 3.0 g/kg per day for 8 weeks. Mice in the normal and AAI model groups were treated with an equal amount of vehicle. Mice were euthanized 12 weeks after AAI administration for renal tissue and blood sampling. Blood and kidney tissue sample processing was consistent with that described in the dynamic experiment section.
3.5 Biochemical assays in serum
Serum levels of Scr and BUN in mice were measured using the BIO-TEK multifunctional microplate reader (Molecular Devices, Sunnyvale, CA, United States) in accordance with the manufacturer’s instructions.
3.6 Hematoxylin-eosin and Sirius Red staining
Kidney tissue was cut along the horizontal plane. Half of the tissue was fixed with 4% formaldehyde for 48 h, dehydrated using an automated dehydrator, and embedded in paraffin. The tissue was then cut into 4-μm paraffin sections for hematoxylin-eosin staining to assess renal injury and for Sirius Red staining to assess collagen deposition.
3.7 Quantitative reverse transcription-polymerase chain reaction
Based on the results of the network pharmacology, the top 10 potential hub genes were selected for quantitative reverse transcription-polymerase chain reaction (qRT-PCR) verification and screening. The National Center for Biotechnology Information online primer design software Primer-Blast was used to design primers (INS2, IL-6, VEGFA, CASP3, MAPK8, MYC, ESR1, FOS, CCND1, and β-actin), which were synthesized by Shanghai Sangon Biotech. EGFR primer sequences were provided by BIOTNT (see Table 1 for gene names and primer sequences). Total RNA was extracted from mice renal tissue by using Trizol reagent. Reverse transcription was performed using a reverse transcription kit, and cDNA amplification was performed using an SYBR Premix Ex Taq II fluorescent quantitative kit. Each sample was tested three times. The 2-△△CT method was used for analysis and quantification, and β-actin was the internal reference.
TABLE 1 | qRT-PCR primer sequences of each gene.
[image: Table 1]3.8 Immunohistochemistry staining
The tissue sections were dewaxed and hydrated in graded ethanol and microwaved in sodium citrate buffer to repair antigens. Endogenous peroxidase activity was reduced using 3% H2O2 for 10 min. Each sample was blocked with 5% bovine serum albumin for 20–30 min and then incubated with the primary antibody against a-SMA (1:400), Fos (1:2000) at 4°C overnight. On the next day, the sections were incubated with a biotin-labeled goat antirabbit secondary antibody for 1 h and then stained with 3,3-diaminobenzidine and counterstained with hematoxylin. After dehydration and drying, the sections were mounted with neutral gum and observed under a microscope. Aperio Image Scope software was used to perform image analysis.
3.9 Western blot analysis
Kidney tissues were homogenized in RIPA lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, 1 mM EDTA, 1 mM PMSF, and 1 × Roche Complete Mini protease inhibitor cocktail]. The supernatants were collected after centrifugation at 10 ,000 × g at 4°C for 15 min. The protein concentration was determined using a bicinchonic acid protein assay kit. An equal amount of protein was separated through 10% SDS gel electrophoresis under denaturing conditions and was then transferred to the nitrocellulose membrane. The membrane was blocked with 5% nonfat milk in TBST at room temperature for 1 h and incubated with a primary antibody [a-SMA, 1:1000; c-Fos, 1:1000; JNK1, 1:1000; p-c-Fos, 1:1000; p-JNK, 1:1000; p44/42 MAPK (Erk1/2), 1:1000; p-p44/42 MAPK (p-Erk1/2), 1:2000] or GAPDH (1:2000) at 4°C overnight. After being washed in TBST, the blots were incubated with a horseradish-conjugated secondary antibody (No.8884). The signals were visualized using the Odyssey infrared laser imaging system by obtaining with photographs of bands, and ImageJ software was used to analyze the grey value.
3.10 Enzyme-linked immunosorbent assay
The concentrations of IL-1β, IL-6, and TNF-α in kidney tissues were determined using an enzyme-linked immunosorbent assay (ELISA) kit. Kidney homogenates were obtained after homogenizing in 50 mM PBS buffer (pH 7.4) in an ice water bath and centrifuging at 10 ,000 × g for 15 min at 4°C. For each assay, 100 µl of kidney homogenates from all mice were serially diluted to ensure that values obtained were within the linear range of the standards provided with each kit. The manufacturer’s instructions (Thermo-Fisher Scientific) were strictly followed during the ELISA experiments.
3.11 Statistical analysis
The experimental data were statistically analyzed using SPSS 26.0 and were represented as the mean ± standard deviation (SD). One-way analysis of variance was used to compare groups, and p < 0.05 indicated a statistically significant difference. GraphPad Prism eight software was used for mapping.
4 RESULTS
4.1 Prediction of chronic kidney disease-Related genes from Gene Expression Omnibus profiles
To further illustrate the pathological mechanisms of CKD in humans, DEGs between healthy donors and patients with CKD were screened (Figure 1). In total, 815 genes in the kidney biopsy samples were expressed among patients with CKD and not among those without CKD. Of the 815 genes, 129 genes were upregulated, and 686 genes were downregulated. The heatmap (Figure 1A) shows the top 40 DEGs in the two groups. Patients with CKD expressed the following genes which different from the individuals without CKD: RPS4Y1, RPS4Y2, HBA1, HBD, HBA2, ITLN1, ACTG2, OR5L2, C5orf58, and IL4I1. The volcano plot (Figure 1B) was applied to demonstrate the distribution of gene expression differences; the horizontal axis is the logarithm of the fold differences, and the vertical axis is the negative logarithm of the p-value for multiple significant differences. Red dots represent significantly upregulated genes, and green dots represent significantly downregulated genes (p < 0.05 and log |FC| ≥1.2).
[image: Figure 1]FIGURE 1 | Prediction of differentially expressed genes between patients with chronic kidney disease (CKD) and healthy donors. (A) Heatmap of differentially expressed genes in human kidney tissues with or without CKD. (B) Volcano plot of distribution of differentially expressed genes.
4.2 Potential hub genes through which Fuzheng Huayu acts on chronic kidney disease
A Venn diagram (Figure 2A) was drawn to illustrate the common genes between FZHY and CKD. In total, 129 genes were potential hub genes responsible for the effects of FZHY on CKD. To further illustrate the relationship between FZHY and CKD target proteins, PPI network (Figure 2B) was constructed using the Search Tool for the Retrieval of Interacting Genes/Proteins public database. The bar plot (Figure 2C) was used to display the top 30 potential hub genes through which FZHY acts on CKD, such as INS, IL-6, VEGFA, EGFR, CASP3, MAPK8, and MYC.
[image: Figure 2]FIGURE 2 | Construction of PPI network. (A) Venn diagram of 129 target genes of Fuzheng Huayu (FZHY) and chronic kidney disease (CKD). Overlaps are considered potential target genes of FZHY acting on CKD. (B) Protein–protein interaction network constructed using STRING. (C) Bar plot of potential hub proteins. Y-axis represents name of the protein. X-axis represents number of adjacent proteins. Height denotes the number of protein connections.
4.3 Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis
GO annotations of the 129 potential therapeutic target genes were performed to identify the biological activity of FZHY against renal fibrosis. The top 20 significantly enriched terms in the categories of BP, CC, and MF are shown in Figure 3. The BP (Figure 3A) was mainly related to the cellular response to chemical stress, response to steroid hormone production, response to ketone, and response to oxidative stress. The CC (Figure 3B) was related to the membrane raft, membrane microdomain, membrane region, vesicle lumen, and secretory granule lumen. The MF (Figure 3C) was related to DNA-binding transcription factor binding, nuclear receptor activity, ligand-activated transcription factor activity, and steroid binding. Furthermore, the KEGG pathway analysis (Figure 3D) indicated that the lipid and atherosclerosis pathways, prostate cancer pathway, apoptosis pathway, fluid shear stress and atherosclerosis pathways, and TNF signaling pathway may be correlated with the therapeutic effects of FZHY on renal fibrosis.
[image: Figure 3]FIGURE 3 | Target biological function analysis: GO and KEGG analysis. (A) BP analysis of 129 FZHY–CKD target genes. (B) CC analysis of 129 FZHY–CKD target genes. (C) MF analysis of 129 FZHY–CKD target genes. (D) KEGG pathway enrichment analysis of 129 FZHY–CKD target genes. KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; MF, molecular function; CC, cellular component.
4.4 Effect of Fuzheng Huayu on renal function and fibrosis caused by Aristolochic acid I
The dynamic and pharmacodynamic AAI mice models were used to verify the network pharmacology results. The hematoxylin-eosin staining results (Figure 4A) revealed that the renal tissue structure of the normal group was intact, and no obvious abnormality nor inflammatory cell infiltration was presented in the renal interstitium. However, renal tissue structure destruction was evident in the model group. Tubular dilatation and edema indicated clear interstitial inflammatory cell infiltration. The basement membrane of the renal tubules was incomplete, and the epithelial cells of the proximal convoluted tubule were sloughed off when the tubulointerstitium widened. Compared with the model group, the FZHY group exhibited reduced inflammatory cell infiltration, along with the alleviation of the damage to renal tubules. As shown in Figure 4B, after AAI injection, the Scr and BUN levels increased gradually over time and were significantly higher at 8 weeks and 12 weeks, respectively (p < 0.01), compared with the normal group (Figure 4B). After the use of FZHY, the Scr and BUN levels significantly decreased compared with the 12 weeks model group (p < 0.01). Sirius Red staining (Figure 4C) demonstrated the collagen deposition. As the result, after AAI administration, significant renal collagen deposition was observed in mice, which was reduced by using FZHY or NAC (Figure 4E). IHC (Figure 4D) and WB (Figure 4G) analysis of a-SMA were used to demonstrate the degree of renal fibrosis in mice. Compared with the normal group, the degree of renal fibrosis was increased after AAI injection, and alleviated by FZHY(Figures 4F,H).
[image: Figure 4]FIGURE 4 | Fuzheng Huayu (FZHY) alleviates renal fibrosis induced by Aristolochic Acid I (AAI) in vivo. Dynamic experimental model mice were intraperitoneal injected with AAI (4 mg/kg body weight) twice a week and sacrificed at 4 weeks, 8 weeks, and 12 weeks. Pharmacodynamic experimental model mice were intraperitoneal injected with AAI (4 mg/kg body weight) twice a week for 12 weeks. From fourth week of AAI injection, mice were intragastrically administered FZHY (1.44 g/kg, 2.88 g/kg body weight) or NAC (3.0 g/kg body weight) daily for 8 weeks. All mice were sacrificed. Hematoxylin-eosin (A) staining of mouse renal tissue sections demonstrated degree of renal injury. Levels of serum creatinine and blood urea nitrogen (B) were used to detect renal function. The collagen deposition was shown by using Sirius Red staining (C). Significant renal collagen deposition was observed in mice after AAI administration, which was then reduced by using FZHY or NAC (E). IHC (D,F) and WB (G,H) analysis of a-SMA showed the degree of renal fibrosis, which increased after AAI injection and alleviated by FZHY (Figures 4F,H). FL, Fuzheng Huayu low-dose; FH, Fuzheng Huayu high-dose. Bar = 100 μm; *p < 0.05, compared with normal group; **p < 0.01, compared with normal group; #p < 0.05, compared with model group; ##p < 0.01, compared with model group.
Based on the results of the network pharmacology, the top 10 genes were selected to verify their reliability through qRT-PCR. Analysis of the renal tissues of the AAI dynamic mice model revealed that among the top 10 potential hub genes, the expression of INS, EGFR, IL-6, CASP3, MAPK8, FOS, MYC, CCND, and VEGFA was higher than that in the normal group. Of these, the differential expression was most pronounced with the FOS gene. Especially, the amount of mouse FOS gene expression in the 12w model group was about 10 times of that in the normal group (p < 0.01). (Figure 5A).
[image: Figure 5]FIGURE 5 | FOS may serve as key gene for FZHY to act on chronic kidney disease. Dynamic experimental model mice were intraperitoneal injected with Aristolochic Acid I (AAI) (4 mg/kg body weight) twice a week and sacrificed at 4 weeks, 8 weeks, and 12 weeks, respectively. Pharmacodynamic experimental model mice were intraperitoneal injected with AAI (4 mg/kg body weight) twice a week for 12 weeks. From fourth week of AAI injection, mice were intragastrically administered FZHY (1.44 g/kg, 2.88 g/kg body weight) or NAC (3.0 g/kg body weight) per day for 8 weeks. All mice were sacrificed. Quantitative real-time polymerase chain reaction analysis of mice renal tissues (A) shows that FOS gene expression significantly increased at 4 weeks, 8 weeks, and 12 weeks compared with normal group and decreased after use of FZHY. Western blot exhibited (B) FOS protein expression in mice renal tissue. FOS protein significantly increased at 8 weeks and 12 weeks compared with normal group and decreased after a high dose of FZHY or NAC (C). Immunohistochemistry was used for locating FOS protein (D) and quantifying (E) in paraffin sections of mice renal tissue. FOS protein is mainly expressed in tubular epithelial cells, mostly in cytoplasm, and some are expressed in nucleus. Bar = 50 μm; *p < 0.05, compared with normal group; **p < 0.01, compared with normal group; #p < 0.05, compared with model group; ##p < 0.01, compared with model group.
According to the literature, FOS is a downstream transcription factor, which can form AP-1 with JUN. We selected the FOS gene for subsequent studies as it plays the crucial role in regulating cell proliferation and death (Shaulian & Karin, 2002). In the mouse pharmacodynamic model of AAI, FOS gene expression decreased in the FZHY group and the positive drug NAC group compared with the 12-week model group (p < 0.01) (Figure 5A). Consistent with the qRT-PCR results, the Western blot analysis results demonstrated that FOS may be the target gene for the FZHY decoction against renal fibrosis (Figures 5B,C). According to the immunohistochemistry results, FOS protein mainly located in the renal tubular epithelial cells, most of which are present in the cytoplasm and only a few are located in the nucleus (Figures 5D,E). These results revealed that FOS is mainly expressed in tubular epithelial cells and serves as a potential target gene against CKD.
4.5 Role of mitogen-activated protein kinase family/FOS signaling pathways in Fuzheng Huayu against renal fibrosis
As one of the immediate early response genes, FOS expression is regulated by several extracellular signaling molecules, including those involved in the MAPK signaling pathways (mainly JNK and ERK signaling pathways) (Dalhäusser et al., 2022). Based on the GO annotation and KEGG analysis data, we selected p-c-FOS, JNK, p-JNK, ERK, and p-ERK for further validation.
As shown in Figures 6A,B, p-c-FOS, p-JNK, ERK, and p-ERK expression significantly increased at both 8 weeks and 12 weeks after AAI administration. After FZHY gavage, the expression levels of JNK and ERK proteins did not significantly change, and the expression levels of p-c-FOS p-JNK, and p-ERK significantly decreased compared with those in the model group (p < 0.01). The results suggest that the protective effect of FZHY on renal fibrosis may be related to the inhibition of the stimulation of the MAPK signaling pathways.
[image: Figure 6]FIGURE 6 | Western blot analyses further illustrate the mechanisms of FZHY against renal fibrosis. Dynamic experimental model mice were intraperitoneal injected with Aristolochic Acid I (AAI) (4 mg/kg body weight) twice a week and sacrificed at 4 weeks, 8 weeks, and 12 weeks. Pharmacodynamic experimental model mice were intraperitoneal injected with AAI (4 mg/kg body weight) twice a week for 12 weeks. From the fourth week of AAI injection, mice were intragastrically administered FZHY (1.44 g/kg, 2.88 g/kg body weight) or NAC (3.0 g/kg body weight) per day for 8 weeks. All mice were sacrificed. p-c-fos, JNK, p-JNK, ERK, and p-ERK expression in mice renal tissues were analyzed using Western blot analysis (A). p-JNK, ERK, and p-ERK significantly increased at both 8 weeks and 12 weeks after AAI administration (B). After the FZHY gavage, protein expression levels of JNK and ERK did not change significantly, but expression levels of p-JNK and p-ERK significantly decreased compared with model group (B). *p < 0.05, compared with normal group; **p < 0.01, compared with normal group; #p < 0.05, compared with model group; ##p < 0.01, compared with model group; ns, no significance, compared with model group.
Because the activation of the MAPK signaling pathways was correlated with inflammatory factors, ELISA was conducted (Figures 7A,B). The levels of IL-6, IL-1β, and TNF-α significantly increased after AAI administration, and the levels of IL-6, IL-1β, and TNF-α decreased after FZHY administration, suggesting that FZHY alleviates the inflammatory response induced by AAI.
[image: Figure 7]FIGURE 7 | Enzyme-linked immunosorbent assay (ELISA) analyses demonstrate the changes of inflammatory response during FZHY against renal fibrosis. Dynamic experimental model mice were intraperitoneal injected with Aristolochic Acid I (AAI) (4 mg/kg body weight) twice a week and sacrificed at 4 weeks, 8 weeks, and 12 weeks. Pharmacodynamic experimental model mice were intraperitoneal injected with AAI (4 mg/kg body weight) twice a week for 12 weeks. From the fourth week of AAI injection, mice were intragastrically administered FZHY (1.44 g/kg, 2.88 g/kg body weight) or NAC (3.0 g/kg body weight) per day for 8 weeks. All mice were sacrificed. ELISA analysis was employed to detect inflammatory factors. Levels of IL-6, IL-1β, and TNF-α significantly increased after AAI administration (A), and levels of IL-6, IL-1β, and TNF-α decreased after FZHY (B).
Generally, after the stimulation of MAPKs by inflammatory factors, the phosphorylated JNK, ERK proteins enter the nucleus and promote the transcription of the c-fos gene, which in turn can further promote fibrosis. Our research shows that FZHY could alleviate AAI-induced renal injuries and inflammatory responses through the MAPK/FOS signaling pathways (Figure 8).
[image: Figure 8]FIGURE 8 | Diagram depicting the potential mechanism of FZHY against the renal fibrosis induced by AAI.
5 DISCUSSION
CKD has the characteristics of high incidence, high prevalence, and complex mechanisms. End-stage kidney disease caused by CKD affects countless people worldwide. According to statistics, approximately 10% of adults were affected by CKD (GBD Chronic Kidney Disease Collaboration., 2020). Concomitant with high prevalence, CKD also has a high mortality rate. According to statistical studies, the number of deaths due to CKD is expected to reach 2.2 to 4 million by 2040 (Foreman et al., 2018). As the hallmark of progressive CKD, renal fibrosis is mainly characterized by glomerulosclerosis, tubular atrophy, and renal interstitial fibrosis (Yan et al., 2021). Renal fibrosis is the final pathway in virtually all chronic progressive kidney diseases, regardless of initial etiology (Humphreys., 2018). Renal fibrosis has a complex pathogenesis involving multiple signaling pathways, such as the TGF-β, angiotensin II, and Wnt signaling pathways (Yuan et al., 2022). Although drugs targeting the inflammatory factors associated with signaling pathways have been approved for testing in clinical trials, no major advances have been made specifically in treatment strategies for renal fibrosis (Prakoura et al., 2019).
In the last decades, TCM has attracted worldwide attention for its curative effects, relatively low toxicity, and low cost (Luo et al., 2020). As a clinical prescription, FZHY has been shown to improve liver function, reduce Child Pugh scores, and alleviate symptoms in clinical studies (Chen et al., 2019). Multicenter phase II clinical trials in the United States have revealed that FZHY has a positive effect on hepatitis C liver fibrosis (Hassanein et al., 2022). Our previous studies have indicated that FZHY can effectively treat HgCl2-induced renal interstitial fibrosis associated with TGF-β1-induced epithelial-to-mesenchymal transition (Wang et al., 2010) and peroxidation (Yuan et al., 2017). A randomized, double-blind, multicenter clinical trial was conducted to evaluate the efficacy of FZHY for CKD (2019ZX09201001-001-006). TCM has multitarget characteristics. Therefore, exploring the mechanisms of FZHY against renal fibrosis is essential to understand how to best use FZHY.
In this study, we identified 815 genes that were differentially expressed in patients with CKD compared with normal individuals in their kidney tissues, of which 129 genes were upregulated and 686 genes were downregulated (Figure 1). Then, after searching the public database, the target network of FZHY against CKD was constructed and analyzed. The Venn diagram indicated 129 potential genes. The PPI network of FZHY–CKD was used to explore the interaction between the formula and disease. GO annotations and the KEGG pathway were used for the functional analysis of related target genes. We identified 1753 GO terms that were significantly associated with FZHY treatment (Figure 3). Several terms were also associated with biological processes relevant to renal diseases, including the response to chemical stress (Kitamura., 2008), response to oxidative stress (Aranda-Rivera et al., 2021), response to drugs (Cybulsky., 2017), and epithelial cell proliferation (Bonventre., 2014). These terms may be associated with the ability of FZHY to inhibit renal fibrosis.
Our KEGG pathway analyses also revealed 128 pathways that were differentially regulated in response to FZHY treatment (Figure 3), including the PI3K–Akt signaling pathway, MAPK signaling pathways (Yuan et al., 2022), and TNF signaling pathway (Al-Lamki & Mayadas., 2015), all of which are related to the development of renal fibrosis. These results jointly indicate that FZHY can reverse renal fibrosis by regulating the aforementioned signaling pathways, although additional research is required to validate these findings. The bar plot presents the top 30 potential hub genes through which FZHY acts on CKD, such as IL-6 (Feigerlová & Battaglia-Hsu., 2017), EGFR (Rayego-Mateos et al., 2018), MAPK8, and FOS (Grynberg et al., 2017). These proteins are also associated with the development of renal disease.
CKD can be caused by various factors, including the inappropriate use of drugs (Romagnani et al., 2017) and prolonged exposure to a toxicant–contaminated environment (i.e., Balkan endemic nephropathy due to AAI) (Lukinich-Gruia et al., 2022). Aristolochic acids (AAs), which are produced by Aristolochia and Asarum, have been widely used as herbal TCMs (Anger et al., 2020). AAⅠ and AAⅡ are active components in AAs (Jadot et al., 2017). AA nephropathy (AAN) is clinically characterized by rapidly progressive interstitial fibrosis, including impaired proximal tubular function (Luciano & Perazella, 2015). The mechanisms of AAI-induced kidney disease include oxidative stress, apoptosis, and an inflammatory response (Anger et al., 2020). Studies have demonstrated that AAs can cause transitional cell carcinoma of the renal pelvis, ureter, and bladder epithelium by binding to cellular DNA and forming AA–DNA adducts (Stiborová et al., 2017).
Currently, many Chinese herbal medicines containing AAI have been banned, but Aristolochiaceae plants are still applied in clinical treatment due to their relatively low AAI content. Based on the pathological characteristics and pathogenic mechanisms of AAN, AAI was used to establish the CKD mice model in this study.
The dynamic model of AAI at 12 weeks in mice and the pharmacodynamic model of AAI plus FZHY were used for network pharmacological validation. After AAI administration, the Scr and BUN levels of the model group were higher than those of the normal group, and the BUN level significantly decreased after using FZHY (Figure 4B). Hematoxylin-eosin staining revealed that in the AAI model, the renal tissue structure was significantly disrupted, with obvious tubular dilatation, interstitial inflammatory cell infiltration, epithelial cell sloughing, and atrophy in the proximal convoluted tubules. Compared with the model group, the FZHY group exhibited slightly reduced infiltration of inflammatory cells, and renal tubular damage was alleviated (Figure 4A). Moreover, the collagen deposition and the degree of fibrosis in the FZHY and NAC groups decreased compared with that in the model group (Figures 4C,D). Therefore, the results suggest that FZHY can improve, to some degree, renal interstitial fibrosis induced by AAI.
Based on the network pharmacological results, we selected the top 10 genes to perform the qRT-PCR and verify their reliability. Among the top 10 genes, the expression of EGFR, INS, IL-6, CASP3, MAPK8, FOS, MYC, CCND, and VEGFA increased compared with that in the normal group. FOS elevation was the most prominent and remained high at 12 weeks (Figure 5A). Immunohistochemistry indicated that FOS is mainly localized in tubular epithelial cells and expressed in the cytoplasm, with some located in the nucleus (Figure 5D). Similarly, the results of the Western blot analysis demonstrated that FOS may serve as a target gene through which FZHY exerts its effects against renal fibrosis (Figures 5B,C).
The proto-oncogene c-Fos is a gene coding for the 62-kDa protein comprising 380 amino acids (Alfonso-Gonzalez & Riesgo-Escovar, 2018). The c-Fos protein is a regulator of cell functions, such as differentiation, proliferation, and transformation (Tsiambas et al., 2020). Based on the characteristics of the FOS gene and the role of the MAPK signaling pathways in inflammation and injury (Bhosale et al., 2022), we performed a WB analysis of p-c-Fos, JNK, p-JNK, ERK, and p-ERK expression. p-JNK, ERK, and p-ERK expression significantly increased in the AAI model at 8 and 12 weeks (Figures 6A,B). However, the protein expression levels of JNK and ERK did not change significantly, and the expression levels of p-JNK and p-ERK significantly decreased compared with those in the model group (p < 0.01), suggesting that the protective effect of FZHY on the kidney may be related to the inhibition of the MAPK signaling pathways. Studies have shown that AAI can lead to renal inflammatory responses (Anger et al., 2020), such as the expression of the proinflammatory factors IL6, TNF-α (Li et al., 2021), IL-1β. These factors, in turn, can activate the MAPK signaling pathway (Gaestel et al., 2009; Garbers et al., 2018). ELISA results showed that FZHY could inhibit the inflammatory response caused by AAI (Figures 7A,B).
Collectively, FZHY could alleviate AAI-induced renal injuries and inflammatory responses by inhibiting the MAPK/FOS signaling pathways (Figure 8). Our study identified that FOS may play a vital role in how the FZHY formula acts on CKD, and the MAPK signaling pathway may serve as the key point. However, further research is necessary both in vivo and in vitro.
6 CONCLUSION
The mechanisms of the FZHY formula that alleviate renal fibrosis in CKD have been preliminarily explored using network pharmacological predictions and in vivo validation. Functional enrichment analyses demonstrated that FZHY may achieve therapeutic efficacy by modulating MAPK and PI3K-AKT signaling and reactive oxygen species. However, further research is necessary to validate the role of FZHY in functional contexts. Our work also revealed that FZHY can protect the kidney from inflammatory injuries caused by AAI and antagonize inflammatory factor-stimulated MAPK/FOS activation.
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AAI Aristolochic acid I
ACEIs Angiotensin converting enzyme inhibitors
ACTG2 Actin gamma 2
ANOVA One-way analysis of variance
ARBs Angiotensin receptor blockers
a-SMA Alpha-smooth muscle actin
BATMAN a Bioinformatics Analysis Tool for Molecular mechANism of Traditional Chinese Medicine
BCA Bicinchoninic acid assay
BP Biological process
BSA Bovine serum albumin
BUN Blood urea nitrogen
C5orf58 Chromosome 5 open reading frame 58
CC Cellular component
CCND1 Cyclin D1
CKD Chronic kidney disease
DAB Diaminobenzidine
DEGs Differentially expressed genes
DL DrugLikeness
EDTA Ethylene diamine tetraacetic acid
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked immunosorbent assay
EMT Epithelial-to-mesenchymal transition
ERK Extracellular regulated protein kinases
ESR1 Estrogen receptor 1
ESRD End-stage renal disease
FH FZHY high-dose
FL FZHY low-dose
FOS FBJ murine osteosarcoma viral oncogene homolog/Fos proto-oncogene
FZHY Fuzheng Huayu formula/decoction/recipe
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GEO Gene expression omnibus
GO Gene ontology
HBA1 Hemoglobin subunit alpha 1
HBA2 Hemoglobin subunit alpha 2
HBD Hemoglobin subunit delta
H-E Hematoxylin-eosin
IACUC Institutional laboratory animal care and use committee
IHC Immunohistochemistry
IL-1β Interleukin-1 beta
IL4I1 Interleukin 4 induced 1
IL-6 Interleukin-6
INS Insulin
ITLN1 Intelectin 1
JNK/MAPK8 Mitogen-activated protein kinase 8
KDIGO Kidney disease improving global outcomes
KEGG Kyoto encyclopedia of genes and genomes
MAPKs Mitogen-activated protein kinase family
MF Molecular function
MYC MYC proto-oncogene
NAC N-acetylcysteine
NCBI National center for biotechnology information
OB Oral bioavailability
OMIM Online mendelian inheritance in man
OR5L2 Olfactory receptor family 5 subfamily L member 2
PBS Phosphate buffer saline
PBST Phosphate buffer saline with Tween® 20
P-ERK Phospho-extracellular regulated protein kinases
P-JNK Phospho-mitogen-activated protein kinase 8
PMSF Phenylmethylsulfonyl fluoride
PPI Protein-protein interaction
qRT-PCR Quantitative real-time PCR
RIPA Radio immunoprecipitation assay
RPS4Y1 Ribosomal protein S4 Y-linked 1
RPS4Y2 Ribosomal protein S4 Y-linked 2
Scr Serum creatinine
SD Standard deviation
SDS Sodium dodecyl sulfate
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SFDA State food and drug administration
SPF Specific pathogen Free
SPSS Statistical product service solutions
STRING Search tool for the retrieval of interaction gene/proteins
TBS Tris buffered saline
TBST Tris buffered saline with Tween® 20
TCM Traditional Chinese Medicine
TCMSP Traditional Chinese Medicine systems pharmacology database and analysis platform
TMB 3, 3′,5 ,5′-Tetramethylbenzidine
TNF-α Tumor necrosis factor-alpha
UUO Unilateral ureteral obstruction
VEGFA Vascular endothelial growth factor A
WB Western blot
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Introduction: Radiation-induced heart disease (RIHD), characterized by cardiac dysfunction and myocardial fibrosis, is one of the most common complications after cardiothoracic radiotherapy. Dang Gui Bu Xue Tang (DBT) is a conventional Chinese herb decoction composed of Radix Astragali membranaceus (RAM) and Radix Angelicae sinensis (RAS) at a ratio of 5:1, famous for its “blood-nourishing” effect. In this study, we aimed to investigate the cardioprotective effect of DBT on RIHD.
Methods: C57BL mice at 8 weeks of age were divided into five groups, namely Control, Radiation, RDBT51 (Radiation with DBT, RAM:RAS = 5:1), RDBT11 (Radiation with DBT, RAM:RAS = 1:1), and RDBT15 (Radiation with DBT, RAM:RAS = 1:5).
Results: We mainly found that radiation in the cardiothoracic region led to significant left ventricular systolic dysfunction, myocardial fibrotic lesions and cardiac injury accompanied by abnormally increased myocardial HMGB1 protein levels. Administration of conventional DBT significantly ameliorated left ventricular systolic dysfunction, alleviated myocardial fibrosis, and counteracted cardiac injury, all of which supported the protective effect of DBT on RIHD, involving upregulation of myocardial Nrf2 protein levels and downregulation of HMGB1 protein levels as underlying mechanisms.
Conclusions: DBT exerts a significant protective effect on RIHD, and the Nrf2/ HMGB1 pathway probably plays an important role in this protective effect.
Keywords: myocardial fibrosis (MF), radix angelicae sinensis (RAS), radix astragali membranaceus (RAM), galectin-3 (Gal-3), systolic dysfunction, cardiac injury
1 INTRODUCTION
Despite being widely used in cancer patients and improving survival rates for many cancers, radiation therapy involves some inevitable complications (Wang et al., 2019; Quintero-Martinez et al., 2021). Radiation-induced myocardial fibrosis, characterized by decreased ventricular elasticity and distensibility, is a potentially lethal clinical complication of chest radiotherapy and a final stage of radiation-induced heart disease (RIHD) (Wang et al., 2020). The development of radiation-induced myocardial fibrosis is a slow but constantly progressive process, with clinical symptoms occurring several years after irradiation. However, the exact underlying mechanism involving radiation-induced myocardial fibrosis is still not completely clarified (Sarkozy et al., 2021), and accurately diagnosing and identifying patients who may progress to radiation-induced myocardial fibrosis has been challenging (Wang et al., 2020).
High mobility group box 1 (HMGB1), a highly conservative nucleoprotein, was a multifunctional protein involved in the regulation of inflammation, cancer and fibrosis progression (Wang and Zhang, 2020). As an important late inflammatory cytokine, the role of HMGB1 in fibrotic diseases has become one of the hot issues during the past years. The expression of HMGB1 is up-regulated in pulmonary fibrosis and participates in the occurrence and development of pulmonary fibrosis. Many studies have shown that inhibiting the production of HMGB1 can effectively reduce the inflammatory reaction-related damage in the body. Our previous studies demonstrated that Nrf2 attenuated the epithelial mesenchymal transition process in pulmonary fibrosis through inhibition of HMGB1 pathway (Zhang et al., 2018; Qu et al., 2019).
The role of HMGB1 in cardiovascular disease and cardiac fibrosis has been increasingly concerned in recent years, and a series of progress has also been made. Many studies have shown that HMGB1 acts on the RAGE receptor on the surface of cardiac fibroblasts, making it form heterodimer with some TLRs (such as TLR2/4/9) or β - integrin Mac-1, and stimulate cardiac fibroblasts to obtain the characteristics of proliferation, migration and fibrosis promotion through NF-κB, MAPKs and JAK/STAT (Turner, 2016). In the cardiac fibrosis model induced by diabetes, silencing HMGB1 can inhibit cardiac fibrosis and improve cardiac function through MAPK pathway (Wang et al., 2014). All these data showed that HMGB1 is a very promising target for cardiac fibrosis treatment, but whether the therapeutic strategy targeting HMGB1 plays a protective role in patients still needs more evidence. In RIHD, whether HMGB1 is involved in the process of myocardial injury and cardiac fibrosis is still unknown.
Dang Gui Bu Xue Tang (DBT), a combination of Radix Astragali membranaceus (RAM) and Radix Angelicae sinensis (RAS) at a conventional ratio of 5:1, is a widely used herbal decoction in traditional Chinese medicine promote or invigorate the “blood”. DBT has been proved to mediate potent cardioprotective and anti-cardiac fibrosis effects (Mak et al., 2006), while the underlying mechanisms remain to be elaborated. In the present study, we developed in vivo and in vitro models of RIHD. Through these models, we revealed that DBT-mediated Nrf2 activation could downregulate radiation-induced increase in cardiac HMGB1, improve abnormal weight loss, and reduce cardiac fibrosis. These findings uncovered a Nrf2-HMGB1 axis mediating the protective effect of DBT on cardiac fibrosis, providing a useful clue for a clinical strategy against the disease.
2 MATERIALS AND METHODS
2.1 Animal and cell preparation
The animal study was reviewed and approved by the Animal Ethics Committee of Soochow University. A total of 45 male C57BL mice at 7 weeks of age were purchased from the Beijing Vital River Laboratory (Beijing Vital River Laboratory Animal Technology Co., Ltd., China). All mice were housed in a temperature- and humidity-controlled facility without specific pathogen at 12-h light and dark cycles, with water and food ad libitum.
Neonatal mice (born within 48 h, Beijing Vital River Laboratory Animal Technology Co., Ltd., China) were euthanized by decapitation and then the neonatal mouse myocardial fibroblasts were isolated and cultured according to the methods we described previously (Zhang et al., 2022). Briefly, mouse ventricular myocardial tissues were minced and rinsed in D-Hanks balanced salt solution, and subsequently digested in D-Hanks solution containing 10 μg/ml Liberase TH (Roche, 5,401,151,001), incubated at 37°C for 30 min. High glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (HyClone, United States of America) supplemented with 10% foetal bovine serum (FBS) (Gibco, United States of America) was added to the digested supernatant to terminate the digestion, followed by centrifugation at 100 g for 10 min to collect suspended cells. All isolated cells were pre-plated in a humidified incubator at 37°C with 5%CO2 for 1 hour, after which the unattached cells were discarded and the attached cells were myocardial fibroblasts. Isolated myocardial fibroblasts were cultured in high glucose DMEM with 10% FBS for further in vitro experiments.
2.2 DBT preparation
The preparation of DBT was based on previous studies (Chunhua et al., 2017; Zhou et al., 2018). In short, a total weight of 600 g RAM and RAS at ratios of 5:1 (DBT51), 1:1 (DBT11), and 1:5 (DBT15) were immersed respectively for 1 hour with 8 times the volume of distilled water (4.8 L). The medicinal materials were decocted twice at 100°C for 1 hour, and subsequently the decocted liquids were collected and merged together. After filtration, the decocted liquid was concentrated to 500 ml by water bath, resulting in a final DBT concentration of 1.2 g/ml. For cell experiments, some DBT was diluted to a final concentration of 1 mg/ml by using DMEM with 2% FBS and sterilized by filtration (Zhou et al., 2018).
2.3 RIHD model and DBT treatment
2.3.1 In vivo study
After 1 week adaptation period, all mice were randomly divided into five groups: Control (n = 5); Radiation (n = 10); RDBT51 (Radiation with DBT, RAM:RAS = 5:1, n =10); RDBT11 (Radiation with DBT, RAM:RAS = 1:1, n = 10); RDBT15 (Radiation with DBT, RAM:RAS = 1:5, n = 10). The precordial area of each mouse in radiation groups was exposed to X-ray irradiation individually to establish a murine RIHD model. After all mice had been anesthetized with isoflurane anaesthesia (2%) using a mask, the hair on the chest was removed, and irradiation was applied with a 6 MV X-ray beam energy at a single dose of 20 Gy using an X-RAD 320ix Irradiator (Precision X-Ray Inc., United States). For 8 consecutive weeks starting from the day of radiation, distilled water or diverse DBT (10 μl/g body weight, equivalent to 12 g/kg body weight) were administered to mice once daily via oral gavage. This DBT dose of 12 g/kg was designed based on the previous study (Chunhua et al., 2017; Liu et al., 2018) and our preliminary experiments. All mice were sacrificed at the end of the 8 weeks after irradiation. Mouse serum was obtained by centrifugation of blood at 1000× g for 10 min at 4°C, and cardiac tissue was isolated and stored for the following experiments.
2.3.2 In vitro study
Primary neonatal mouse myocardial fibroblasts cultured in high glucose DMEM with 10% FBS were seeded in 6-well plate and randomly divided into five groups: Control; Radiation; RDBT51 (Radiation with DBT, RAM:RAS = 5:1); RDBT11 (Radiation with DBT, RAM:RAS = 1:1); RDBT15 (Radiation with DBT, RAM:RAS = 1:5). At 70%–80% confluency, myocardial fibroblasts in radiation groups were irradiated with a single dose of 4 Gy at a dose rate of 2 Gy/min using an X-RAD 320ix Irradiator (Precision X-Ray Inc., United States). After administration, myocardial fibroblasts immediately received fresh control culture medium or concerning DBT medium (1 mg/ml) with 2%FBS. The specific inhibitor ML385 (1 μM, MCE, United States of America) was used to inhibit Nrf2 in fibroblasts. After 24 or 48 h, culture medium was collected and centrifuged at 10,000 g for 5 min, and then the supernatant was kept for further ELISA assay.
2.4 Echocardiography
At 4 and 8 weeks after irradiation, the mice were anesthetized with inhaled isoflurane (1%) and imaged using a 40 MHz linear array transducer attached to a preclinical ultrasound system (Vevo 2100, Fujifilm VisualSonics, Toronto, ON, Canada) with nominal in-plane spatial resolution of 40 µm (axial) × 80 µm (lateral). M-mode and 2-D parasternal short-axis scans (133 frames/second) at the level of the papillary muscles were employed to assess the changes in left ventricular (LV) end-systolic inner diameter, LV end-diastolic inner diameter, LV posterior wall thickness in end-diastole and end-systole, fractional shortening (FS), and ejection fraction (EF).
2.5 Histological analysis
Cardiac tissues were routinely collected, fixed, processed and sectioned into 5 µm slices. The cardiac collagen deposition was determined by Sirius red (Shanghai Yuanye Biotechnology, Shanghai, China) staining as previously described (Zhang et al., 2022).
2.6 Western blot and real-time qPCR analysis
Cardiac tissues or myocardial fibroblasts were harvested in RIPA Digest Buffer. The supernatant was collected, and protein concentration was measured using the BCA Protein Assay Reagent Kit. Equal amounts of protein were electrophoretically separated in SDS-polyacrylamide gels and then transferred onto polyvinylidene difluoride membranes (PVDF, IPVH00010, Millipore, United States). The blot was blocked with 5% skim milk for 1 h at room temperature and probed overnight at 4°C by incubation with the primary antibodies, including anti-Nrf2 (ab31163, Abcam, Cambridge, United Kingdom), anti-HMGB1 (3935, CST, Boston, United States of America) and anti-GAPDH (2118, CST, Boston, United States of America) antibodies. After being washed with Tris Buffered Saline with Tween (TBST), the membranes were subsequently incubated with secondary horseradish peroxidase conjugated anti-rabbit antibodies at 25°C for 2 h. Finally, membranes were analysed. Total RNA was extracted using the TRIzol reagent (Takara, Tokyo, Japan) according to the manufacturer’s instructions, and then was analysed via the real-time qPCR as described before (Zhang et al., 2022). The sequences of primers are as follows: Collagen-I, Forward-GCAAGAGGCGAGAGAGGTTT and Reverse-TGCACCACCAACTGCTTAGC; Collagen-III, Forward-ACGTAGATGAATTGGGATGCAG and Reverse-GGGTTGGGGCAGTCTAG; TGF-β, Forward-TGGGCACCATCCATGACAT and Reverse-TCTTCTCTGTGGAGCTGAAGCA; GAPDH, Forward-GGATGCAGGGATGATGTTCT and Reverse-TGCACCACCAACTGCTTAGC.
2.7 ELISA
The serum levels of HMGB1 and Galectin-3 were assayed by using ELISA kits (eBioscience, United States) according to the manufacturer’s instructions. Standard curves were established using mouse recombinant cytokines provided in the kits.
2.8 Statistical analysis
Data are presented as mean ± standard deviation. The analysis of variance followed by the Bonferroni test was adopted for multiple comparisons among groups.
3 RESULTS
3.1 The DBT protected mice against radiation-induced weight loss
The radiation treatment led to an obvious body weight loss in mice, as shown in Figure 1. The body weight of mice in the radiation group started to be significantly lower than that in the control group from 2 weeks after radiation and continued through 8 weeks (all p < 0.05). The body weight of mice in the RDBT51 group was consistently significantly higher than that of mice in the radiation group (all p < 0.05). Similarly, the mice in the RDBT11 group inclined to have higher body weights than those in the radiation group, but only at 4 and 6 weeks after radiation there were significant differences in body weight between the radiation and RDBT11 group.
[image: Figure 1]FIGURE 1 | The protective effect of DBT on the radiation-induced abnormal weight loss. (A) The representative images of body weighing at 8 weeks after radiation; (B) Trends in body weight change. *p < 0.05 of Radiation versus Control; †p < 0.05 of RDBT51 versus Radiation; #p < 0.05 of RDBT11 versus Radiation. DBT, Dang Gui Bu Xue Tang; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1); RDBT15, Radiation with DBT (RAM: RAS = 1:5); The “R” in the “RDBT” stands for Radiation, while the two digits following RDBT represent the ratio between RAM and RAS, the same below.
3.2 The DBT reduced radiation-induced elevation of serum inflammatory and myocardial injury biomarkers
As shown in Figure 2, the radiation treatment led to a significant elevation of serum inflammatory biomarkers, i.e., TNF-α and IL-6, as well as myocardial injury biomarkers such as cTnT and creatine kinase - MB (CK-MB), at 4 and 8 weeks after radiation (all p < 0.05). Notably, the serum levels of TNF-α, IL-6, cTnT, and CK-MB were consistently lower in the RDBT51 group than in the radiation group (all p < 0.05). Except for CK-MB, the above biomarkers were also lower in the RDBT11 group than in the radiation group, while there was no significant difference in the serum IL-6, cTnT, and CK-MB levels between the mice in the radiation and RDBT15 group.
[image: Figure 2]FIGURE 2 | The DBT ameliorates the inflammation- and myocardial injury-related biomarkers in the serum of mice at 4 and 8 weeks after radiation. (A) TNF-α; (B) IL-6; (C) cTnT; (D) CK-MB. *p < 0.05 versus Control; †p < 0.05 versus Radiation. DBT, Dang Gui Bu Xue Tang; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1); RDBT15, Radiation with DBT (RAM: RAS = 1:5).
3.3 The DBT improved radiation-induced myocardial systolic dysfunction
The improvement effect of DBT on radiation-induced left ventricular systolic dysfunction was summarized in Figure 3 and Table 1. The mice in the radiation group had lower EF and FS compared with the mice in the control group, accordingly, the EF and FS of mice in both RDBT51 and RDBT11 groups were significantly higher than those in the radiation group (all p < 0.05). Nevertheless, significant differences were found neither in EF nor in FS between the radiation and RDBT15 group.
[image: Figure 3]FIGURE 3 | The DBT improves radiation-induced left ventricular systolic dysfunction. (A) Representative echocardiograms obtained at 4 and 8 weeks after radiation treatment; (B) Quantitative statistical analyses of FS and EF. The other concerning quantitative statistical analyses of cardiac function related parameters are summarized in Table 1. DBT, Dang Gui Bu Xue Tang; EF, ejection fraction; FS, fractional shortening; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1); RDBT15, Radiation with DBT (RAM: RAS = 1:5).
TABLE 1 | Left ventricular systolic function and morphologic data obtained from echocardiographic measurement.
[image: Table 1]3.4 The DBT alleviated radiation-induced myocardial fibrosis
The beneficial effect of DBT on radiation-induced myocardial fibrosis were summarized in Figure 4, which were comparable to the results concerning myocardial systolic function. The mice in the radiation group had a significantly higher degree of myocardial fibrosis compared with the mice in the control group, based on the myocardial collagen deposition and the mRNA levels of TGF-β, Collagen-I, and Collagen-III across groups (all p < 0.05). On this basis, the degree of myocardial fibrosis was lower in the RDBT51 group than in the radiation group. Meanwhile, the mice in the RDBT11 group also had a lower degree of myocardial fibrosis compared with the mice in the control group, despite the fact that there was no significant difference between groups in the mRNA level of myocardial Collagen-I and Collagen-III.
[image: Figure 4]FIGURE 4 | The DBT alleviates radiation-induced cardiac fibrosis. (A) Representative microphotographs of Sirius red staining obtained at 8 weeks after radiation; (B) Quantitative results of collagen deposition percentage; (C), (D), and (E) The myocardial mRNA levels of TGF-β, Collagen-I and Collagen-III relative to GAPDH were analysed by real-time qPCR. *p < 0.05 versus Control; †p < 0.05 versus Radiation. DBT, Dang Gui Bu Xue Tang; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1).
The results derived from assessment of myocardial fibroblasts supernatant and serum Galectin-3 levels, the indicator of fibrosis, were consistent with the differences in myocardial fibrosis among groups described above (Figure 5 and Figure 6). At 24 and 48 h after radiation treatment, the levels of Galectin-3 were significantly higher in the fibroblast culture medium of the radiation group than that in the fibroblast culture medium of the control, RDBT51, and RDBT11 groups (Figure 5, all p < 0.05). In parallel, at 4 weeks and 8 weeks after radiation treatment, the mouse serum levels of Galectin-3 were also significantly higher than those in the control and RDBT51 groups (Figure 6, all p < 0.05). The above differences were neither observed between the radiation and RDBT11 group, nor between the radiation and RDBT15 group, except for the serum Galectin-3 level between the radiation and the RDBT11 group at the time point of 4 weeks post-radiation.
[image: Figure 5]FIGURE 5 | The DBT reduces the fibrosis-related biomarkers in the neonatal mouse myocardial fibroblast culture supernatant at 24 and 48 h after radiation. (A) Galectin-3; (B) HMGB1. *p < 0.05 versus Control; †p < 0.05 versus Radiation. DBT, Dang Gui Bu Xue Tang; HMGB1, high mobility group box 1; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1); RDBT15, Radiation with DBT (RAM: RAS = 1:5).
[image: Figure 6]FIGURE 6 | The DBT reduces the fibrosis-related biomarkers in the serum of mice at 4 and 8 weeks after radiation. (A) Galectin-3; (B) HMGB1. *p < 0.05 versus Control; †p < 0.05 versus Radiation. DBT, Dang Gui Bu Xue Tang; HMGB1, high mobility group box 1; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1); RDBT15, Radiation with DBT (RAM: RAS = 1:5).
3.5 The DBT increased myocardial Nrf2 expression and decreased the radiation-induced elevated expression of myocardial HMGB1
As shown in Figure 5 and Figure 6, the levels of HMGB1 in fibroblast culture supernatant or mouse serum of the radiation group were highest among fibroblast culture groups or mouse groups at the corresponding time points. Correspondingly, at the end of 8 weeks after radiation treatment, the myocardial HMGB1 protein level in the radiation group, as well as the myocardial Nrf2 protein level in the RDBT51 group, was highest among all mouse groups. Although the myocardial HMGB1 protein level in the RDBT11 group tended to be lower than that in the radiation group, the difference was not significant (Figure 7).
[image: Figure 7]FIGURE 7 | The regulatory effect of radiation and DBT on mouse myocardial Nrf2 and HMGB1 protein levels. (A) Representative western blot bands; (B) Quantitative results of Western blot. *p < 0.05 versus Control; †p < 0.05 versus Radiation. DBT, Dang Gui Bu Xue Tang; HMGB1, high mobility group box 1; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1); RDBT11, Radiation with DBT (RAM: RAS = 1:1).
By inhibiting Nrf2 via ML385 in fibroblasts in the RDBT group, we furthermore validated the mediating role of Nrf2/HMGB1 in the protective effect of DBT. As shown in Figure 8, in line with the results from the in vivo study, the level of Nrf2 was higher in the RDBT51 group than in the radiation and RDBT51 + ML385 groups, whereas the expression levels of HMGB1, TGF-β, Collagen-I and Collagen-III were higher in the RDBT51 + ML385 group than in the RDBT group (all p < 0.05).
[image: Figure 8]FIGURE 8 | Inhibition of Nrf2 compromises the protective effect of DBT on radiation-induced deleterious changes in myocardial fibroblasts. After administration of radiation, myocardial fibroblasts were immediately changed to fresh normal medium, DBT51 medium (1 mg/ml), or DBT51 medium with 1 μM ML385 (specific inhibitor of Nrf2) for 48 h and then collected for analyses. (A) Representative western blot bands; (B) Quantitative results of Western blot; (C), (D), and (E) Quantitative results of real-time qPCR for TGF-β, Collagen-I and Collagen-III. *p < 0.05 versus Control; †p < 0.05 versus Radiation; #p < 0.05 versus DBT51. DBT, Dang Gui Bu Xue Tang; HMGB1, high mobility group box 1; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBT51, Radiation with DBT (RAM: RAS = 5:1).
4 DISCUSSION
In this study, we mainly found the significant deleterious side effect of radiation treatment in cardiothoracic region, which is characterized by body weight loss, cardiac systolic dysfunction and myocardial fibrosis, can be effectively ameliorated by the supplementation of DBT. In addition, the implicated abnormal expression of Nrf2, HMGB1 and Galectin-3 may play important roles during the whole disease development.
4.1 Exploration of the rationality of RAM to RAS ratio
Previous studies have demonstrated that the application of RAM and RAS individually, or in combination, may exert potential cardioprotective effect through anti-inflammatory and anti-oxidative mechanisms. In this study, we designated three herb weight-to-weight ratios, namely RAM and RAS in the ratios of 5:1 (conventional formulation of DBT), 1:1 and 1:5, in order to investigate whether RAM and RAS protect against RIHD, furthermore, to compare the efficacy differences across ratios. The results revealed that the DBT with a ratio of RAM to RAS at 5:1 most effectively ameliorated the abnormal weight loss, myocardial injury and fibrosis caused by radiation treatment among three ratio groups, supporting the rationality of the conventional formulation.
Numerous previous studies also demonstrated the rationality of maintaining the RAM to RAS ratio at 5:1. Dong et al. found that the contents of main active components such as astragaloside IV, calycosin, formononetin and ferulic acid were highest when the extraction ratio of RAM to RAS was 5:1, and the DBT extracted in this ratio achieved the best chemical composition and biological effect (Dong et al., 2006). In parallel, Mak et al. found that the RAM extracts seemed to play more important roles than RAS extracts in DBT, since RAM extracts contained more bioactive components than RAS extract (Mak et al., 2006). Thus, it is understandable that Liu et al. found that the DBT based on this ratio exerted a significant ameliorative effect on heart injury, including inhibition of the NF-κB pathway as probable mechanisms (Liu et al., 2018). To a certain degree, the above studies also provide the probable reasons why conventional DBT (RAM: RAS = 5:1) has the most significant beneficial effect among groups.
4.2 The Nrf2/HMGB1 pathway in the development of RIHD
During the past years, emerging evidence indicates that increased HMGB1 is closely associated with fibrotic disease models, and moreover, targeted inhibition of HMGB1-related pathways significantly resists fibrosis. For instance, Wu et al. found that inhibition of HMGB1 significantly counteracted the isoproterenol-induced cardiac fibrosis by recovering TLR2-mediated autophagy suppression (Wu et al., 2018). Likewise, we demonstrated in the rat model of pulmonary fibrosis, the increased expression of HMGB1 was closely associated with the generation of extracellular matrix components, accompanied by increased expression of TGF-β (Li et al., 2015). Nrf2 has been considered to be a robust therapeutic target for cardiovascular diseases because of its ability to regulate the expression of numerous antioxidants. It is noteworthy that our previous results suggested the regulatory role of Nrf2 for HMGB1. Based on Nrf2 knockout mice, we verified that Nrf2 activation remarkably downregulated the expression of HMGB1, inhibited the TGF-β-induced epithelial-mesenchymal transition and reactive oxygen species generation, subsequently ameliorated the development of pulmonary fibrosis (Qu et al., 2019). Considering that in the present study, myocardial Nrf2 levels were lower, while HMGB1 and TGF-β levels were higher in the radiation group than that in the control group, it is reasonable to infer the Nrf2/HMGB1 pathway at least partially contributes to the radiation-induced myocardial pathological changes.
4.3 The underlying mechanism of DBT resistance to RIHD
According to previous relevant studies, DBT contains sorts of biological active ingredients including astragaloside IV, calycosin, formononetin, ferulic acid, total flavonoids, total saponins, and total polysaccharides (Dong et al., 2006). Astragaloside IV has been demonstrated to attenuate the inflammatory reaction via inhibition of HMGB1 (Huang et al., 2012; Li et al., 2016). Decreased HMGB1 level was observed in livers from mice fed with calycosin enhanced diet (Cheng et al., 2020), while in a previous in vitro study, administration of formononetin also led to downregulation of HMGB1 (Wang et al., 2018). When it comes to total flavonoids, Shen et al. have investigated the interaction between quercetin, isoquercitrin, rutin and HMGB1 through a comprehensive spectral and in silico analysis, and eventually they concluded that all the above three flavonoids could directly interact with HMGB1, caused conformational changes and then reduced pro-inflammatory activity of HMGB1.
Couples of studies also have investigated the effect of DBT, or some of its main active ingredients, on Nrf2. Results from Li et al. showed that RAM-derived astragaloside IV activated Nrf2 signaling pathway and attenuated inflammatory response (Li H et al., 2018). Li et al. described that calycosin and ferulic acid probably contribute to the protective of Yiqi Huoxue Decoction on ischemia/hypoxia-induced oxidative stress injury in H9c2 cardiomyocytes, involving increased Nrf2 expression as underlying mechanisms (Li F et al., 2018). Additionally, flavonoids were reported to be capable of activating Nrf2 pathway in many disease models (Suraweera et al., 2020). In terms of polysaccharides, results of several studies similarly suggested the regulatory function of astragalus polysaccharides on Nrf2 (Farag et al., 2019; Zhang et al., 2021).
However, it is important to note that, to date, few studies have directly investigated the cardioprotective effect of DBT under the radiation condition. Furthermore, many data on the regulatory role of DBT in Nrf2/HMGB1 pathway have come from other organs, with very limited data from the heart. Our results suggested that DBT may be a promising clinical treatment for RIHD, but more population studies, especially well-designed randomized double-blind controlled trials, are needed to verify it in future.
In conclusion, radiation treatment significantly leads to weight loss, cardiac dysfunction and myocardial fibrosis, which can be ameliorated by consumption of DBT, involving regulation of Nrf2/HMGB1 pathway as probable underlying mechanisms.
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Background: Interstitial lung disease (ILD) is a significant complication associated with microscopic polyangiitis (MPA) that has a poor prognosis. However, the long-term clinical course, outcomes, and prognostic factors of MPA-ILD are not well defined. Hence, this study aimed to investigate the long-term clinical course, outcomes, and prognostic factors in patients with MPA-ILD.
Methods: Clinical data of 39 patients with MPA-ILD (biopsy proven cases, n = 6) were retrospectively analyzed. High resolution computed tomography (HRCT) patterns were assessed based on the 2018 idiopathic pulmonary fibrosis diagnostic criteria. Acute exacerbation (AE) was defined as the worsening of dyspnea within 30 days, with new bilateral lung infiltration that is not fully explained by heart failure or fluid overload and that does not have identified extra-parenchymal causes (pneumothorax, pleural effusion, or pulmonary embolism).
Results: The median follow-up period was 72.0 months (interquartile range: 44–117 months). The mean age of the patients was 62.7 years and 59.0% were male. Usual interstitial pneumonia (UIP) and probable usual interstitial pneumonia patterns on high resolution computed tomography were identified in 61.5 and 17.9% of the patients, respectively. During the follow-up, 51.3% of patients died, and the 5- and 10-year overall survival rates were 73.5% and 42.0%, respectively. Acute exacerbation occurred in 17.9% of the patients. The non-survivors had higher neutrophil counts in bronchoalveolar lavage (BAL) fluid and more frequent acute exacerbation than the survivors. In the multivariable Cox analysis, older age (hazard ratio [HR], 1.07; 95% confidence interval [CI], 1.01–1.14; p = 0.028) and higher BAL counts (HR, 1.09; 95% CI, 1.01–1.17; p = 0.015) were found to be the independent prognostic factors associated with mortality in patients with MPA-ILD.
Conclusion: During the 6 years-follow-up, about half of patients with MPA-ILD died and approximately one-fifth experienced acute exacerbation. Our results suggest that older age and higher BAL neutrophil counts mean poor prognosis in patients with MPA-ILD.
Keywords: interstitial lung disease, microscopic polyangiitis, survival, prognosis, risk factor
1 INTRODUCTION
Microscopic polyangiitis (MPA) is a non-granulomatous necrotizing vasculitis involving small vessels and a type of antineutrophil cytoplasmic antibody-associated vasculitis (AAV) (Chung and Seo, 2010). Lung and renal involvement are the most common complications in patients with MPA and have a significant impact on survival (Corral-Gudino et al., 2011). While the kidney is the most commonly affected organ, lung involvement can be observed in 25%–55% of patients with MPA (Chung and Seo, 2010). Although interstitial lung disease (ILD) is a rare manifestation in patients with MPA, it is associated with poor survival (Fernandez Casares et al., 2015).
In previous studies, the long-term survival of patients with MPA-ILD was reported to range from 50% to 60% at 5 years; additionally, the main cause of death was worsening of pulmonary fibrosis (PF), which accounts for 40%–60% of cases (Homma et al., 2004; Hervier et al., 2009; Comarmond et al., 2014; Fernandez Casares et al., 2015). The presence of myeloperoxidase (MPO) specific antineutrophil cytoplasmic antibodies (ANCA), a usual interstitial pneumonia (UIP) pattern on high resolution computed tomography (HRCT), and induction therapy with glucocorticoids have been identified as unfavorable prognostic factors in patients with MPA-ILD (Homma et al., 2013; Comarmond et al., 2014; Fernandez Casares et al., 2015; Watanabe et al., 2019). However, the long-term clinical course and the prognostic factors of MPA-ILD are still not well defined. Therefore, this study aimed to investigate the clinical course, outcomes, and prognostic factors in patients with MPA-ILD.
2 MATERIALS AND METHODS
2.1 Study population
Between January 2000 and December 2019, 65 patients with MPA were diagnosed at Asan Medical Center, Seoul, South Korea. ILD was confirmed on HRCT images in 39 patients (biopsy proven cases, n = 6) and they were included in this study. All patients were diagnosed with MPA based on the European Medicines Agency algorithm and Chapel Hill Consensus Conference criteria (Watts et al., 2007; Jennette et al., 2013). The study was approved by the Institutional Review Board of Asan Medical Center (2019-0861), and the requirement for informed consent was waived due to the retrospective nature of this study.
2.2 Clinical data
The clinical and survival data were retrospectively collected from medical records and/or the records of the National Health Insurance of Korea. The spirometric parameters, total lung capacity (TLC) by plethysmography, and diffusing capacity of the lung for carbon monoxide (DLCO) were measured according to the American Thoracic Society (ATS)/European Respiratory Society (ERS) recommendations (Macintyre et al., 2005; Miller et al., 2005; Wanger et al., 2005). The results were expressed as percentages of normal predicted values. A 6-min walk test (6MWT) was performed according to the ERS/ATS recommendations (Holland et al., 2014). Bronchoalveolar lavage (BAL) was performed according to the ATS guidelines (Meyer et al., 2012).
The data from follow-up visits at 3–6-month intervals or from hospitalization were reviewed to determine the development of complications, such as acute exacerbation (AE), pneumonia, diffuse alveolar hemorrhage (DAH), or malignant tumors. AE was defined based on the criteria proposed by Collard et al. (2016), as a worsening of dyspnea within 30 days, with new bilateral lung infiltration that is not fully explained by heart failure or fluid overload and that does not have any identified extra-parenchymal causes (pneumothorax, pleural effusion, or pulmonary embolism). Pneumonia was defined as focal or unilateral lung infiltration with identified causative organism; however, when a causative pathogen was not identified and infection was strongly suspected clinically (symptoms such as purulent sputum, rapid and significant response to antibiotic treatment alone), it was also diagnosed as pneumonia (Kwon et al., 2022). DAH was defined according to the following criteria: 1) diffuse ground-glass opacity and/or consolidation on HRCT without alternative cause 2) hemoptysis, bronchoscopic evidence of hemorrhage, or bloody BAL fluid (Hozumi et al., 2021). Disease progression or improvement was defined as a relative decline or increase of at least 10% of the forced vital capacity (FVC) predicted value (% predicted) (Richeldi et al., 2012). The changes in lung function that did not meet these criteria were classified as stabilization. The relative FVC changes were calculated as follows: (FVC % predicted at follow-up − FVC % predicted at baseline)/FVC % predicted at baseline × 100 (%).
2.3 HRCT image evaluation
HRCT scans were performed in accordance with standard protocols at full inspiration without contrast enhancement. The HRCT scanned images were reviewed by a radiologist (J.C.) without the clinical and pathologic information provided. Overall, HRCT patterns were categorized as UIP, probable UIP, indeterminate UIP, or alternative diagnosis, based on the idiopathic pulmonary fibrosis (IPF) diagnostic criteria (Raghu et al., 2018). Based on the HRCT findings, the patients were also classified based on whether they had a UIP-like pattern or not. A UIP-like pattern was diagnosed when HRCT findings were consistent with a UIP or probable UIP pattern (Jacob et al., 2019). A UIP-like pattern was defined as a reticular pattern with traction bronchiectasis or bronchiolectasis with or without honeycombing and the absence of findings compatible with a UIP pattern, such as extensive ground-glass opacities, micro-nodules, discrete cysts, or segmental/lobar consolidations.
2.4 Statistical analysis
All data are expressed as mean ± standard deviation (SD) or median [interquartile range (IQR)] for continuous variables and as percentages for categorical variables. The continuous variables were compared using the Student’s t-test or Mann-Whitney U test, and categorical variables were compared using Pearson’s chi-squared or Fisher’s exact test. A Kaplan-Meier survival analysis and the log-rank test were performed to analyze the survival rate. The survival time was calculated as the number of months from the date of ILD diagnosis until death or the end of the follow-up period. The patients were censored if they were alive on 21 July 2022. The Cox analysis was performed to identify the prognostic factors for mortality in patients with MPA-ILD. In the multivariable Cox analysis, baseline variables with p-value < 0.1 in the unadjusted analysis were included in the multivariable models. All p-values were two-tailed, with the statistical significance set at a p-value < 0.05. All statistical analyses were performed using IBM SPSS Statistics for Windows, Version 26.0 (IBM Corp., Armonk, NY, United States).
3 RESULTS
3.1 Baseline characteristics
The baseline characteristics of the study population are shown in Table 1. The mean age was 62.7 years, and 59.0% of patients were male. The median follow-up period was 72.0 months (IQR: 44.0–117.0 months), and 20 patients (51.3%) died. The 1-, 5-, and 10-year cumulative survival rates of patients were 89.7, 73.5, and 42.0%, respectively (Figure 1). Overall, ILD was the initial manifestation of MPA in 66.7% of patients, and extra-pulmonary organ involvement was found in 92.3% of patients, of which renal involvement was the most common, accounting for 83% of extra-pulmonary organ involvement, followed by peripheral nerve involvement (36%). The non-survivors showed older age and higher BAL neutrophil counts than the survivors (Table 1); however, other variables, including lung function and exercise capacity, did not vary between the two groups.
TABLE 1 | Comparison of baseline characteristics between the non-survivors and survivors among patients with MPA-ILD.
[image: Table 1][image: Figure 1]FIGURE 1 | Overall Kaplan—Meier survival curve of patients with MPA-ILD. The 5-year and 10-year overall survival rates of patients with MPA-ILD were 73.5% and 42.0%, respectively. MPA, microscopic polyangiitis; ILD, interstitial lung disease.
3.2 Clinical course
Table 2 presents the clinical course of patients with MPA-ILD. Pneumonia was the most frequent pulmonary complication (23.1%), followed by AE, DAH, and lung cancer. AE occurred in 7 (17.9%) patients during the follow-up, and all of them died. During the follow-up, the non-survivors developed AE more frequently than the survivors (Table 2). However, there was no difference in the development of pneumonia, DAH, and lung cancer between the two groups.
TABLE 2 | Comparison of the clinical course between the non-survivors and survivors among patients with MPA-ILD.
[image: Table 2]Overall, pulmonary function was stabilized in 60.6% of patients, improved in 21.2% of patients, and progressed in 18.2% of patients (Table 2). The changes in lung function did not vary between the non-survivors and survivors; however, the non-survivors showed numerically lower improvement in FVC during the 6- or 12-month follow-up periods than the survivors without statistical significance.
In terms of treatment, 38 (97.4%) patients received steroid alone (n = 12) or with cyclophosphamide (n = 26) as an induction therapy. Maintenance therapy included steroid only (n = 8) or immunosuppressant (n = 30; azathioprine = 22, mycophenolate mofetil = 5, methotrexate = 2, cyclosporine = 1) with or without steroid.
3.3 Clinical course according to the HRCT patterns
Of all patients, 24 (61.5%) were classified as having a UIP pattern on HRCT, 7 (17.9%) as having probable UIP, 5 (12.8%) as having indeterminate UIP, and 3 (7.7%) as having an alternative diagnosis. A UIP-like pattern on HRCT was identified in 31 (79.5%) patients. The baseline characteristics of patients according to the HRCT patterns are summarized in Table 3. Patients with a UIP-like pattern showed a tendency for higher BAL neutrophil counts than those without; however, there was no difference in the frequency of complications between the two groups except a tendency for a higher prevalence of lung cancer in patients with a non-UIP-like pattern (Table 4). There was no significant difference in the baseline lung function between the two groups; however, patients with a UIP-like pattern showed numerically lower improvement in FVC over a 6- or 12-month follow-up period without statistical significance (Tables 3, 4).
TABLE 3 | Comparison of the baseline characteristics according to the HRCT patterns in patients with MPA-ILD.
[image: Table 3]TABLE 4 | Comparison of the clinical course according to the HRCT patterns in patients with MPA-ILD.
[image: Table 4]The Kaplan—Meier survival curve of patients with MPA-ILD according to the HRCT patterns is shown in Figure 2. There was no statistical difference in overall survival according to the HRCT patterns in patients with MPA-ILD (Figure 2A); the median survival period was 97.0 months for a UIP pattern, 124.0 months for probable UIP, 101.0 months for indeterminate UIP, and 154.0 months for alternative diagnosis (p = 0.985). There was also no difference in the overall survival between patients with UIP-like and non-UIP-like patterns on HRCT (median survival period, 97.0 vs. 101.0 months, p = 0.969) (Figure 2B).
[image: Figure 2]FIGURE 2 | Kaplan—Meier survival curve of patients with MPA-ILD according to HRCT patterns. (A) Comparison of overall survival according to the HRCT patterns, (B) Comparison of overall survival between patients with UIP-like pattern and non-UIP-like pattern. (A) There were no differences in overall survival rates according to the HRCT patterns; the median survival period was 97.0 months for a UIP pattern, 124.0 months for probable UIP, 101.0 months for indeterminate UIP, and 154.0 months for alternative diagnosis (log-rank test, p = 0.985). (B) There was no difference in the overall survival between patients with UIP-like and non-UIP-like pattern on HRCT; the median survival period was 97.0 months for UIP-like pattern, and 101.0 months for non-UIP-like pattern (log-rank test, p = 0.969). MPA, microscopic polyangiitis; ILD, interstitial lung disease; HRCT, high resolution computed tomography; UIP, usual interstitial pneumonia.
3.4 Risk factors for mortality
In the unadjusted Cox analysis, older age, male sex, higher BAL neutrophil counts, AE, and greater changes in the FVC (12 months) were significant prognostic factors for mortality in patients with MPA-ILD (Table 5). In the multivariable Cox analysis, older age (hazard ratio [HR], 1.072; 95% confidence interval [CI], 1.008–1.141; p = 0.028) and higher BAL neutrophil counts (HR, 1.091; 95% CI, 1.017–1.170; p = 0.015) were independent prognostic factors in patients with MPA-ILD.
TABLE 5 | Prognostic factors for mortality in patients with MPA-ILD assessed by Cox regression analysis.
[image: Table 5]4 DISCUSSION
In this study, during a follow-up of 6 years, about half of patients with MPA-ILD died and approximately one-fifth of patients experienced AE. Our results suggest that older age and higher BAL neutrophil counts were independent prognostic factors for mortality in patients with MPA-ILD. However, HRCT patterns were not associated with prognosis in patients with MPA-ILD.
In our study, the clinical characteristics of patients with MPA-ILD were similar to those in previous reports (Tzelepis et al., 2010; Huang et al., 2014; Fernandez Casares et al., 2015). In a previous study including nine patients with MPA and PF (MPA-PF) (Fernandez Casares et al., 2015), there was a slight predominance of males (55.6%), and our study also revealed a male predominance of 59.0%. In our study, 92.3% of patients presented MPO-ANCA positivity, and the development of ILD preceded that of vasculitis in 66.7% of patients. These features corresponded with those reported in the study by Fernandez Casares et al. (2015); they showed that 32.1% of 28 patients with MPA had ILD, and ILD was the initial manifestation in 55.5% of those with ILD. Likewise, ILD preceded extra-pulmonary manifestations in other studies (Tzelepis et al., 2010; Huang et al., 2014). Tzelepis et al. (2010) compared the clinical characteristics and outcomes of patients with MPA with and without ILD, and revealed that ILD preceded extra-pulmonary manifestations in 53.8% of patients with MPA-ILD (n = 13). Additionally, Huang et al. (2014) reported that ILD was observed to precede the diagnosis of MPA in 68.4% of 19 patients with MPA-ILD.
In our study, higher BAL neutrophil counts were associated with poor prognosis in patients with MPA-ILD. The significant difference in neutrophil count between the non-survivors and the survivors might be explained by the correlation of increase in BAL neutrophils with disease severity and prognosis of IPF (Meyer et al., 2012). A previous study by Foucher et al. (1999) also suggested that the MPO antibody-related autoimmune response contributes to lung injury after the local release of products of activated neutrophils, which supports a pathogenic role of MPO antibody in pulmonary lesions. Moreover, a study by Birnbaum et al. (2007) involving patients with MPA-PF, showed that vasculitis with neutrophilic degranulation may have triggered fibroblastic foci and the development of ILD. Consistently, a recent study by Koike et al. (2022) comparing sural nerve biopsy specimens between patients with MPA and those with non-systemic vasculitic neuropathy (NSVN) demonstrated that neutrophils adhere to vascular endothelial cells, migrate to the extravascular spaces, and release neutrophil components in the extracellular spaces in patients with MPA; however, these findings were not observed in those with NSVN.
Pulmonary complications, including DAH, chronic respiratory failure, and AE, are significant causes of death and are associated with a high mortality rate in patients with MPA-ILD (Hozumi et al., 2021). PF with respiratory failure contributes to 40%–100% of deaths in patients with MPA-ILD (Tzelepis et al., 2010; Comarmond et al., 2014; Huang et al., 2014; Fernandez Casares et al., 2015), suggesting that survival is more closely associated with PF than with vasculitis itself. In our study, AE occurred in approximately 20% of patients during follow-up, and all the patients died. The exact incidence of AE in patients with MPA-ILD is not known; however, a previous study, involving 80 patients with MPA-ILD, suggested that the 1-year cumulative incidence of AE was 7.2%, similar to that of IPF (8.5% of 1-year incidence) (Kim et al., 2006; Hozumi et al., 2021). In the unadjusted Cox regression analyses of our study, AE was a significant risk factor for mortality, which was in line with the results of previous studies demonstrating that AE accounts for up to 20%–60% of the causes of death in patients with AAV-ILD (Hosoda et al., 2016; Watanabe et al., 2019).
In our study, a UIP pattern on HRCT was the dominant HRCT pattern, consistent with previous studies (Arulkumaran et al., 2011; Fernandez Casares et al., 2015). The most common fibrosis pattern on HRCT in patients with MPA-ILD was a UIP pattern, accounting for 77.7% and 57.1% of patients with MPA-ILD in previous studies by Arulkumaran et al. (2011) and Fernandez Casares et al. (2015), respectively. However, unlike other connective tissue disease-associated ILDs (Koo et al., 2019), whether HRCT patterns affect the survival of patients with MPA-ILD has not been clarified. Comarmond et al. (2014) reported that the UIP pattern and atypical UIP or NSIP patterns on HRCT were not associated with an increased risk of mortality in 49 patients with PF associated with AAV (HR, 5.01; 95% CI, 0.63–39.92; p = 0.13 and HR, 3.54; 95% CI, 0.21–58.61; p = 0.38). Furthermore, in our study, there was no significant difference in the overall survival according to the HRCT patterns in patients with MPA-ILD. Moreover, Hozumi et al. (2021) showed that there was no difference in the overall survival between the UIP group and the non-UIP group in 84 patients with MPA-ILD (5-year cumulative survival rate, 35.8% vs. 54.2%, p = 0.18).
Our study has some limitations. First, it was a retrospective observational study performed at a single center, and this may limit the generalizability of our results. However, the baseline characteristics of the subjects were similar to those reported in other studies (Homma et al., 2004; Foulon et al., 2008; Comarmond et al., 2014; Fernandez Casares et al., 2015). Second, the number of patients was small, and this would have limited the ability to produce statistically significant results. The subjects in our study also received various treatments, which may lead to the different patients outcome. However, even considering a small number of patients, our results identify prognostic factors for survival in patients with MPA-ILD. The results of our study need to be confirmed in other studies with larger cohorts. Finally, the definition of a UIP-like pattern used in this study was modified from the HRCT classification of IPF diagnostic guidelines. In the absence of a consensus on the definition of the UIP-like pattern in fibrosing ILDs other than IPF, the modification may be inevitable in some subtypes of ILDs. Despite these limitations, the inclusion of patients with MPA-ILD—rather than just those with ANCA positivity and the assessment of their long-term clinical outcomes are the strengths of this study.
In conclusion, during a follow-up of 6 years, it was observed that about 50% and 20% of patients with MPA-ILD experienced death and AE, respectively. Our results suggest that older age and higher BAL neutrophil counts signify poor prognosis in patients with MPA-ILD.
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Fibroblasts activation is a crucial process for development of fibrosis during idiopathic pulmonary fibrosis pathogenesis, and transforming growth factor (TGF)-β1 plays a key regulatory role in fibroblast activation. It has been reported that metformin (MET) alleviated bleomycin (BLM)-induced pulmonary fibrosis (PF) by regulating TGF-β1-induced fibroblasts activation, but the underlying mechanisms still deserve further investigations. In this study, MET blocked α-smooth muscle actin (α-SMA) accumulation in vivo accompanied with S100A4 expression and STAT3 phosphorylation inhibition, resulting in attenuating the progression of lung fibrosis after BLM administration. We determined that S100A4 plays critical roles in fibroblasts activation in vitro, evidenced by siRNA knockdown of S100A4 expression downregulated TGF-β1 induced α-SMA production in Human fetal lung fibroblast (HFL1) cells. Importantly, we found for the first time that the expression of S100A4 in fibroblasts was regulated by STAT3. Stattic, an effective small molecule inhibitor of STAT3 phosphorylation, reduced S100A4 level in TGF-β1- treated HFL1 cells accompanied with less α-SMA production. We further found that MET, which inhibits STAT3 phosphorylation by AMPK activation, also inhibits fibroblasts activation by targeting S100A4 in vitro. Together all these results, we conclude that S100A4 contributes to TGF-β1- induced pro-fibrogenic function in fibroblasts activation, and MET was able to protect against TGF-β1-induced fibroblasts activation and BLM-induced PF by down-regulating S100A4 expression through AMPK-STAT3 axis. These results provide a useful clue for a clinical strategy to prevent PF.
Keywords: pulmonary fibrosis, metformin, fibroblast activation, S100A4, STAT3
1 INTRODUCTION
Pulmonary Fibrosis (PF) is a chronic progressive lung interstitial disease, characterized by distorted alveolar structure, excessive proliferation of lung mesenchymal cells and abnormal deposition of extracellular matrix (ECM), which results in reduced lung compliance, gas exchange impairment, and irreversible decline in pulmonary function (Yang et al., 2019; Kasam et al., 2020). PF with unknown etiology is termed idiopathic pulmonary fibrosis (IPF). The incidence of idiopathic pulmonary fibrosis (IPF) is related to gender (male: female ratio, 7:3) and age (Raghu et al., 2018; Wijsenbeek and Cottin, 2020). Nearly half of IPF patients die from respiratory failure on average within 2–4 years after diagnosis (Richeldi et al., 2017). The COVID-19 pandemic rapidly spreads around the world, and it ranges in severity from asymptomatic through to severe acute respiratory distress, which can lead to respiratory failure and death. It has rapidly become evident that COVID-19 patients infected with SARS-CoV-2 virus can develop features of interstitial pulmonary fibrosis (John, Joseph, Jenkins and Tatler, 2021). In recent years, pirfenidone and nintedanib, two drugs approved from Food and Drug Administration (FDA), are available for treating IPF (Somogyi, Chaudhuri, Torrisi, Kahn, Muller and Kreuter, 2019). However, neither of them provides a cure, and both of them are associated with several serious drug-related side effects, including gastrointestinal events, rash and photosensitivity (Richeldi et al., 2014; Cottin and Maher, 2015; Zhang et al., 2019). Therefore, it is an urgent need to elucidate the molecular mechanism and key targets of PF for developing effective therapeutic drugs. A large number of studies support the view that fibroblasts activation plays a crucial role in the progression of PF. During fibroblasts activation, lung-resident fibroblasts proliferate and differentiate into contractile mesenchymal cells, named myofibroblasts, which secret α-smooth muscle actin (α-SMA), and participate in excessive deposition of ECM and distortion of alveolar architecture (Kuhn and McDonald, 1991; Sontake et al., 2017; Wijsenbeek and Cottin, 2020).
S100A4, a calcium-binding protein, also termed fibroblast-specific protein-1(FSP-1), was previously considered as a marker of fibroblasts, regulating cellular biological functions, such as cell mobility, proliferation, or metastasis (Bresnick et al., 2015). In addition, S100A4 is involved in the pathogenesis of inflammation, autoimmune diseases and fibrosis (Fei, Qu, Li, Wang, Li and Zhang, 2017; Austermann et al., 2018). Increased expression levels of S100A4 have been reported in the lungs of IPF patients, including in mesenchymal progenitor cells, suggesting the involvement of S100A4 in IPF pathogenesis through modulating mesenchymal progenitor cell fibrogenicity (Xia et al., 2017; Lee et al., 2020). Like other members of the S100 family, S100A4 has intracellular as well as extracellular functions. Extracellular S100A4 produced and released by macrophages has been proved to be a key driver of lung fibroblast activation (Li et al., 2018; Zhang et al., 2018; Li et al., 2020), but the roles of intracellular S100A4 produced within fibroblasts in the process of fibroblast activation are still unclear.
Signal transducer and activator of transcription 3 (STAT3), a member of STATs family, is activated by multiple cytokines, including interleukin-6 and transforming growth factor (TGF)-β1 (Chakraborty et al., 2017). Upon binding of these ligands to their receptors, STAT3 is activated by phosphorylation at Tyr-705 in the STAT3 transactivation domain, and translocates to the nucleus, modulating the transcription of target genes (Bharadwaj, Kasembeli, Robinson and Tweardy, 2020). Activated STAT3 is elevated in the fibrotic lungs of patients with IPF and the Bleomycin (BLM) -induced mice PF model. On the other hand, STAT3 contributes to activating fibroblasts to transform into myofibroblasts, finally leading to abnormal accumulation of ECM (Pedroza et al., 2016). Therefore, STAT3 may be a potential therapeutic target in PF.
Many studies have reported the therapeutic effects of MET in PF. It has been suggested that intraperitoneal administration of MET attenuates BLM-induced lung fibrosis in mice via NADPH oxidase 4 (NOX4) suppression (Sato et al., 2016). MET reversed established lung fibrosis in both BLM- or silica-induced PF model, suggesting activation of AMP-activated protein kinase (AMPK) as key underlying signaling event, leading to downregulation of α-SMA and collagen (Rangarajan et al., 2018; Cheng et al., 2021). MET alters the fate of myofibroblasts and accelerates fibrosis resolution by inducing myofibroblast-to-lipofibroblast transdifferentiation (Kheirollahi et al., 2019). Our previous research showed that MET suppressed the proliferation of fibroblasts in PF by AMPK (Gu et al., 2021). Given that proliferation is a process of fibroblast activation, it is worth to further explore the effects of MET on fibroblasts activation in PF and its underlying molecular mechanisms. In this study, we established the BLM-induced PF model in vivo and TGF-β1-induced fibroblasts activation model in vitro, and found that MET was able to alleviate TGF-β1-induced fibroblasts activation and BLM-induced mice PF by down-regulating S100A4 expression through AMPK-STAT3 axis.
2 MATERIALS AND METHODS
2.1 Chemicals and materials
Bleomycin (Cat. No. 20026111) was purchased from Hanhui Pharmaceuticals Co., Ltd. Metformin (Cat. No. D150959) was purchased from Sigma-Aldrich. Stattic (Cat. No. HY-13818) was obtained from MedChemExpress, and Recombinant Human TGF-β1 (Cat. No. 100-21) was purchased from PeproTech.
2.2 BLM-induced PF model
This study performed on the mice conforms to the Guidelines from the National Institutes of Health and was approved by the Research Ethics Committee of Dalian medical University (animal ethics approval No. AEE19013). Male C57BL/6J mice (8–10 weeks of age, SPF grade) were purchased from Institute of Genome Engineered Animal Models for Human disease of Dalian Medical University. Mice were randomly divided into Saline groups, BLM groups, BLM + MET groups, and MET groups (n = 20 per group). Intratracheal instillation of BLM with 4.5 mg/kg (Gu et al., 2021) was performed to induce PF model in mice of BLM groups, and the mice of Saline groups received an equal volume of normal saline. Day 7 after administration of BLM or saline, mice in BLM + MET groups and MET groups were intraperitoneal injected with MET (65 mg/kg, Sigma, D150959) (Rangarajan et al., 2018) for every other day. At 21 days of BLM insult, mice lungs were collected for further assay.
2.3 Histology and immunohistochemistry
In brief, mice lungs were fixed in 4% paraformaldehyde and embedded in paraffin. Sequentially, lung was were sliced into 5 μm slices, then, lung slices were stain with Hematoxylin and Eosin (H&E) and Masson’s trichrome for observing the lung structure and collagen deposition. Lung slices were subjected to immunohistochemical (IHC) staining according to standard procedures. Briefly, lung slices were incubated with a primary antibody specific for S100A4 (Abcam, ab27957, 1:200) and p-STAT3 (Tyr705) antibody (Abcam, ab76315, 1:100) at 4°C overnight. Second day, lung slices were incubated with secondary antibodies and DAB solution. The Histology and protein level of lung slices were viewed under the microscope (Leica, DM 2000). The staining intensity was quantified using ImageJ software V.1.4.3.67.
2.4 Cell culture
Human fetal lung fibroblast (HFL1, Cat. No. SCSP5049) was purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China) and cultured in Ham’s F-12K (Procell, PM150910) medium supplemented with 10% fetal bovine serum (FBS) (Gibco, 10099141C) and 1% penicillin-streptomycin Solution (Hyclone, SV30010) in an incubator at 37°C with 5% CO2 atmosphere.
2.5 Transfection with small interfering RNA
When confluence of fibroblasts reached 60%–70% in the 6-well plates, S100A4 siRNA or scramble siRNA (negative control siRNA) mixed with Lipofectamine 2000 (Invitrogen, 11668-027) according to the manufacturer’s instructions. HFL1 cells were transfected with S100A4 siRNA or Scrambled siRNA separately before TGF-β1 stimulation. S100A4 siRNA and scramble siRNA were synthesized by GenePharma. The sequences of S100A4 siRNA were shown as follows: the forward primer was 5′-GCA​UCG​CCA​UGA​UGU​GUA​ATT-3′, and the reverse primer was 5′-UUA​CAG​AUC​AUG​GCG​AUG​CTT-3’.
2.6 Western blot analysis
Lung tissues or fibroblasts were lysed with RIPA lysis buffer (Beyotime, P0013B) containing Phenylmethanesulfonyl fluoride (PMSF) (Beyotime, ST506) and phosphatase inhibitor (Beyotime, P1081), then protein concentrations were measured using BCA protein assay kit (Beyotime, P0010S). Protein extracts mixed with loading buffer were separated by sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 10%–15%) and then were transferred to polyvinylidene difluoride (PVDF, 0.22 μm and 0.45 μm) membranes (Millipore). After being blocked with 5% skim milk, the membranes were incubated overnight at 4°C with primary antibodies, including anti-p-STAT3 (Abcam, ab27957, 1:1,000), anti-p-STAT3 (Tyr705) (Abcam, ab76315, 1:1,000), anti-STAT3 (Cell signaling technology, 30835S, 1:1,000), anti-AMPK (Cell signaling technology, 2,532, 1:1,000), anti-p-AMPK (Cell signaling technology, 2,535, 1:500), anti-SMA (Abcam, 5,694, 1:1,000), anti-Col-Ⅰ (Bioss, bs-10423R, 1:1,000) and anti-GAPGH (Cell signaling technology, 2,118, 1:1,500). On the second day, after being incubated with anti-rabbit IgG (H + L) (Invitrogen, 35568), the protein bands on the membranes were detected by the Oddessy Clx. GAPDH was used for normalizing the expressed level of relative protein.
2.7 Scratch wound healing assay
The cells were seeded in 6-well plates and grown to confluence. A linear wound was performed to each confluent monolayer using a pipette tip and washed 3 times with PBS. Thereafter, the cells were cultured with serum free medium (Gibco, 31985-070), and the images of scratches were captured at 0 h and 24 h. The area of the cell gap was determined by the ImageJ software V.1.4.3.67. The following equation was used to evaluate the migrated area (%): [(cell gap area at 0 h − cell gap area at 24 h)/cell gap at 0 h] × 100%.
2.8 Immunofluorescence analysis
Cells were fixed in 4% paraformaldehyde, then permeabilized with 0.3% Triton X-100 (Byotime, ST795), and blocked with goat serum (Dalian Meilunbio, MB4508). Thereafter, cells were incubated with primary antibodies for S100A4 (1:200), p-STAT3 (Tyr705, 1:500) or α- SMA (Santa Cruz, sc-53142, 1:50) respectively, overnight at 4°C and then combined with TRITC- conjugated goat anti-mouse IgG (ZSGB-BIO, ZF-0313, 1:100) or FITC-conjugated goat anti-rabbit IgG (ZSGB-BIO, ZF-0311; 1:100). Cell nuclei were stained with DAPI (Byotime, C1005, 1:100) for 5 min at room temperature. The fluorescence images were captured by Inverted fluorescence Microscope (Leica, DMI3000B).
2.9 Statistical analysis
Data are present as mean ± standard deviation (SD) for three independent experiments. Data of two groups are analyzed using Student test (t-test), and data of multiple groups are analyzed by one-way analysis of variance (ANOVA). All statistical analysis is performed by SPSS software and column graphs are using GraphPad prism 8.3. In all cases, p < 0.05 was considered statistically significant.
3 RESULTS
3.1 MET mediated anti-fibrosis effects in BLM-induced PF model accompanied with downregulation of S100A4 and phosphorylation of STAT3 expression
MET has been known to mediate anti-fibrosis effects in PF, but its underlying mechanisms deserves further investigation (Sato et al., 2016; Rangarajan et al., 2018; Cheng et al., 2021). In this study, we first confirmed MET-mediated anti-fibrosis effects in vivo by employing BLM-induced PF model (Figure 1A). HE staining results showed that MET significantly ameliorated BLM induced severe disruption of alveolar structure, thicker alveolar septa, infiltration of inflammatory cells (Figure 1B). The expression of collagen I (Col-Ⅰ) and α-SMA in lung tissues, which were hallmarks of the degree of PF, were inhibited by MET treatment (Figure 1C). Masson staining results showed that MET treatment rescued BLM-induced collapse of alveolar spaces and pulmonary interstitial collagen deposition (Figure 1D). Together these data indicated that MET alleviated BLM-induced PF in C57BL/6J mice, which is consistent with previous findings (Sato et al., 2016; Rangarajan et al., 2018).
[image: Figure 1]FIGURE 1 | MET protected against Pulmonary fibrosis induced by BLM in C57BL/6J mice. (A) C57BL/6J mice were intraperitoneally given either MET (65 mg/kg) or normal saline every other day after administrated saline or BLM (4.5 mg/kg, n = 3). (B) Lung tissues of mice were collected after 21 days of intratracheal instillation of BLM or normal saline. Lung histology was observed through H&E staining. Scale bars represent 100 μm. (C) The expression level of Col-I and α-SMA from mice lung was measured by Western Blot analysis. (D) Masson’s trichrome staining was for observing collagen deposition. Scale bars represent 100 μm. Data are shown as the mean ± SD (n = 3, per group). *p < 0.05, **p < 0.01, compared with the saline group. #p < 0.05, ##p < 0.01 compared with the BLM group.
Based upon the key roles of S100A4 in PF process (Xia et al., 2017; Lee et al., 2020), we further investigated the regulatory effects of MET on the expression of S100A4 in lung tissues of BLM-induced PF mice. Both the WB (Figure 2A) and IHC (Figure 2B) data showed that the protein level of S100A4 was significantly increased after BLM treatment, but MET administration reversed this change, indicating that MET mediated anti-fibrosis in PF by targeting S100A4. Notably, in lung tissues of BLM-induced PF model, BLM treatment induced STAT3 phosphorylation level upregulation and AMPK signaling inhibition also reversed by MET administration (Figures 2A, B). It is reasonable to speculate AMPK pathway, and STAT3 phosphorylation contributes to MET-mediated anti-fibrosis effects, but whether MET downregulated the expression of S100A4 via activating AMPK pathway and STAT3 phosphorylation needs further investigations.
[image: Figure 2]FIGURE 2 | MET downregulated the expression of S100A4 and STAT3 Activation in BLM-induced PF mice. (A) Western blot analysis in lung using AMPK, p-AMPK, STAT3, p-STAT3 and S100A4 antibodies. (B) Representative images of IHC-stained lung section from mice using S100A4 and p-STAT3 antibodies, respectively. Scale bars represent 50 μm. Data were shown as mean ± SD (n = 3 per group). *p < 0.05, **p < 0.01, compared with the Saline group; ##p < 0.01, compared with the BLM group.
3.2 Knockdown of S100A4 attenuated TGF-β1-induced fibroblasts activation
Differentiation of fibroblasts and production of collagen caused by TGF-β1 contribute to the pathogenesis of PF (Wynn and Ramalingam, 2012). In this work, we treated lung fetal fibroblasts (HFL1) with TGF-β1 (10 ng/mL) for 24 h to induce fibroblast activation in vitro. We found that TGF-β1 increased the expression of S100A4 (Figure 3A), which is consistent with the changes of α-SMA expression, a hallmark of differentiation of fibroblasts into myofibroblasts. These data indicated that S100A4 expression is positively related to fibroblasts activation and actively involved in PF. In order to further confirm the roles of intracellular S100A4 in fibroblasts activation, we knockdown S100A4 expression in TGF-β1 treated HFL1 cells using small interfering RNA, and the results showed that knockdown the expression of S100A4 reduced TGF-β1 induced α-SMA upregulation (Figure 3A) and inhibited migration abilities of fibroblasts induced by TGF-β1 (Figure 3B). Collectively, these results indicated that S100A4 contributes to TGF-β1 induced α-SMA accumulation in fibroblasts activation, which plays critical roles in PF pathology. Targeting S100A4 might provide us a potential therapeutic strategy for PF.
[image: Figure 3]FIGURE 3 | Knockdown of S100A4 attenuated TGF-β1-induced fibroblasts activation. HFL1s were transfected by S100A4 siRNA or Scrambled siRNA, and then stimulated with TGF-β1 (10 ng/mL) for 24 h. (A) The protein expression levels of α-SMA and S100A4 were measured by western blot in fibroblasts. (B) The migration abilities of fibroblasts were detected by scratch assay at 0 h and 24 h after treatment with TGF-β1, respectively. The closed area (%) of the scratch was calculated by equation: [(cell gap area at 0 h - cell gap area after 24 h)/cell gap area at 0 h] ×100%. Scale bars represent 500 μm. Data were shown as mean ± SD (n = 3), **p < 0.01 compared with Control group; ##p < 0.01 compared with TGF-β1 group.
3.3 Inhibition of STAT3 activation alleviated TGF-β1 mediated S100A4 expression and fibroblast activation
As shown in Figures 2A, B, MET downregulated the expression of S100A4 accompanied with AMPK pathway activation and STAT3 phosphorylation (Figures 2A, B). It has been reported that MET inhibits phosphorylation of STAT3 by activating AMPK(Lee et al., 2017; Ge, Wang, Miao and Yan, 2018; Bharadwaj, Kasembeli, Robinson and Tweardy, 2020). However, whether S100A4 expression in fibroblasts is regulated by phosphorylation of STAT3 is still unknown. As shown in Figure 4A, static inhibited STAT3 phosphorylation effectively and downregulated TGF-β1 induced the expression of S100A4 and fibroblasts activation (using α-SMA as a hallmark) in HFL1 cells (Figures 4B, C). All of these results indicated that inhibition of STAT3 activation alleviates fibroblast activation by regulating S100A4.
[image: Figure 4]FIGURE 4 | Inhibition of STAT3 activation alleviated TGF-β1 mediated S100A4 expression and fibroblast activation. (A) HFL1 cells were treated with different concentrations of Stattic (0 μg/mL–2.0 μg/mL) for 48 h. The phosphorylation level of STAT3 was measured by Western Blot. (B, C) Stattic treatment was started 24 h before TGF-β1 stimulation and the expression of protein were measured by western blot and immunofluorescence after 24 h treatment with TGF-β1. Scale bars represent 100 μm. Data were shown as mean ± SD (n = 3), *p < 0.05, **p < 0.01, compared with Control group; ##p < 0.01, compared with TGF-β1 group.
3.4 MET suppressed fibroblasts activation by targeting S100A4 via AMPK-STAT3 axis
Next, we wonder if MET-mediated downregulation of S100A4 expression is dependent on AMPK-STAT3 pathway. Firstly, AMPK activation and significant decrease of phosphorylated STAT3 in a dose dependent manner were observed after MET administration in HFL1 cells (Figure 5A). Furthermore, we found that increased migration abilities of fibroblasts induced by TGF-β1 stimulation were reversed by MET pretreatment (Figure 5B). Immunofluorescence data also further confirmed that MET pretreatment down-regulated α-SMA and STAT3 phosphorylation induced by TGF-β1 (Supplementary Figure S1). These data implied that MET exerts obvious inhibitory effects on fibroblasts activation by possibly regulating STAT3 phosphorylation.
[image: Figure 5]FIGURE 5 | MET suppressed TGF-β1-induced fibroblasts activation. (A) HFL1 cells were treated with MET (0 mM–40 mM) for 24 h. Western blot was performed to measure the expression level of p-AMPK, AMPK, STAT3 and p-STAT3. (B) HFL1 cells were pretreated with MET (10 mM) for 24 h and then incubated with TGF-β1 (10 ng/mL) for 24 h. The migration abilities of fibroblasts were detected by scratch assay at 0 h and 24 h after treatment with TGF-β1, respectively. Scale bars represent 500 μm. The closed area (%) of the scratch was calculated by equation: [(cell gap area at 0 h - cell gap after 24 h)/cell gap area at 0 h] ×100%. (C) The expression of p-STAT3 and α-SMA were measured by immunofluorescence after 24 h treatment with TGF-β1. Scale bars represent 100 μm. Data were shown as mean ± SD (n = 3), *p < 0.05, **p < 0.01, compared with Control group; ##p < 0.01, compared with TGF-β1 group.
In TGF-β1-induced fibroblasts activation system in vitro, the expression level of α-SMA, phosphorylated STAT3 and S100A4 in HFL1 cells increased. However, pretreatment with MET upregulated the protein level of activated AMPK, but significantly downregulated α-SMA, phosphorylated STAT3 and S100A4 (Figure 6A). Meanwhile, pretreatment of MET weakened the immunofluorescence activity of S100A4 induced by TGF-β1 (Figure 6B). Together all these data, we conclude that MET exerts inhibitory effect on fibroblast activation by targeting S100A4 via AMPK-STAT3 axis.
[image: Figure 6]FIGURE 6 | MET inhibited S100A4 via AMPK-STAT3 axis during fibroblasts activation in vitro. MET treatment was started 24 h before TGF-β1 stimulation. The expressions of protein were measured by western blot (A) and Immunofluorescence analysis (B). Scale bars represent 100 μm. Data were shown as mean ± SD (n = 3), *p < 0.05, **p < 0.01, compared with Control group; ##<0.01, compared with TGF-β1 group.
4 DISCUSSION
IPF is a progressive interstitial lung disease characterized by fibroblasts activation and excessive ECM deposition. At present, only Nintedanib and Pirfenidone have been approved for treating IPF in Europe and the United States. However, serious adverse drug reaction limits their clinical applications (Richeldi et al., 2014; Cottin and Maher, 2015). It is necessary to explore the pathogenesis of IPF and develop novel therapeutic strategies. An important finding of this study is that fibroblasts activation can be inhibited by targeting S100A4 through downregulating STAT3 phosphorylation (Figures 4B, C), providing us a novel potential therapeutic strategies of IPF.
S100A4 was first known as specific marker of fibroblasts, and a great deal of evidence emphasizes the role of S100A4 in tissue fibrosis (Schneider et al., 2008; Louka and Ramzy, 2016; Qian et al., 2018). In fibrotic cardiac tissue, S100A4 is mainly expressed by hematopoietic cells and endothelial cells (Kong, Christia, Saxena, Su and Frangogiannis, 2013), while S100A4 secreted by subpopulation of macrophage activates hepatic stellate cells during liver fibrosis (Osterreicher et al., 2011; Chen et al., 2015). In PF, subpopulations of macrophages and fibroblasts are the major sources of S100A4 (Lawson et al., 2005; Li et al., 2018). Endonuclear S100A4 confers mesenchymal progenitor cell fibrogenicity through promoting p53 degradation in the progression of IPF (Xia et al., 2017). Previous studies mainly focus on extracellular S100A4 derived from macrophage promotes fibroblasts activation during PF (Li et al., 2018; Zhang et al., 2018; Li et al., 2020), while the regulatory effect of intracellular S100A4 on fibroblasts activation is still unclear. In the present study, we found S100A4 increased in lung tissues of BLM-induced PF mice and TGF-β1-treated HEF1 cells (Figures 2A, B), blocking S100A4 expression by siRNA exhibited anti-fibrosis effects (Figures 3A, B) or inhibiting STAT3 phosphorylation with a small molecule inhibitor static (Figures 4B, C), as well as MET (Figures 5, 6).
Therapeutic strategies by targeting S100A4 go beyond the field of lung fibrosis. Like in PF, S100A4, as a downstream mediator of the stimulatory effects of TGF-β1, amplifies TGF-β1-induced fibroblasts activation in systemic sclerosis (Tomcik et al., 2015). Silencing S100A4 with siRNA or blocking S100A4 with niclosamide inhibited fibroblasts activation in amyotrophic lateral sclerosis (Milani et al., 2021). S100A4 released from highly bone-metastatic breast cancer cells plays a critical role in osteolysis (Kim et al., 2019). Targeting S100A4 by employing chemotherapeutic drugs such as MET, antibodies, or small-molecule inhibitors might provide a new potential therapy for systemic sclerosi, amyotrophic lateral sclerosis and cancers.
As a member of STATs family, STAT3 is activated by multiple cytokines including interleukin-6 and TGF-β1 (Chakraborty et al., 2017). The level of STAT3 phosphorylation is elevated in the fibrotic lungs of patients with IPF and BLM-induced PF mice. On the other hand, STAT3 contributes to activating fibroblasts to transform into myofibroblasts, finally leading to abnormal accumulation of ECM (Pedroza et al., 2016). Previous studies show the role of STAT3 in tissue fibrosis, which activation of STAT3 contributes to PF and TGF-β1-induced fibroblast activation (Knight et al., 2011; Zehender et al., 2018). Stattic is a small non-peptide molecule that selectively targets the function of the tyrosinylation site (Tyr705) and the SH2 domain of STAT3, thereby inhibiting STAT3 phosphorylation and dimerization of activated STAT3 and nuclear transport (Schust, Sperl, Hollis, Mayer and Berg, 2006). Here, we reported that Stattic inhibited STAT3 activation and attenuated the fibroblasts activation by inhibiting S100A4 expression. Interestingly, macrophage-derived S100A4 activates STAT3 in hepatocytes followed by the upregulation of inflammatory factor gene expression, leading to inflammation, but suppresses lipid accumulation during chronic ethanol-induced fatty liver (Yuan et al., 2019). In PF, further study deserves to be carried out for investigating whether extracellular S100A4 activates STAT3 in fibroblasts, leading to fibroblasts activation.
Although many studies showed that the first-line antidiabetic drug, MET, is a potential therapeutic drug for PF (Rangarajan et al., 2018; Kheirollahi et al., 2019; Cheng et al., 2021), the underlying mechanisms needs to be further clarified. In this manuscript, we demonstrate that MET alleviated deposition of collagen, distorted alveolar structure in BLM-induced mice PF in vivo, and inhibited lung fibroblasts activation in vitro by targeting S100A4 via AMPK-ATAT3 axis. In addition, there were no abnormal findings in the vital signs and physical examination of the mice, suggesting to some extent that MET did not cause obvious adverse drug reaction in this study. Our findings provide novel important explanation for MET mediated a variety of favorable biological and therapeutic activities such as anti-fibrosis, anti-tumor, and anti-inflammation.
5 CONCLUSION
In summary, our data demonstrates that MET protects against BLM-induced PF of mice in vivo and attenuates TGF-β1-induced fibroblasts activation in vitro by targeting S100A4 via AMPK-STAT3 axis (Figure 7). Our study might provide a new potential therapy for S100A4-involved diseases including PF.
[image: Figure 7]FIGURE 7 | Graphical abstract of the mechanisms. Metformin attenuates Fibroblast Activation during Pulmonary Fibrosis by Targeting S100A4 via AMPK-STAT3 axis.
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4 weeks 8 weeks

Control Radiation RDBT51 RDBT11 RDBT15 Control Radiation RDBT51 RDBT11
LVAWd (mm) 068 £ 0.08 073 £ 0.09 074£017 | 069£007 | 058+027 | 081006 063 £0.12 066+ 015 | 072%017
LVAWs (mm) I 095£015 | 104020 | 094005 | 090£026 | 108010 087 £ 021 093£023 | 101021
LVIDd (mm) 382 £0.26 366%046 | 335£048 | 3325038 | 3555046 379%018 363+ 052 367£032 | 3474025
LVIDs (mm) | 2572016 272040 226£039 | 228£029 | 264£036 | 255%0.14 269 £ 033 245£017 | 231£014
LVPWd (mm) 066 +0.08 0674005 | 065£015 | 064007 | 068%009 | 072%014 0.6 010 068+019 | 067012
LVPWs (mm) 104 £0.14 094015 | 094£0.12 | 092£008 | 101008 | 107%011 092 £0.15 110£033 | 097 £004
IVSd (mm) 069 £ 0.08 074 £ 0.09 074£017 | 070£007 | 058+027 | 081006 063 £0.12 067015 | 073%017
1VSs (mm) 102 £ 009 100 £ 0.09 1112021 103£006 | 073038 | 120015 088 +0.23 096%029 | 111£029

Data are presented as mean + standard deviation, N = 5-7/group. Abbreviations: DBT, Dang Gui Bu Xue Tang; RAM, Radix Astragali membranaceus; RAS, Radix Angelicae sinensis; RDBTS1,
Radiation with DBT (RAM: RAS, 5:1); RDBT11, Radiation with DBT (RAM: RAS, 1:1); RDBT15, Radiation with DBT (RAM: RAS, 1:5); LVAW, left ventricular anterior wall; LVID, left ventricular
internal diameter; LVPW, left ventricular posterior walk: IVS, interventricular septum: -d, in diastole; -5, in systole,
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Clinical data SSc patients HCs p Value

Age at disease onset (years) 5647 £ 1242 53.63 £ 8.10 0.097
The hospitalization time (days) 15.60 + 10.09 - -
The course of the disease (years) 8.00 (3.00,11.00) = =
Male 9.21% (7/76) 10.53% (8/76) 0.786
Female 90.79% (69/76) 89.47% (68/76) 0.786
ESR (mm/h) 22,50 (13.00,47.00) 9.00 (5.00,14.00) <0.001
CRP (mg/L) 692 (2.01,13.05) 2,89 (133,3.56) <0.001
Immunoglobulin G (g/L) 11.80 (9.28,14.15) 10.65 (8.61,12.45) 0.107
PLT (*10°/L) 198.50 (153.00,265.25) 238.00 (212.00,291.50) 0.008
C3 (g/L) 0.78 (00.67,0.89) = =
C4 (g/L) 0.17 (0.13,0.21) - =
Anti-nuclear antibodies 76.32% (58/76) - .
Anti-centromere antibodies 7.89% (6/76) - —
Anti-Scl-70 antibodies 25% (19/76) - -
Anti-Ro52 antibodies 10.53% (8/76) = =
No. of organs affected 32.89% (26/76) - -
Organ involvement 67.1% (51/76) - -
Cardiovascular diseases 11.8% (7/76) - -
Pulmonary disease 65.78% (50/76) - -
Gastrointestinal disease 11.8% (7/76) - —
Renal involvement 9.21% (7/76) =: =
Arthralgia 31.58% (24/76) — -
Raynaud’s phenomenon 86.84% (66/76) - —
diffuse cutaneous SSc (dcsSc) 85.83% (65/76) - -
overlapping syndrome 11.84% (5/76) = -
limited cutaneous SSc (IeSSc) 2.63% (2/76) - -

“Among those with active disease. Results are given as mean = SD, M (P25, P75) or percentage; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; PLT, platelet; Anti-Scl-70,
Anti-topoisomerase I antibody; Bold values mean statistical sig
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Gene

INS

IL6
VEGFA
EGFR
CASP3
MAPKS
MYC
ESR1
FOS
CCND1

B-actin

Forward Primer(5°-3")

CCATCAGCAAGCAGGAAGGTA
TAGTCCTTCCTACCCCAATTTCC
GGCTGCTGTAACGATGAA
AACAGGCTTTTTGCTGATTCA
AGGCAAACACTGAAGGCAGA
GAGGAACGAACTAAGAATGGA
TGTAGTAATTCCAGCGAGAG
TGCTCCTAACTTGCTCCT
TGAAGACCGTGTCAGGAG
CAGAAGTGCGAAGAGGAG
TGACGAGGCCCAGAGCAAGA

Reverse Primer(5°-3")

GGCTGGGTTGAGGATAGCAAA
TTGGTCCTTAGCCACTCCTTC
CTGCTGTGCTGTAGGAAG
TGACCATGTTGCTTTGTTCTG
TAGCCAGGTTTAGGGACACC
ATTGACAGACGGCGAAGA
CAGATTGTAAGTTCCAGTGAG
GATGTGGTCCTTCTCTTCC
CGCTTGGAGTGTATCTGTC
GGATAGAGTTGTCAGTGTAGA
ATGGGCACAGTGTGGGTGAC
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Author

Chen; Kumar;
Mendes-Silva

Liguori

Sun

Bagnato; Min

Gasparini;
Kumar

Gan
Ideozu

Min

Tasena
Gao

Disease

Alzheimer’s diseaseAlzheimer’s
disease

Amyotrophic lateral sclerosis

Necrotizing enterocolitis of
neonatal rats

L
NSCLC

Lung cancer
cystic fibrosis

lung cysts/pneumothorax
presentation of Birt-Hogg-Dubé
Syndrome

COPD
PF

Target/pathway

LGALS3-dependent
TLR4/NF-kB signaling
pathway

NAPIL1

TGE-BRI

Role

Anti-inflammatory properties and
inhibited intestinal epitheli
apoptosis

cell

Biomarker

Repress angiogenesis

Mitigate PE

Expression

Reference

Kumar et al. (2013);
Mendes-Silva et al. (2016);
Chen et al. (2018)

Liguori et al. (2018)
Sun et al. (2020)

Min etal. (2016); Bagnato et al.
(2017)

Gasparini et al. (2015); Kumar
et al. (2020)

Gan et al. (2022)
Ideozu et al. (2019)
Min et al. (2020)

Tasena et al. (2018)
Gao et al. (2020)
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Author

Wang

Ye

Frith
Liu; Peng

Wu

Dinh

Wang

Wang

Disease

Hypoxic pulmonary
hypertension

Amyloid f-induced
neuronal pathologies

PF and liver fibrosis
Osteoarthritis

Exosomes from lung
spheroid cells

MSCs and chronic
PM2.5 exposure

Target/
pathway

mTOR
mTOR pathway

mTOR pathway

mTOR

Role

Regulate the proliferation of pulmonary artery smooth muscle
cells

Promote cell apoptosis and affect cell survival

Modulate MSC fate

Provide a protective effect on articular cartilage and inhibit cell
apoptosis

Inhibit hypoxia-induced proliferation, migration, and phenotype
switching of pulmonary artery smooth muscle cells

Expression

Reference

Wang et al. (2015)
Ye et al. (2015)

Frith et al. (2018)
Peng et al. (2016); Liu
etal. (2018)

Wu et al. (2019)
Dinh et al. (2020)

Wang Y. et al. (2021)

Wang et al. (2020)





OPS/images/fphar-13-928933/fphar-13-928933-t006.jpg
Author

Carraro

Isobe;
Bartel

Guo
Njock
Parimon
Wang
Yang

Zhu

Guiot

Cai

Disease

Breast cancer;
asthma

PF
IPE
PF
PF

Liver cirrhosis

Myocardial
fibrosis

PF

Myocardial
fibrosis

Target/pathway

WNT/CTNNBI (-
catenin)

Cox-2

High mobility group box 1

TGE-/SMAD signaling
pathway

TGE-B1/SMAD signaling
pathway

TGE-BR1

Role

Early lung development

Regulate the tumorigenicity

Inhibit apoptosis and inflammation

Suppress the expression of profibrotic genes

Prevent hepatic stellate cell activation and reduce
profibrotic markers

Attenuate high glucose-induced EMT in aortic
endothelial cells

Antifibrotic properties

Profibrotic properties

Expression

Reference

Carraro et al. (2014)

Isobe et al. (2014); Bartel et al.
(2018)

Guo et al. (2017)
Njock et al. (2019)
Parimon et al. (2019)
Wang et al. (2016)
Yang X. et al. (2017)

Zhu et al. (2018)

Guiot et al. (2020)
Cai et al. (2020)
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Author

Makiguchi
Chen

Martin-Medina

Lacedonia

Xie
Liu

Guiot and Njock

Yao

Parimon

Chanda
Kang
Kadota

Kuse

Species

Human

Mouse

Human,
Mouse

Human

Mouse

Human

Human

Rat

Human Mouse

Human
Human

Human

Mouse

Exosome source

Serum

Hypoxia-induced alveolar epithelial
cells

BALF

Serum

BALF
BALF

Sputum, plasma
Plasma
Sputum
Sputum
Sputum
Sputum
Sputum
Sputum

M2 macrophage

BALF

Fibroblast
Fibroblast
Fibroblast

Serum

Outcome

miR-21-5p
HOTAIRMI

WNT5A

let-7d
miR-16
let-7d
miR-30a-5p
let-7d-5p
miR-103-3p
miR-27b-3p
miR-125b-5p
miR-128-3p
miR-21-5p
miR-100-5p
miR-140-3p
miR-374b-5p
miR-142-3p
miR-200¢-5p
miR-33a-5p
let-7d-5p
miR-192-5p
miR-26a-5p
miR-29b-3p
miR-423-3p
miR-328
FAMI3A
Syndecan-1
miR-144-3p
miR-
142(a)-3p
miR-142b
miR-503-3p
miR-34b-5p
Fibronectin
PD-LL
miR-23b-3p
miR-494-3p
miR-19a-3p
miR-127-3p
miR-145-5p
miR-424-5p
miR-22-3p
miR-16-5p
miR-15a-5p
miR-15b-5p
miR-21a-5p
miR-25-3p
miR-93-5p
miR-23a-3p
miR-17-5p
miR-29a-3p
miR-32-3p
miR-152-3p
miR-29¢-5p
miR-29b-1-5p
miR-28a-3p
miR-23b-5p
miR-26a-1-3p
miR-34a-3p
miR-34c-5
miR-2la-3p

Expression

Reference

Makiguchi et al. (2016)
Chen et al. (2022)

Martin-Medina et al. (2018)

Lacedonia et al. (2021)

Xie et al. (2020)
Liu et al. (2018)

Guiot et al. (2019); Njock et al. (2019); Guiot et al. (2020)
Guiot et al. (2020)

Guiot et al. (2019); Njock et al. (2019); Guiot et al. (2020)
Guiot et al. (2019); Njock et al. (2019); Guiot et al. (2020)
Njock et al. (2019)

Njock et al. (2019)

Njock et al. (2019)

Njock et al. (2019)

Yao et al. (2019)

Parimon et al. (2019)

Chanda et al. (2019)
Kang et al. (2019)
Kadota et al. (2020)

Kuse et al. (2020)
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Author

Dinh

Mansouri

Wan

Choi
Phinney

Shentu

Bandeira

Gao

Lei

Sun

Guiot

Kadoda

Xie

Cell source

Lung spheroid cell, ABM-MSC
hBM-MSC

hBM-MSC

hBM-MSC
hBM-MSC, mBM-MSC

hBM-MSC

hAD-MSC

hAD-MSC

Placenta MSCs

Menstrual blood stem cells
Macrophage

Human bronchial epithelial

cell

Bone marrow mesenchymal
stem cells (BMSCs)

Model

Bleomycin, silica

Bleomycin
Bleomycin

Silica

silica
TGF-p-stimulated
myofibroblast

silica

pM25

Radiation

Bleomycin

TGE-B stimulated cells

Bleomycin

Under pathological and
physiological conditions

Target

Regulate miR-99a-5p, miR-100-5p, miR-30a-3p, let-7 family
Modulation of monocyte phenotypes

Regulate miR-29b-3p and frizzled 6; inhibit fibroblast proliferation,
migration, invasion, and differentiation

Reduce collagen deposition and inflammation

Regulate miR-451a, miR-1202, miR-630, miR-638; inhibit toll-like
receptor signaling in macrophages

Regulate miR-199a/b-3p, miR-21-5p, miR-630, miR-22-3p, miR-196a-
5p, miR-199b-5p, miR-34a-5p, and miR-148a-3p

Reduce collagen fiber content, size of granuloma, number of
macrophages, and IL-1, TGF-p

Regulate let-7-5p, TGF-BRI; reduce apoptosis and necrosis, ROS,
inflammation

Regulate miR-214-3p, ATM/P53/P21; inhibit vascular damage,
inflammation, and fibrosis

Regulate let-7-5p; regulates ROS, mtDNA damage,
NLRP3 inflammasome activation

Regulate miR-142-3p, TGF-BRI

Inhibit TGE--mediated induction of both myofibroblast differentiation
and lung epithelial cellular senescence by attenuating WNT signaling

May promote or inhibit EMT of type II alveolar epithelial cells and the
transformation of fibroblasts into myofibroblasts

Reference

Dinh et al. (2020)

Mansour et al.
(2019)

Wan et al. (2020)

Choi et al. (2014)

Phinney et al.
(2015)

Shentu et al.
(2017)

Bandeira et al.
(2018)

Gao et al. (2020)

Lei et al. (2020)

SunL.etal.
(2019)

Guiot et al.
(2020)
Kadota et al.
(2021)

Xie and Zeng,
(2020)
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Author

Zhou

Yan
Tang

Song

Wu
Qi
Liu

Qin

Wang

Ren

Li

Disease

NSCLC

NSCLC
NSCLC

NSCLC

HILI
HILL
HILI

Hyperoxic acute lung,
injury
PE

Lung cancer

Lung ischemia/
reperfusion injury

Target/pathway

TGE-pI
SMAD?

SKP2/Nr2f2/C/EBPa axis
MAP2K3
PGAMS5

PTEN/AKT

TGF-P1/SMAD and MAPK/AP-
1 signaling pathways

PTEN, PDCD4, and RECK
PTEN and PDCD4

Role

Biomarker

Induce cell proliferation

Boost NSCLC progression
Decrease radiosensitivity

Alleviate HILI
Reduce cellular apoptosis

Regulate hyperoxia-induced mitophagy and
mitochondrial dysfunction

Inhibit apoptosis of AEC II cells

Alleviate PF

Promote lung cancer development

Alleviate lung ischemia/reperfusion injury

Expression Reference

7 Zhou et al.
(2022)

1 Yan et al. (2018)

1 Tang et al.
(2021)

i Song et al.
(2017)

- Wu et al. (2022)
- Qi et al. (2021)
- Liu et al. (2020)

- Qin et al. (2019)

- Wang et al.
(2018)

- Ren et al. (2019)
- Li et al. (2019)
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Compound

Adenosine
Guanosine
Chlorogenic acid
Loganin

Rutin

Ferulic Acid
Imperialine
Peimine
Peiminine
Liquirigenin
Isoliquiritigenin
Formononetin
Imperatorin
Tanshinone |
18p-Glycyrrhetinic Acid

Content (ug/mi)

125
8.08
70.25
387
425
7.00
0.30
0.01
0.08
3.25
0.87
1.05
0

0.28
0.23
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Outcomes TCM group Control group Difference P

(95% CI)
No. of patients Mean No. of patients Mean
change from baseline® change from baseline*

Annual numbers of AEs 35 -037 £ 1.96 32 119 £ 266 156 (-2.69, ~0.43) 0.01
Pulmonary function

FEVI(L)-at week 26 35 ~0.06 + 022 32 -0.10 0.20 0.05 (-0.06, 0.15) 0.38

FVC(L)-at week 26 35 -0.10 £ 0.27 32 ~0.11 +0.24 001 (-0.11, 0.13) 0.86

DLCO%-at week 26 35 440 £ 9.89 32 ~0.88 + 8.66 529 (076, 9.81) 0.02
Clinical symptoms and signs
Cough score

At week 13 35 ~0.14 £ 0.65 32 003+ 054 ~0.18 (-0.47, 0.12) 0.24

At week 26 35 ~026 £ 078 32 013 £ 061 ~0.38 (<073, ~0.04) 0.03
Expectoration score

At week 13 35 0.00 £ 091 32 019 £ 064 019 (~0.58,02) 0.34

At week 26 35 0.00 £ 094 32 025+ 072 ~0.25 (<066, 0.16) 023
Chest tightness score

At week 13 35 =023 £0.77 32 =0.03 + 0.54 -0.20 (<052, 0.13) 0.23

At week 26 35 =020 £ 1.11 32 ~0.13 + 0.66 -0.08 (-0.53, 0.38) 0.74
Shortness of breath score

At week 13 35 ~0.06 + 0.64 32 -0.06 + 0.62 001 (-0.30, 0.31) 0.97

At week 26 35 ~026 +0.78 32 ~0.03 £ 0.70 ~0.23 (<059, 0.14) 0.22
Fatigue score

At week 13 35 -026 £ 0.70 32 ~0.13 £ 0.71 -0.13 (<048, 0.21) 0.45

At week 26 35 ~037 £ 097 3 ~0.16 + 0.68 ~0.22 (<063, 0.20) 0.30
Cyanosis score

At week 13 35 -0.17 £ 0.51 32 003 +0.54 -0.14 (~0.40, 0.12) 0.28

At week 26 35 -029 +0.57 32 ~0.13 £ 0.55 016 (~0.4, 0.12) 0.25
mMRC score

At week 13 35 ~031 £ 0.80 32 -0.16 +0.72 -0.16 (<053, 0.21) 0.40

At week 26 35 -043 £ 1.07 32 022 £0.79 021 (-0.67, 0.25) 0.37
HRQoL
CAT total score

At week 13 35 -1.17 £ 690 32 0.28 + 562 ~1.45 (-4.54, 1.63) 0.35

At week 26 35 ~1.60 £ 7.50 32 019 £ 687 -1.79 (=531, 1.73) 031
SF-36 total score

At week 13 35 591 £ 1231 32 635+ 1336 0.4 (-6.70, 5.82) 0.89

At week 26 35 6.62 £ 16.50 32 6.12 £ 1391 0.50 (-6.98, 7.98) 0.89
SGRQ total score

At week 13 35 -5.02 + 1544 32 -129 +11.76 -3.73 (-1078, 3.01) 0.27

At week 26 35 ~5.66 + 18.04 32 ~0.86 + 10.69 ~4.80 (~12.13, 2.52) 0.20
6MWD (m)

At week 13 35 1411 £ 3426 32 -891 +39.28 23.02 (5.07, 4097) 0.01

At week 26 35 2446 £ 63.07 3 -597 + 48.18 3043 (2,85, 58.00) 0.03
All-cause mortality No. of patients No. of patients with events (%) ~ No. of patients No. of patients with event (%) ~ Hazard Ratio (95% CI)

35 3(86) 32 7 (219) 039 (0.10, 1.52) 013

“mean + SD.

Data presented as between-time mean (9% CI) differences by groups.

6MWT, 6-min walk test; AE, acute exacerbation; CAT, COPD assessment test; DLco%, diffusing capacity percentage of the predicted value; FEV, forced expiratory volume in one second
percentage; FVC, forced vital capacity; HRQoL, health-related quality of life; mMRC, modified medical research council; SF-36, 36-item short-form health survey; SGRQ, St. George's
spiratory questionnaire.






OPS/images/fphar-13-1053356/inline_1.gif





OPS/images/fphar-13-1013098/crossmark.jpg
©

|





OPS/images/fphar-13-1013098/fphar-13-1013098-g001.gif





OPS/images/fphar-13-1053356/fphar-13-1053356-t002.jpg
Characteristics TCM group Control group X/F V4
Average age—years* 6454 + 6.50 63.00 £ 8.32 ~0.849 0399
Male sex—no. (%) 21 (60.0) 22 (68.75) 0.557 0456
Han nationality—no. (%) 34 (97.14) 31 (96.88) 0.004 0.949
Education levels
Tliteracy/Semiliterate—no. (%) 1(2386) 1(3.13) 9.59 0.143
Primary school—no. (%) 8 (2286) 9 (28.13)
Junior middle school—no. (%) 7 (20.00) 11 (34.38)
Senior middle school—no. (%) 7 (20.00) 8 (25.00)
Junior college—no. (%) 10 (2857) 1(3.13)
Undergraduate—no. (%) 2(571) 1(3.13)
Postgraduate—no. (%) 0(0) 1(3.13)
Occupations
Worker—no. (%) 2(571) 2(6.25) 2.763 0838
Farmer—no. (%) 10 (28.57) 13 (40.63)
Intellectual—no. (%) 1 (2.86) 1(3.13)
Manager—no. (%) 2(571) 0(0)
Service—no. (%) 1 (2.86) 1(3.13)
Retirement—no. (%) 18 (51.43) 14 (43.75)
Unemployed—no. (%) 1(2.86) 1(3.13)
Patients with smoking history—no. (%) 18 (51.43) 17 (53.13) 0.019 089
Patients with co-morbidity—no. (%) 6 (17.14) 9 (28.13) 116 0281
Diseases duration—months* 27.97 +27.39 2498 + 2569 ~0459 0.648
Annual numbers acute exacerbation® 106 + 1.08 100 £ 1.07 -0216 0829
Scores of mMRC* 171 £0.66 156 +0.71 -0.898 0372
MWT—m* 34257 + 8118 37438 + 87.67 1502 0128
Symptoms and signs total scors 8.54 £ 3.00 841238 0.651 0838
mMRC scors 171 £ 0.66 156 +0.71 -0.898 0372
CAT total scors 15.06 + 6.66 1322 +5.66 1212 0230
SGRQ total scors 47.86 +15.33 4550 +17.92 0314 0563
SE-36 total scors 104.09 £ 1573 10491 + 1240 1397 0815
Lung function
FEV 1L 191 £0.62 199 £0.54 0.565 0574
FVC—L 236 £ 0.76 242 £0.83 0312 0.756
DLCO%—% 4026 + 13.60 4418 + 1573 0.453 0278

*Plus-minus values are means + SD.
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Case

States (survive/death/lung transplantation)
Survive

Death

Lung transplantation
Male/female

Age
Smoking/Non-smoking
Fibrosis rate%
Emphysema rate%
Median survival time (months)
SpO1%

FVC

FVC pred%

FEV1

FEV1 pred%
FEVI/FVC

FEF25 pred%

FEF50 pred%

FEF75 pred%

MMEF pred%
DLcopred%

CPI index

CT stage((I/11/111)

PE grade(a/b/c)

GAP stage

Small airway dysfunction

84

25/38/21

25

38

21

74/10

62.75 + 850
56/28

15.76 + 11.16
159 % 315
344759
94.27 + 4.14
217£073
62.86 + 19.32
1.68 % 0.50
60.89 + 1694
79.55 + 9.82
67.00 + 24.24
62.49 + 22.79
39.9 £ 16,07
44.84 + 14.38
42.85 £ 25.00
50.54 £ 20.05
13/54/17
26/40/18
31/36/17

Non-small airway dysfunction

159

74149136

74

49

36

149/10

64.7 £ 7.46
118/41

1424 £ 1084
098 + 1.80
524534
9494 + 478
250 £0.72
74.60 + 21.01
215 £ 055
80.64 + 21.01
86.90 + 557
9291 + 2372
114.83 + 30.98
97.70 + 44.22
94.24 + 2561
5544 +29.33
4319 £ 2047
36/99/24
74/62/23
88/48/23

0.028
0013
0.035
0751
0.130
0.164
0215
0291
0.117
0.028
0.052
0.002
<0001
<0001
<0001
<0001
<0.001
<0001
<0001
<0001
0.003
0014
0317
0.055
0010

Notes: Measurement data are presented as mean + standard deviation (SD). Count data are presented as percentage or proportion. SpO,%, oxygen saturation of peripheral blood. SpO, is
the resting arterial oxygen saturation measured at fingertips. FVC, forced vital capacity; FVC% pred, the percentage of the actual FVC over the predicted FVC; FEV, forced expiratory
volume in one second. FEV1% pred, the percentage of the actual FEV1 over the predicted FEV1; DLco, diffusing capacity of the lung for carbon monoxide; DLco% pred, the percentage of
the actual DLco over the predicted DLco; FEV1/FVCH, the percentage of FEV1 over FVC. Fibrosis Rate and Emphysema Rate calculated by Al according to the system established by Wu
etal. (2022) FEF25 pred%, Forced expiratory flow at 25 of vital capacity; FEF50 pred%, Forced expiratory flow at 25 of vital capacity; FEF75 pred%, Forced expiratory flow at 75 of vital
capacity; MMEF pred%, Maximal mid-expiratory flow; CT stage, The stage was determined by using Al according to the system established by Li HP et al. PF-based grade: The grade was
determined by using the pulmonary function and physiological parameters (age, gender, FVC% pred, DLco% pred, and Sp0,%) and following the CTPF model recommendation by Li HP
et al. The grade was defined as: mild (a), moderate (b), and severe (c). GAP (gender, age, and physiologic variables) stage followed the recommendation by Brett Ley, and a higher stage
represented a greater death risk. CPI: composite physiologic index. In 2002, Athol U. Wells and others proposed to use CPI, which combined chest CT and pulmonary functional
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Cases
FEF25 pred%

FEF50 pred%

FEF75 pred%

MMEF pred%

Emphysema rate%

Fibrosis rate%

Median survival time (months)
SpO2%

FVC

FVC pred%

FEV1

FEV1 pred%

DLcopred%

CPI index

O-IPF (FEVI/FVC <70%)

11

46.10 + 24.12
29.56 + 15.38
22,65 + 11.99
2564 + 14.55
238237
1330 £ 9.40
20

93.18 + 3.57
251 %077
73.10 + 18.25
1.57 + 045
56.75 + 16.72
5294 + 28.56
37.14 + 20.52

Non OIPF (FEVI/FVC >70%)

73

70.14 + 2279
67.42 + 19.37
42,49 + 1502
47.73 + 1202
1.48 326
16.13 £ 1140
27

94.43 + 422
212071
6131 +19.12
1.70 + 051
61.52 + 17.00
4133 +24.23
52.56 + 19.32

0.002
<0.001
<0.001
<0.001
0.380
0437
0237
0352
0.096
0.052
0462
0.387
0.152
0016

*Airway obstruction was defined by a Tifeneau index FEV1/FVC <70%. Notes: Measurement data are presented as mean + standard deviation (SD). O-IPF, combined obstructive and

idiopathic pulmonary fibros

the percentage of the actual FVC over the predicted FVC; FEV1, forced expi

. SpO,%, oxygen saturation of peripheral blood. SpO, is the resting arterial oxygen saturation measured at fingertips. FVC, forced vital capacity; FVC9% pred,
tory volume in one second; FEV 1% pred, the percentage of the actual FEV1 over the predicted FEV1; DLco,

diffusing capacity of the lung for carbon monoxide; DLco% pred, the percentage of the actual DLco over the predicted DLco. Fibrosis Rate and Emphysema Rate calculated by AT according
to the system established by Li HP et al. FEF25 pred%, Forced expiratory flow at 25 of vital capacity; FEF50 pred, Forced expiratory flow at 25 of vital capacity; FEF75 pred%, Forced
expiratory flow at 75 of vital capacity; MMEF predt%, Maximal mid-expiratory flow; CPI, composite physiologic index. In 2002, Athol U. Wells and others proposed to use CPI, which
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Case
Male/Female
Operation type
BLTX/LSLTx/RSLTx
Operation age
Smoking/Non-smoking
SpO1%
FVC pred%
FEV1 pred%
FVEI/EVC%
DLco pred%
Pathological interpretation (n/%)
Airway distortion
Airway metaplasia
Airway obliteration

Airway inflammationand mucous

Small airway dystunction

18
13/5

2/1/15
5811
14/16

916 +9.4
550 %225
532+ 198
842 %129
378+ 311

17/94.4%
6/33.3%
8/44.4%
8/44.4%

Non-small airway dystunction

30
2713

5/6/19

66 %64
177

912 £ 109
67.1 +245
740 £ 249
89.0 +56
476 +239

20/66.7%
11/36.7%
5/16.7%
9/30.0%

0.110

0023
0.083
030

0.083
0.004
0.092
0327

0.027%
0.815%
0.036*
0311%

Notes: Measurement data are presented as mean # standard deviation (SD). Count data are presented as percentage or proportion. BLTs, Bilateral lung transplant; LSLx, left-side lung
transplant; RSLTx, right-sided lung transplant; SpO;%, oxygen saturation of peripheral blood. SpO, is the resting arterial oxygen saturation measured at fingertips. FVC, forced vital
capacity; FVC% pred, the percentage of the actual FVC over the predicted FVC; FEV1, forced expiratory volume in one second; FEV1% pred, the percentage of the actual FEV1 over the
predicted FEV1; DLco, diffusing capacity of the lung for carbon monoxide; DLco% pred, the percentage of the actual DLco over the predicted DLco; FEVI/FVCH%, the percentage of
FEV1 over FVC. * The comparison is using the percentage.
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0Odd ratios (OR) P-value 95% CI
Lower Upper
Univariate analysis
Smoking 1439 0216 0809 2.560
Gender 2014 0136 0803 5.051
Age 0.969 0.068 0937 1.002
Fibrosis rate 1013 0304 0.989 1.037
Emphysema rate  1.111 0.067 0.993 1.243
Multivariate analysis
Smoking 1260 0.494 0650 2441
Gender 1988 0202 0691 5721
Age 0.967 0.067 0934 1.002
Fibrosis rate 1.004 0786 0978 1.030
Emphysema rate 1113 0071 0991 1250

Notes: CI, confidence interval.

ibrosis rate, the percentage of fibrosis in chest CT
calculated by Al according to the system established by Li HP et al; Emphysema rate, the
percentage of Emphysema in chest CT calculated by AT according to the system
established by Li HP et al.
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Hazard ratio (HR) P-value 95% CI

Lower Upper

Univariate factors

Small airway dysfunction 1725 0.025 1071 2778
Multivariate factors (Adjust CTPF model)

Small airway dysfunction 1714 0.033 1.043 2816

CT1 referent

cru 2393 0.017 1171 4894

crm 3425 0.009 1368 8.571

PE(a) referent

PE(b) 2.000 0.014 1151 3465

PE(c) 3.021 0.004 1.420 6424
Multivariate factors (Adjust GAP stage)

Small airway dysfunction 1675 0.035 1038 2705

GAP 1 referent

GAP I 2276 0.002 1356 3820

GAP IIT 4189 <0.001 2134 8222

Notes: CI, confidence interval; CTPF model, A Mortality Risk Prediction model used to evaluate the severity of IPF based on Artificial Intelligence which established by Li HP etal. CT stage:
The stage was determined by using AT according to the system established by Li HP et al. CT I: Honeycomb lesion area was <5% of the entire lung. CT II: Honeycomb lesion area was 5%-

25% of the entire lung. CT III: Honeycomb lesion area was >25%. PF grade: The grade was determined by using the pulmonary function and physiological parameters (age, gender, FVC%
pred, DLeo% pred, and Sp0,%) and following the CTPF model recommendation by Li HP et al. The grade was defined as: mild (a), moderate (b), and severe (). GAP (gender, age, and
Sl wialitin) stise Sllowed il Rcanentetion By Dieh Lo tadl s Rilv iy vonanel i behs daih e
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Abbreviations Terms

ACE2 angiotensin converting enzyme 2
ALL acute lung injury

AP-1 activator protein 1

ARDS1 acute respiratory distress syndrome 1

CAR-T chimeric antigen receptor-T

CEST Central European summer Time

COVID-19 Corona Virus Disease 2019

CRP Cereactive protein

CRS cytokine release syndrome

DAMPs Damage-associated molecular patterns

Gabl GRB2 associated binding protein 1

GRB2 growth factor receptor-bound protein 2
GVHD graft-versus-host disease

HCOVs human coronaviruses

HCWs health care workers

HMGB1 high mobility group box 1

IL interleukin

IPC infection prevention and control

IRF-1 interferon regulatory factor 1

JAK Janus kinase

LPS Lipopolysaccharide

LRT lower respiratory tract

MAPK mitogen-activated protein kinase

MAS macrophage activation syndrome

MERS Middle East respiratory sickness

MERS-CoV Middle East Respiratory Syndrome Coronavirus
mIL-6R membrane-bound IL6R

MMP-9 matrix metalloproteinase-9

NE-IL-6 nuclear factor 1L-6

NE-kB nudlear factor kappa-B

PAMPs pathogen-associated molecular patterns
PBMC peripheral blood mononuclear cell

PCT procalcitonin

PI3K phosphatidylinositol 3-kinase

PRRs Pathogen-recognition receptors

RA rheumatoid arthritis

RAGE receptor for advanced glycation end products
SAA serum amyloid A

SARS severe acute respiratory syndrome
SARS-CoV' Severe Acute Respiratory Syndrome Coronavirus
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
SHP-2 Sre homology phosphotyrosine phosphatase 2
sIL-6R soluble IL-6R

SP1 specificity protein 1

TG thioglycollate

Thi7 T helper 17

TLRs toll-like receptors

TMPRSS2 transmembrane protease serine 2

TNF-a tumor necrosis factor-a

WHO World Health Organization
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Animals/
Cells

In vivo

C57BL/6 mice
SD rats

SD rats
SD rats

SD rats

Kunming
mice

SD rats

Wistar rats

Wistar rats

SD rats
SD rats

Wistar rats

SD rats

In vitro

J5-1 cell line

T6 and LX-2
cell lines

LX-2 cell line

t-HSC/CI-
6 cell line

1LX-2 cell line

LX-2 cell line

human
primary HSCs

Té6 cell line

t-HSC/Cl-
6 cell line

primary rat
HSCs

T6 cell line

Inducer

10% CCl,
2 mllkg ip

TAA
350 mg/kg ip

BDL

50% CCl
1 mlfkg ig

BDL

0.1% DEN
10 ml/kg ip

cal,
075 ml/kg ig
CCly 1 ml/kg ip

ccl,
05 ml/kg i.p

BDL
ccly

cal,
05 mlkgip
CClLy 1 ml/kg ig

TGF-p1 5 ng/ml

TGE-1 9p.m.

LPS 100 ng/ml

Null

TGF-p1 2 ng/ml

7-days culture

TGE-p1
10 ng/ml

acetaldehyde
200 pM

null

TGE-BI 1 ng/ml

PDGE-BB

Drug and dose

SM extract 3.0 g/kg i.g
PE2401-SF 1 or 2.5 mg/kg i.g
1H764-3 40 mg/kg i.p

tanshinol 20 or 40 mg/kg i.g

hot-water extract of SM 100 mg/kg ig
salvianolic acid B 10 or 30 mg/kg ig

PE2401-SF 50 mg/kg i.g
Tanshinone IIA 10 mg/kg ig

SM extract 25 or 50 mg/kg ig

dihydrotanshinone 1 25 mg/kg ip
tanshinol 20 or 40 mg/kg i.g

water-soluble extract of SM 50 mg/kg i.g

salvianolic acid B 10 or 20 mg/kg ig

SM extract 12.5-50 pg/ml

salvianolic acid B 25, 50 and 100 uM

salvianolic acid B 1, 2.5 and 5 uyM
PE2401-SF 20 pug/ml

dihydrotanshinone I 1, 5 and 10 M

salvianolic acid B (6 uM, 48 pM), caffeic acid
(6 uM, 48 M) and rosmarinic acid (48 pM)

salvianolic acid B 1 M

danshensu 100, 125 and 150 uM

tanshinone IIA 20 uM

salvianolic acid B 280 uM

salvianolic acid A 10 mM

Mechanism

NKG2D, Nkpd6, IEN-y[
collagen 1(a), TIMP1, a-SMA |

a-SMA, FAK, p-FAK, ERK, p-ERK|
SOD, GSH-Px, HO-1, NQO-1, GCLC, NF-kB, IxBa

HA, LN, IV-C, PIIIP, MDA, Cox-2, TGF-p, TNF-a, IL-16, IL-
6, NE-xB in the nucleolus|

TCHO, MDA, Hyp, a-SMA|

p-Smad3CT

a-SMA Collagenl, p-Smad2C, p-Smad2L,p-Smad3L|
a-SMA|

a-SMA, COL1A2, c-Jun, p-c-Jun, c-Myc,
P65, p-P65, PI3K, P38|

GSHT

GST, TGEpL, TIMP-1, procollagen 1|

-GT, COLIAL, ACTA2, TGEp1, MMP-2, TIMP-1, TIMP-2|
MMP-13, MMP-1,Bax, Caspase- 3]

PIIINP, HA, CollagenIV, LN, HOP, TIMP-1, Collagen I,
Collagen II, a-SMA, TGE, Cox-2, TNF-a, IL-1, IL-6, Bel-2, f-
FGF, PD-ECGF, PI3K/AKT/mTOR/p70S6K1|

GSHT caspase-3, Bax, Bel-2, cytochrome ¢ protein, calpain-u|

CCND1, MMP9,

NF-kB, IxBa in the cytoplasm
HA, LN, IV-C, PIIIP, NF-kB in the nucleolus|

RAE-1¢[
a-SMA|

p-ERK1/2, p-JNK1/2, p-P38, p-Smad2C, p-Smad2L,
p-Smad3C, p-Smad3L, PAL-1|

FGF19, FGFR4 T

a-SMA, COLIA1]

Caspase -3, Caspase -8, Caspase- 9, Bax]
Bl2|

MAPILC3B, LC3BT

TGEp1, a-SMA, COLIAL, pHSCs, ACTA2, CTGF,
SOX4, p62|

a-SMA|

MEF2, a-SMA, Collagen 1|

uPAT
TGF-B1, PAI-1]
Caspase -3, cytochrome ¢, cyelin E, cyclin A, cdk2, Bax/Bel-21

DPPH, MDA, ROS, a-SMA|

Caspase -31
Bl-2, p21, p27, Akt, cyclinsD1/E, PDGE|,

References

Peng et al.
(2018)

Parajuli et al.
(2015)

Liu et al. (2012)

Wang et al.
(2018b)

Nan et al. (2001)
Wu et al. (2019)

Parajuli et al.
(2013)

Shi et al. (2020)

Lee et al. (2003)

Ge et al. (2017)

Peng et al.
(2017)

Lee et al. (2006)

Wang et al.
(2012)

Peng et al.
(2018)

Wu et al. (2019)

Tian etal. (2021)

Parajuli et al.
(2013)

Ge et al. (2017)

Yang et al.
(2013)

Zhang et al.
(2019)

Zhang et al.
(2012)

Che et al. (2010)
Lin etal. (2006b)

Lin et al. (20062)

primary rat  24-h culturing  salvianolic acid A 1 and 10 M Collagen 1| Liu et al. (2000)
HSCs
Note: i.p: intraperitoneal ntragastric administration.
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Animals/
Cells

Inducer

Drug and dose

Mechanism

References

In vivo

SD rats

C57BL/6 mice

C57BL/6 mice

SD rats

SD rats
SD rats

In vitro

HK-2 cell line

primary renal
TECs

HK-2 cell line

HK-2 cell line

HK-2 cell line

adenine
150 mg/kg ig

UUO model

UUO model

streptozotocin
60 mg/kg ip

5/6 nephrectomy

streptozotocin
60 mg/kg i.p

streptozotocin
55 mg/kg ip

ISF 250 uM

TGE-B1 2 ng/ml

Angll 1 pM

glucose 30 mM

glucose 30 mM

Ethanol extract of SM 0.46 g/kg i.g. and water
extract of SM 1.03 g/kg ig

protocatechualdehyde (PCA) 10 or
40 mg/kg i.g

salvianolic acid B 6.25-25 mg/kg i.g

tanshinone 11A 2, 4, 8 mg/kg ip

tanshinone IIA 10 mg/kg ig
danshen injection 0.5-1 ml/kg ip

danshen injection 0.78 ml/kg ip

Ethanol or water extract of SM, 5-100 M

protocatechualdehyde 20-80 M

salvianolic acid B 0.1-10 pM

Tanshinone IIA 5 or 10 M

Tanshinone 1A 1-50 pM

UP, Scr, BUN, ISF, E-cadherin, a-SMA, FN, p-ERK,
NOXI, NOX2, NOX4, TGF-B|

Smad7T

KIM-1, BUN, SCR, a-SMA, collagenl, fibronectin, TNF-
«, IL-1B, MCP-1, COX2, iNOS, NF-B, Smad3|

SDCI, E-cadherin
BUN, CR, HPSE, a-SMA, TGF-B1, FGF-2|

SODT

TGE-B1, TSP-1, Grp78, CHOP, p-PERK, p-elf2a, ATE4 |
Ang 11, TGE-p1, collagen IV |

soDf

ROS, MDA, TGF-1,Smad2/3, TNF-a, IL-1B, IL-6,
p-IkBa, p-NF-kB p65 |

GSH-Px, SODT
AGEs, LPO, TGF-B1|

a-SMA, FN, E-cadherin]
NOXI1, NOX2, NOX4, p-ERK |
TGF-p, TGE-BRI, TGE-RIL, Smad2, Smad3, Smad7 |

LRNA9884, iNOS, COX2, IL-6, MCP-1, NF-kB, IL-6, a-
SMA, collagen I, fibronectin|

SDCI, E-cadherin]
TGE-B1, FGF-2, HPSE, a-SMA|
VDR, E-cadherin] a-SMA, b-catenin, GSK-3b]

E-cadherin]

a-SMA, vimentin, fibronectin, Snail|

Cai et al. (2018b)

Yang et al. (2021)

Hu et al. (2020)

Xu et al. (2020)

Ahn et al. (2010)
Xu et al. (2016)

Yin et al. (2014)

Cai et al. (2018b)

Yang et al. (2021)

Hu et al. (2020)

Zeng and Bao,
(2021b)

Cao et al. (2017)
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Author

Disease

Target/
pathway

Role

Expression Reference

Deng; He

Liang; Xue

Gong; Tao
Lu

Mullenbrock;
Cushing; Pandit

Wan

Tissue fibrosis (including
heart, liver, lung and
kidney)

Cardiac fibrosis

Liver fibrosis
Liver fibrosis
PF

PF

Binding to the
3'UTR

TGE-B1/SMAD
pathway

STAT3
TGE-p1

TGE-B1/SMAD
pathway

Inhibit collagen synthesist

Repress collagenous fibrosis
Activate COL1A1 expression

Downregulate miR-29b and
promote PF

Suppress fibroblast proliferation and
decrease the level of hydroxyproline

- He et al. (2013); Deng et al. (2017)

— Liang et al. (2019); Xue et al. (2020)

! Tao et al. (2018); Gong et al. (2020)

- Lu et al. (2017)

! Cushing et al. (2011); Pandit et al. (2011);
Cushing et al. (2015); Mullenbrock et al.
(2018)

- Wan et al. (2020)
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Author

Long

Zhang

Jis Zhou

Huang

Zhao

Hong

Kuse;
Shentu

Disease

Kidney fibrosis
Renal tubulointerstitial
fibrosis

Liver fibrosis

Liver fibrosis

Liver fibrosi

Cardiac fibrosis

PF

Target/pathway

Bone morphogenic
protein (BMP)

BMP7
Cyth3

PTAFR

a-SMA

Role

Alleviate kidney fibrosis

Promote the development of tissue
cirrhosis

Promote the development of tissue
cirrhosis

Promote the development of tissue
cirrhosis

Alleviate dangiotensin Il-induced
cardiac fibrosis

Antifibrotic effect in the lung

Expression Reference

Long et al. (2013)

Zhang et al. (2018)

Jietal. (2015); Zhou et al. (2018)

Huang et al. (2021)

Zhao et al. (2020)

Hong et al. (2016)

Shentu et al. (2017); Kuse et al.
(2020)
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Author

Tijsen

Rawal; Jin

Chen; Sun

Kuse

Disease

Cardiac hypertrophy and
fibrosis

Diabetic cardiac fibroblasts

Hepatic fibrosis
F

PF

Target/
pathway

TGE-B

SOX9
YAPL

Role

Exacerbate cardiac hypertrophy and fibrosis

Suppress the activation of diabetic cardiac
fibroblasts

Inhibit LX-2 cell viability and hepatic fibrosis

Inhibit the activation of fibroblasts

Expression

1

1

Reference

Tijsen et al. (2014)

Rawal et al. (2017); Jin (2021)

Fu et al. (2022)

Chen Y. et al. (2019); Sun J. et al.
(2019)

Kuse et al. (2020)
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Author

Cao; Zheng
Yang; Rogler

Kuse; Fang;
Tan; Shi

Disease

Cancer

Liver
fibrosis

PF

Target/
pathway

EMT

COLAL and
ACTA2

TGF-B/SMAD
pathway

Role

Correlate with cell proliferation,
differentiation, invasion, migration

Reverse TGF-p-induced liver fibrosis

Alleviate PF

Expression

Reference

Cao et al. (2012); Zheng et al. (2014)
Yang L. et al. (2017); Rogler et al. (2017)

Fang et al. (2016); Tan et al. (2018); Kuse et al
(2020); Shi et al. (2021)





OPS/images/fphar-13-1056865/fphar-13-1056865-g007.gif
. )
., J—:
NG i} . X
8 i) ‘= N






OPS/images/cover.jpg
& frontiers | Research Topics.

Fibrotic diseases in thorax
and abdomainal viscera,
volume |l

31an Gao, Yang Zhou. Jing G Enlong M. A and Xaow Lv

Published in
Frontiers in Pharmacoiogy






OPS/images/fphar-13-1025814/crossmark.jpg
©

|





OPS/images/fphar-13-1014486/fphar-13-1014486-g003.gif
Eedase of propofod

(Group N2

Squence number

o






OPS/images/fphar-13-1014486/fphar-13-1014486-t001.jpg
Values Group N1 (n = 31)

Age (years) 4229 £ 11.30

Sex (M/E) 10/21

Height (cm) 163 (160, 170)
Weight (kg) 5931 £7.19

BMI (kg/m?) 21.22 (20,55, 22.83)
ASA status

1 7 (2258%)

I 24 (77.42%)

Group N2 (n = 30)

43.30 £ 10.50
10/20

162 (157.75, 168)
5845 +7.33

2226 (21.05, 23.44)

6 (20%)
24 (80%)

p value

0.449
0.572
0.127
0.653
0.132
0.527

Values are expressed as the mean + SD, median (IQR), or the number of patients and percent. M, male; F, female; BMI, body mass i

No si
admi

lex; ASA, American Society of Anesthesiologists (ASA)

ficant differences were found in these characteristics between the two groups. Group N1: 0.1 mg/kg nalbuphine; Group N2: 0.15 mg/kg nalbuphine; 3 min after nalbuphine

T L —
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Values

Initial dose of propofol (mg)
Initial time of propofol (s)
Total dose of propofol (mg)
EDS0 of propofol

Duration of procedure (min)
Time of opening eyes (min)
Orientation recovery time
Stay of PACU (min)

VAS scores

Hypotension

Injection pain

Respiratory depression
PONV

Group N1 (n = 31)

10235 + 23.49
64 (52,77)

108 (93.60-134.80)
166 = 0.38

466 + 122

643 (5.52,7.93)
7.38 (625, 8.65)
15 (132, 17)

0(0, 1)

11 (35.48%)

9 (29.03%)
8(25.81%)
1(3.23%)

Group N2 (n = 30)

72,67 + 2354
62 (53.75, 74)

88.1 (62.85, 118.20)
120 £ 038

430 + 190

531 (399, 622)
6.00 (4.9, 7.36)

13 (12.10, 14.16)
0(0, 0)

2(6.67%)
4(1333%)

2 (6.67%)
2(6.67%)

p value

0.000
0.874
0.002
0.005
0.390
0.014
0.007
0.018
0.030
0.011
0.118
0.081
0.612

Values are expressed as the mean + SD, median (IQR), or the number of patients and percent. ED50, median effective dose; PACU, postanesthesia care unit; VAS, visual analog scale

PONV, postoperative nausea and/or vomiting.
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Values ‘Time points Group N1 (n = 31) Group N2 (n = 30)

SBP (mmHg) 1 131 + 15.66 13160 + 1549
k¥ 11371 £ 1495 121 + 2372*
k&) 108 + 11.95* 112,60 + 13.70*
T4 11235 % 11.93 11713 £ 1171
DBP (mmHg) I 84.03 + 1380 8620 + 10.32
kvl 7197 + 13.20° 7177 + 11.28*
RE) 69.13 + 10.30% 72,03 + 11.47*
T4 71.38 + 12.65* 75.26 + 11.93*
HR (bpm) I 84.35 + 17.39 82.83 + 1131
k¥l 79.38 % 1221* 75.23 + 8.56*
RE) 74.74 + 1241% 7563 + 1L11*
T4 80.13 + 13.63 78.40 + 11.06
RR (bpm) 1 16.45 + 3.37 1577 + 354
k¥l 14.06 + 3.07 1403 £ 343
3 14.81 + 336 142 + 3.66
T4 15.65 + 3.13 16.00 £ 2.63

Values are expressed as the mean + SD. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; RR, respiratory rate. T1: before induction; T2: after induction; T3: end of
gastroscopy; T4: opening eyes. Compared with T1, *p < 0.05.
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Animals/Cells

In vivo

Kunming mice

C57BL/6] mice

Kunming mice

SD rats

SD rats

SD rats

SD rats

Wistar rats

SD rats

C57BL/6 mice
In vitro

Rat embryonic ventricular
H9c2 cardiomyocytes

Mouse cardiac fibroblasts
(CFs) cells

primary rat cardiac
fibroblasts (CFs)

primary neonatal rat cardiac
fibroblasts

Primary neonatal rat
cardiomyocytes

neonatal rat cardiac fibroblasts
(NRCFs)

H9¢2 cardiomyoblast cell

Primary cardiac myocytes and
cardiac fibroblasts from neonatal
rats

Inducer

Iron Dextran Injection 50 mg/kg ip

Streptozotocin (STZ) 60 mg/kg i.p

Isoproterenol hydro-chloride
injection (ISO) 2.5 mg/kg i.p

left anterior descending (LAD)
ligation

left aortic descending coronary
artery ligation

left anterior descending coronary
artery ligation

left and right renal artery ligation

Streptozotocin 65 mg/kg iv
isoprenaline 0.25 mg/kg i.p

Isoprenaline 3 mg/kg s.c

oxygen-glucose deprivation/
reoxygenation (OGD/R) condition

TGE-B1 20 ng/ml

Ang 11 100 nM
Ang I 1 M
p-glucose 30 mM

isoprenaline

Angll 10°M

endothelin-1 (ET-1) 10-8 M,
phenylephrine (PE) 10-6 M, or
insulin-like growth factor-1 (IGF-1)
107 M

Drug and dose

SM injection 3 g/kg and 6 g/kg ip

Salvianolic acid B (Sal B) 15 or
30 mg/kg ip

Salvanic acid B

Danshen Injection (DSI)
1.5 ml/kg/d im

Cryptotanshinone (CTS) 30 and
60 mg/kg i.g

Salvianolate 10, 20 and

40 mg/kg ip

Tanshinone II-A 35 and
70 mg/kg i.g
Cryptotanshinone 10 mg/kg ig

isopropyl 3-(3,4-
dihydroxyphenyl)-2-
hydroxylpropanoate (IDHP)
50 mg/kg

Cryptotanshinone 20 mg/kg ig

PCA 1.25,2.5 and 5.0 uM

Sal B 5, 10, and 20 ng/ml

Cryptotanshinone (CTS)
25-20 mM

Salvianolic acid B (SalB)
125-50 M

cryptotanshinone 3 pM

isopropyl 3-(3,4-
dihydroxyphenyl)-2-
hydroxylpropanoate (IDHP)
1-100 pM

Tanshinone IIA 40 M

tanshinone VI (tsh) 10* M

Mechanism

SODT

Hyp,MDA,COL-LCOL-ILTGF-1,
MMP-9|

VEGFA, VEGER2, p-AKT, p-ERK]
Collagen 1, Collagen Ill, IGFBP3|
Smad7]

TGF-1, Smad2/3]

Bcl-2, BaxT

MMP-2, iNOS, MPO|.

FN, COX-2, NOX-2NOX-4]

TGEBI, p-Smad2/Smad2, p-Smad3/
Smad3, Collagen 1, Collagen 11, MMP9,
TIMPL, TXNIP, IL-1, IL-18, NLRP3,
Caspase-1, CRP, IL-6, BNP|

MMP-9, TIMP-1, TIMP-2|

STAT3, CTGF, MMP-9|
Collagen 1, Collagen 11|

MMP-2

Caspase-3, Bax|

CHOP, BiP, PERK, Erol-La, IREla,
ATF6, HIF-1a|

Smad7]
Smad2/3, MMP-2, MMP-9|

FN, CTGF, p-ERK1/2, ROS, NOX-2,
NOX-4, COX-2|

Collagen 1, EN, CTGF, p-IkB, p-p65,
a-SMA|

STAT3, CTGF, MMP-9|

ROS, p-p38, NOX2|

ERa, ERBT

B-catenin, p-ERK1/2, IGF-2R, LEF-1,
MMP-9, MMP-2, TGF-B1, p-Smad2/3,
SP-1,CTGE|

ET-1, PE, IGF-1]
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Animals/Cells

In vivo

SD rats

C57BL/6 mice

SD rats
Wistar rats

C57BL/6 mice

SD rats

Wistar rats

Human fetal lung fibroblasts
(HLEs)

Mice embryo fibroblasts
(NIH-3T3)

Human lung fibroblasts
(MRC-5)

Human type II alveolar
epithelial cell line (A549) or
MRC-5 cell

Murine 3T6 fibroblasts

NIH-3T3

A549 cell line

MRC-5 cell line

Inducer

intratracheal instillation
of bleomycin 5 mg/kg

intratracheal injection of
bleomycin 1.25 U/kg

intratracheal instillation
of bleomycin 2 mg/kg

intratracheal injection of
bleomycin 5 mg/kg

intratracheal injection of
bleomycin 0.025U/mice

intratracheal instillation
of bleomycin 3.5 U/kg

intratracheal injection of
bleomycin 5 mg/kg

TGF-B1 5 ng/ml

TGF-B1 10 ng/ml

TGF-B1 10 ng/ml

TGF-B1 10 ng/ml

null

TGF-B1 10 ng/ml

TGE-B1 10 ng/ml and

TNE-a 10 ng/ml

TGF-B1 10 ng/ml

Drug and dose

Cryptotanshinone 7.5-60 mg/kg

ethyl acetate extract of SM(EASM) 20,
40, 80 mg/kg

Magnesium Lithospermate B
50 mg/kg i.p

salvianolic acid A 2.5, 5, and
10 myg/kg iv

tanshinone 1A 5, 10, 20 mg/kg, i.g

Salvianolic Acid B 10 mg/kg ip

Salvianolic acid B 20 mg/kg i.v

Cryptotanshinone 1.5-6 mg/L

EASM 0.1, 1, 3 pg/ml

salvianolic acid B 20 pg/ml or sodium
tanshinone IIA sulfonate 50 pg/ml

Magnesium Lithospermate B 30 or
50 uM

salvianolic acid A 6.25-25 pg/ml
tanshinone 1A 1-10 pM
salvianolic acid B 50 pg/ml

salvianolic acid B 40 M

Mechanism

E-cadherin]

Fibronectin, COL-I, COL-IIL, a-SMA, PAI-1,
IL-6, TNF-a, p-STAT3Tyr705,
p-STAT3Ser727]

Nri2]

TGF-B, p-Smad3, a-SMA, Col-1, Noxd, acid-
soluble collagen|.

CollAl, a-SMA, Col3Al, IL-4, IL-6, IL-13,
TGE-pl

TGF-p mRNA|

Nrf2]

Noxd, Smad3, TGE-Bl, fibronectin, Col-1,
Col-III, a-SMA|

Collal, Colla2, Ctgf, PAI-1, a-SMA|

GSH, Nrf2]
a-SMA, MDA|

E-cadherin]
Fibronectin, COL-1, COL-III, a-SMA, PAI-1]
TGF-PR I, TGE-BR I, Smad2, Smad3 |
Nrf2]

TGE-P1, Noxd, PKC-8, p-Smad3, a-SMA |
IL-1p, TNF-a, COL1Al, a-SMA, ACTA2|

Col 1A1, Col 3A1, a-SMA|
TGE-PRI, Smad3 |

p21, ps3, caspase-31
cyelin D1, cyclin E1, cyclin B1, Bel-2|
Nrf2, GSHT

Noxd, a-SMA, Col-1, Smad3, Col-II, PKC8|
CDHIT

ENI, p-Smad3, p-ERK1/2, p-JNK|

GSH, Nif2[

a-SMA, vimentin, fibronectin, ROS, MDA|

References

Zhang et al.
(2019b)

Peng et al.
(2019)

Luo et al.
(2021b)
Pan etal. (2014)

An et al. (2019)

Liu et al. (2016)

Liu et al. (2018)

Zhang et al.
(2019b)

Peng et al.
(2019)

Jiang et al.
(2020)

Luo et al.
(2021b)

Pan etal. (2014)

An et al. (2019)

Liu et al. (2016)

Liu et al. (2018)





